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A deflection apparatus for high perveance ion beams, operating at 20 Hz fundamental and substantially higher order har-
monics, has a magnetic structure formed of laminations (72) with thickness in range between 0.2 and 1 millimeter. A compensator
with similar laminated structures (71, 75) with resonant excitation circuit, operating at 20-Hz or higher, is in phase locked rela-
tionship with the frequency of the previously deflected beam. Other features with broader applicability to produce strong magne-

tic field in magnetic gap are shown.
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"Producing Magnetic Fields in Working Gaps Useful For
Irradiating a Surface with Atomic and Molecular Ions"

SYSTEM AND METHOD FOR PRODUCING OSCILLATING
MAGNETIC FIELDS IN WORKING GAPS USEFUL FOR
IRRADIATING A SURFACE WITH ATOMIC AND MOLECULAR IONS
Field of the Invention

This invention relates to systems for utilizing
ion beams such as in ion implanters and more generally to
magnetic systems that apply strong magnetic fields to
working gaps.

Background of the Invention

Modification of semiconductors such as silicon
wafers is often implemented by ion implanters, wherein a
surface is uniformly irradiated by a beam of ions or
molecules, of a specific species and prescribed energy.
Usually, the physical size of the wafer or substrate
(e.g. 8 inches or greater) is larger than the
cross-section of the irradiating beam which depoSits on
the wafer as a spot of finite size (e.g. 1" x 2").
Commonly, in high current machines, the required uniform
irradiance is achieved by mechanical scanning of the
wafer through the beam, either by reciprocal motion of
the wafer, or a combination of reciprocal motion and
rotation about an axis.

It is distinctly advantageous to have a high
scanning velocity at least in one direction for a number
of reasons: the irradiance uniformity is more immune to
changes in the ion beam flux; a higher wafer throughput
is possible at low dose levels; for high dose
applications degradation from local surface charging,
thermal pulsing, and local particle induced phenomena
such as sputtering and radiation damage are greatly
reduced.

All forms of mechanical scanning are very limited
in speed and have the further disadvantage of generating
particulates which degrade the surface structures on the
wafer.
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In a common variation, a time varying electric
field is used to scan the beam back and forth in one
direction, while the wafer is reciprocated in another
direction or rotated about an axis. In this hybrid type
of implanter the beam current and hence rate at which
wafers can be processed is severely limited by the space
charge forces which act in the region of the time-varying
electric deflection fields. These forces cause the ions
in the beam to diverge outwards, producing an
unmanageably large beam envelope. Such a space charge
limitation also occurs in implanters which use time-
varying electric fields to scan the beam in two
directions.

Space charge blow-up is the rate at which the
transverse velocity of a beam increases with distance
along the beam axis. This is proportional to a mass
normalized beam perveance

E=1M12g-3/2 (1)
where I is the beam current, M is the ion mass, and E is
the ion energy. (The Physics and Technology of Ion
Sources, Ed. Ian G. Brown, John Wiley & Sons, New York
1989). For typical ion beam configurations encountered
in ion beam implanters, space charge effects become
limiting at a perveance of { =~ 0.02(mA) (amu)l/? (kev)3/2,
Thus, an 80 keV arsenic beam becomes space charge limited
at =1.7 mA, while a 5 keV beam is space charge limited at
just ~0.03 mA. For the many commercial processes
requiring beam currents greater than 10 mA, and in some
cases very low energies as well, it is not viable to scan
with time-varying electric fields.

Time-varying magnetic fields, which are used at
high frequencies for scanning electron beams, have been
suggested from time to time for the scanﬁing of ion beams
in implanters, since the space charge forces in general

remain neutralized in a magnetic field. Unfortunately,
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much greater magnetic field energies are required for the
deflection of the heavy ions, such as boron (B*), oxygen
(0o*), phosphorus (P*), and arsenic (As™), used in ion
implanters. Indeed, for comparable beam energies and
deflection angles, the magnetic field energy needs to be
10,000 to 100,000 times as large as that required for
electrons. Consequently, the techniques developed for
rapid magnetic scanning of electrons cannot be scaled to
produce a structure suitable for rapid scanning of heavy
ion beams. Hitherto, magnetic scanning techniques used
in ion implanters have been limited to frequencies of
just a few Hertz (Hz).

There are circumstances beyond ion implantation
where it is also desirable to produce structures with
large working gaps and large magnetic fields with
components that a component of which may vary rapidly
with time. The performance of such structures is limited
by the difficulty associated with producing accurately
defined time-varying magnetic fields.

Summary of the Invention

The present invention providés both a serial
hybrid type and a batch type heavy ion implanter using a
magnetic scanning system capable of operating at
frequencies in the regime of 20 Hz to 300 Hz. The
present invention also provides, more generally,
improvements in the design and performance of magnetic
structures and excitation circuits, for the production
of high frequency, high power oscillating magnetic fields
in relatively large working gaps. _

i~ one aspect, the present invention provides a
coordinat«  structure that produces a combination of
time-vary: g magnetic fields, which, by proper
arrangement, enables ion beams of high current to be

rapidly scanned across a substrate surface.
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The invention provides the ability to construct an
ion implantation machine that is operable over an
extremely wide range of ions, at energies up to 400 KeV
or more, with ion beam currents up to 200 mA or more.

The invention also provides improved components
and subsystems useful not only for the above purposes but
also for other applications. It also provides improved
methods for irradiating surfaces with ions.

Important aspects of the invention provide a
magnetic deflection apparatus for producing a strong
oscillating magnetic field capable of deflecting a high
perveance beam of atomic or molecular ions to irradiate a
selected surface, the apparatus comprising a magnetic
structure having pole faces defining a deflecting gap
through which the ion beam passes and a magnetic circuit
connecting the pole faces, an excitation coil and an
associated excitation circuit adapted to apply to the
coil an excitation current having a fundamental frequency
of the order of 20 Hz or greater together with
substantially higher order harmonics, the fundamental
frequency and wave form of the current selected to
produce a magnetic field in the magnetic structure having
the fundamental frequency and higher order harmonic
components to establish the frequency of oscillation and
the velocity profile of the deflection of the beam, the
magnetic circuit comprised, at least in part, of a
plurality of laminations of high magnetic permeability
material each of which has a thickness in the range
between about 0.2 and 1 millimeter, the laminations being
separated by relatively thin electrically insulating
layers, and the laminations providing a low reluctance
magnetically permeable path for the fundamental frequency
and higher order harmonic cocmponents of the strong
magnetic field, the laminations serving to confine

induced eddy currents to limited values in local paths in
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respective laminations, thereby enabling the desired
deflection of the high perveance beam.

In one important case, the deflection apparatus is
featured as a primary scanner. In another important
case, the deflection apparatus is capable of reorienting
a previously periodically deflected high perveance beam
of atomic or molecular ions to irradiate a selected
surface, in which case the wave form preferably is
sinusoidal although in other cases it too may have higher
order harmonies.

A more general aspect of the invention concerns a
magnetic apparatus for producing a desired strong
magnetic field in a working gap, a magnetic structure
having pole faces defining the working gap in which the
magnetic field is desired and a magnetic circuit
connecting the pole faces, with an excitation coil and,
an associated excitation circuit.

According to this more general feature and
applicable in preferred embodiments of the aforementioned
scanning and compensating apparatus as well, at least a
part of the magnetic circuit is comprised of different
sets of the laminations disposed cross-wise to each other
in the manner that magnetic flux passing through any
given lamination in one of the stacks is distributed into
a multiplicity of laminations in the other of the stacks
in completing its path in the magnetic circuit.

In the form of a scanner for a beam of charged
particles, perferably the excitation circuit is adapted
to apply to the excitation coil a substantially
triangular wave form, represented by the fundamental
frequency and higher order harmonics.

Preferred embodiments of these various aspects of
the invention have one or more of the following features.

A pole piece defining the pole face is comprised
of at least some of the laminations with edges of the
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laminations forming the respective pole face; preferably
the edges of the laminations being shaped to provide a
pole face of predetermined form for influencing the
effect of the field.

The pole pieces defining the pole faces are made
of ferrite material; preferably the pole faces being
shaped to provide a pole face of predetermined form for
influencing the effect of the field.

The gap of the magnetic device is small,
constructed to receive a ribbon-profile ion beam with the
long dimension of the profile extending parallel to the
pole face, the magnetic structure arranged to deflect the
beam in the long direction of the ribbon-profile.

The magnetic circuit is comprised of a single
stack of the laminations which integrally forms a yoke
and pole pieces.

A dynamic feedback control is provided comprising
a magnetic field detection means for detecting the
magnetic field of the magnetic device and producing
signals representing the magnetic field generated by the
excitation coil, and a feedback control system for
controlling the excitation current producing the magnetic
field in a closed loop arrangement with the magnetic
excitation circuit and the magnetic field detection
means, preferably the field detection means comprising at
least one inductive coil inside of the magnetic circuit.

The magnetic circuit comprises first and second
pole pieces and a yoke connecting the pole pieces, the
yoke comprising a continuous lamination strip wound in
the form of a coil to effectively form a stack of
laminations. In certain preferred embodiments the pole
pieces are each formed by a respective stack of the
laminations and edges of the laminations of each of the
pole pieces are disposed against a side of the laminated
yoke coil so that each lamination of each the pole piece

PCT/US93/01841
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crosses a multiplicity of the lamination layers of the
coil to distribute its magnetic flux among them, and
preferably also each of the pole pieces comprises at
least two sections with one section disposed on each side
of a single laminated yoke coil, and preferably the
lateral width of the pole pieces increases from the first
to the second section of each pole piece to accommodate a
progressively deflected beam.

In another preferred case, the pole pieces are
each formed by a respective block of ferrite material
disposed against a side of the laminated yoke coil so
that each the pole pieces crosses a multiplicity of the
lamination layers of the coil to distribute its magnetic
flux among them, and in certain preferred embodiments.
each of the pole pieces comprises at least two sections
with one section disposed on each side of a single
laminated yoke coil, and preferably the lateral width of
the pole pieces increases from the first to the second
section of each pole piece to accommodate a progressively
deflected beam.

At least one cooling plate is provided to remove
heat generated by the induced eddy currents, the cooling
plate being attached to a side of the stack of lamination
in thermal contact with a substantial number of the
lamination layers.

The magnetic device comprises two laminated yoke
coils, and pole pieces disposed between the laminated
yoke coils. 1In certain preferred cases the pole pieces
are comprised of stacks of laminations, oppositely
directed edges of the laminations of each of the pole
pieces being disposed respectively against sides of the
laminated yoke coils so that each lamination of each pole
piece crosses a multiplicity of the lamination layers of
both coils to distribute its flux among them and in other
preferred cases, the pole pieces are comprised of blocks

PCT/US93/01841
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of ferrite material, the pole pieces being disposed
respectively against sides of the laminated yoke coils so
that each pole piece crosses a multiplicity of the
lamination layers of the laminated yoke coils to
distribute its flux among them.

In the form of a compensator structure for use
with a magnetic scanner for an ion beam, in certain
preferred cases, wherein the magnetic circuit comprises
first and second pole pieces and a yoke connecting the
pole pieces, the pole pieces being each formed by a
respective stack of the laminations, first edges of which
form the gap of the magnetic structure, the yoke
comprising at least one continuous lamination strip wound
in the form of a coil to effectively form a stack of
laminations, second edges of the laminations of each of
the pole pieces being disposed against a side of the
laminated yoke coil so that each lamination of each pole
piece crosses a multiplicity of the lamination layers of
the coil to distribute its flux among them, the gap
between the pole pieces being sized to receive the beam,
the width of the pole pieces being édjusted to
accommodate the beam previously deflected by the scanner,
and the length of the.pole pieces designed to reorient
the deflected beam to a desired condition. Preferably,
the length of the pole pieces is constructed to reorient
the beam to assume a desired angular direction relative
to an axis of the compensator over the deflection range
of the beam received by the compensator, and preferably
the magnetic structure is constructed such that the
length of the ion beam path exposed to the force field of
the magnetic structure varies with the deflection angle
of the beam to make the beam parallel with an intended
output axis.

In important preferred cases the excitation coil
for the magnetic compensating structure is driven by a
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resonating compensator excitation circuit; preferably the
excitation circuit comprising excitation coils connected
in series, a tank capacitance connected in parallel with
the excitation coils, a coupling capacitance having a
value related to the inductance of the circuit to achieve -
resonant operation, and a power amplifier driven by the
fundamental frequency signal for delivering power to the
circuit to compensate for the energy losses in the
excitation circuit and the magnetic structure.

In preferred embodiments of the compensator,

"constructed for use with a scanner driven at a

fundamental frequency by a scanning excitation circuit,
the resonating compensator excitation circuit is
constructed to operate in resonance with the fundamental
frequency of the scanning excitation circuit in phase
locked relationship therewith at a predetermined phase
angle difference. Preferably, the magnetic compensating
structure comprises pole pieces having surfaces on the
beam entry and exit sides of cooperatively selected shape
to increase, dependently with deflection angle of the
beam, the length of the ion beam path exposed to the
force-field of the magnetic compensating structure to
compensate for the contribution to the deflection angle
caused by higher order harmonics of the scanning
excitation circuit.

In certain embodiments a portion of the magnetic
circuit is formed by separate stacks of flat laminations
disposed cross-wise to one another in the flux-
distributing relationship.

Another important aspect of the invention features
a magnetic scanning system for rapidly sweeping a high
perveance beam of atomic or molecular ions over a
selected surface, the beam initially propagating in a
predetermined direction, the scanning system comprising a

magnetic scanning structure and an associated scanning
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excitation circuit for repeatedly sweeping the ion beam
in one dimension in response to an oscillating magnetic
field having a fundamental frequency and higher order
harmonics induced by excitation current from the circuit,
and a separate magnetic compensating structure and
associated compensating excitation circuit spaced from
the scanning structure along the beam axis, for
continuously deflecting the ion beam after it has been
swept by the scanning structure, to re-orient the beam to
a direction substantially parallel to an output axis of
the system, the scanning circuit and the compensating
circuit having separate power sources having wave forms
at the same fundamental frequency for their respective
scanning and compensating functions, the circuits being
in constant phase relationship with a predetermined phase
angle difference.

Preferred embodiments of this aspect of the
invention have one or more of the following features.

Means are provided to produce different,
complementary wave forms for the scanning and
compensating circuits.

The ratio of the lateral width of the gap at the
entrance of the magnetic scanning structure to the gap
spacing is of the order of 3 to 1.

The lateral width of pole pieces of the scanning
structure and the compensating structure increase along
the length of the beam axis to accommodate a
progressively wider beam sweep.

The magnetic scanning structure and the magnetic
compensating structure each comprises a plurality of
laminations of high magnetic permeability material having
thickness in the range between about 0.2 and 1
millimeter, the laminations being separated by relatively
thin electrically insulating layers, the laminations
forming a yoke connecting pole pieces that define a gap

PCT/US93/01841
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through which the ion beam passes, the laminations
providing a low reluctance magnetically permeable path
for the fundamental frequency and higher order harmonic
components of the magnetic field, the laminations serving
to confine induced eddy currents to limited values in
local paths in respective laminations.

Means are arranged to provide the high perveance
ion beam with a ribbon-profile entering the scanning
structure, the scanning structure arranged to deflect the
ion beam in the long direction of the ribbon profile.

The compensating excitation circuit is constructed
to operate in resonance with the fundamental frequency of
oscillation of the previously deflected beam, preferably
a synthesizer producing the fundamental frequency and
preferably the excitation circuit comprises excitation
coils connected in series, a tank capacitance connected
in parallel with the excitation coils, a coupling
capacitance having a value related to the inductance of
the circuit to achieve resonant operation, and a power
amplifier driven by the fundamental frequency signal for
delivering power to the circuit to compensate for the
energy losses in the excitation circuit and the magnetic
structure.

The magnetic scanning system further comprises
means to drive the magnetic scanning structure by an
excitation current of a generally triangular wave formed
by the fundamental frequency and superimposed higher
order harmonics, and means to drive the magnetic
compensating structure by excitation current in resonance
with the fundamental frequency, preferably the generally
triangular wave form being selected to compensate for a
component of scanning motion of the surface being
irradiated.

The system includes a dynamic feedback control
comprising magnetic field detection means for detecting

PCT/US93/01841
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the rate of change of magnetic field with time of the
magnetic scanning system and producing signals
representing the magnetic field and, a feedback control
system for controlling the excitation current producing a
prescribed magnetic field in a closed loop arrangement
with the respective magnetic excitation circuit and
magnetic field detection means, preferably the field
detection means comprise at least one inductive coil
inside of the magnetic circuit and preferably the
feedback control system further comprises a signal
conditioner connected to the inductive coil and adapted
to eliminate circuitry-induced distortions of the
detected signal by adjusting the gain and shape of the
detected signal, a phase compensator adapted to receive
the signal from the signal conditioner and to correct the
detected signal for a phase shift arising from electronic
delay times and finite permeability of the yoke material,
a differential amplifier adapted to generate and to
amplify an error voltage which is a difference between a
reference signal and the detected signal conditioned and
compensated by the conditioner and the compensator,
respectively, and the power amplifier of the resonant
excitation circuit adapted to receive the error voltage
and generate excitation current to the excitation coil
proportional to the error voltage to produce the
prescribed magnetic field.

Preferably, the system includes a respective
dynamic feedback control for the magnetic scanning
structure and for the magnetic compensating structure.

The surfaces on the beam entry and beam exit sides
of the magnetic scanning structure and of the magnetic
compensating structure are shaped in a predetermined
cooperative relationship relative to the profile of the
beam entering the system to establish cooperating
magnetic fringing fields for both magnetic structures

PCT/US93/01841
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that cooperate to produce a desired profile of the beam
and desired limitation on the angular deviation of ions
within the beam irrespective of the scanned position of
the beam.

Prior to the magnetic scanning structure, an
electrostatic-magnetostatic system for accelerating and
focusing a high perveance beam of atomic or molecular
ions comprising a set of acceleration electrodes forming
an electrostatic accelerating system charged by a power
source, the electrodes adapted to electrostaticly focus
the ion beam in one dimension, the electrodes adapted to
supply electrostatic energy to accelerate the ion beam in
the direction corresponding to the potential difference
across the electrodes, a suppressor electrode for
maintaining electrons within the beam, the electrode
having an aperture and being located at the exit port of
the electrostatic accelerating system, and a post-
acceleration analyzer magnet arranged to focus the beam
in the other dimension, the magnet having means for
adjusting the angles of incidence and exit of the ion
beam into the entrance and exit regibns of the post-
acceleration magnet.

Preferred embodiments of this accelerating and
focusing system have one or more of the following
features.

The electrodes form a slotted aperture, the
electrodes adapted to focus the beam in the direction of
the short dimension of the slotted aperture.

Means are arranged to provide the high perveance
ion beam of a ribbon-profile entering the accelerating
system, the accelerating system arranged to focus the
beam in the short direction of the ribbon profile.

The set of acceleration electrodes comprises two
relatively movable electrodes for electrostatic focusing
of the ion beam and/or the set of acceleration electrodes

PCT/US93/01841
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comprises three fixed electrodes adapted to
electrostaticly focus the ion beam by varying the
electric potential on the center electrode. The means
for adjusting the angles of incidence and exit of the ion
beam into the entrance and exit regions of the post-
acceleration magnet comprises means for laterally moving
the post-acceleration magnet relative to the beam path,
thereby focusing the beam while removing neutral
particles and ions of unwanted momentum ions from the ion
beams. A multipole magnet with a static magnetic field

" is arranged to eliminate aberration of the ion beam

created by the post-acceleration analyzer magnet,
preferably the multipole magnet being a sextupole.

The accelerating and focusing feature of the
invention has importance in its own right. Thus, another
aspect of the invention is an electrostatic system for
accelerating and focusing a previously produced high
perveance beam of atomic or molecular ions comprising a
set of acceleration electrodes of the electrostatic
accelerating system having a slotted aperture, the
electrodes adapted to supply electrostatic energy to
accelerate the ion beam in the direction corresponding to
the potential difference across the electrodes, and a
suppressor electrode for maintaining electrons within the
beam, the electrode having a slotted aperture and being
located at the exit port of the electrostatic
accelerating system.

Another aspect of the invention is the provision
in a system for delivering a substantially uniform dose
of ions of a high perveance atomic or molecular beam to a
selected surface, means for producing a high perveance
beam, an electrostatic system for accelerating and
focusing the beam having a set of acceleration electrodes
with slotted apertures, the electrodes adapted to focus

the beam in the direction of the short dimension of the
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slot, a focusing device positioned along the beam axis,
for focusing the beam in the dimension of the beam not
being focused by the slotted apertures, and a scanning
system for rapidly sweeping the ion beam in order to
achieve uniform irradiation of the selected surface by
the beam.

The various specific features of preferred
embodiments that have been mentioned above, of course,
apply to these aspects as well.

Certain preferred embodiments of the magnetic
scanning system that have been described employ a
reciprocating carrier for repeatedly carrying the
selected surface mounted on the carrier under the beam to
effect scanning in one dimension, the magnetic scanning
system arranged to rapidly sweep the ion beam in the
orthogonal dimension. Other preferred embodiments
feature a driven rotatable carrier for repeatedly
carrying the selected surface mounted on the carrier
under the beam to effect scanning in one dimension, the
magnetic scanning system arranged to rapidly sweep the
ion beam in the radial direction of the rotatable carrier
in order to to effect scanning in the other dimension,
and means for producing the excitat.on wave form applied
to the magnetic scanning system to govern its sweeping
action, the functional dependence of the excitation wave
form relating changes in the scan velocity in inverse
dependence with change in the radial distance between the
instantaneous location of the center of the beam and the
axis of rotation of the rotatable carrier.

In either case the system preferably includes a
focusing device for determining the dimension of the beam
in the direction of magnetic scanning and normal thereto,
preferably, the focusing device comprising an adjustable
accelerator having slotted apertures, the narrow

PCT/US93/01841
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dimension of the apertures corresponding to the direction
normal to the magnetic scanning dimension.

In either of the examples of a mechanical scan in
the second direction, the magnetic compensating structure
has its beam entry and exit sides cooperatively shaped to
cause the length of the ion beam path exposed to the
force field of the magnetic compensating structure to
vary with deflection angle in a cooperative relationship
with the field produced in the compensator structure to
achieve uniform irradiation of the selected surface
carried by the mechanical scanning arrangement.

Another aspect of the invention is a system for
delivering a substantially uniform dose of ions of a high
perveance atomic or molecular beam to a selected surface
comprising a driven rotatable carrier for repeatedly
carrying the selected surface mounted on the carrier
under the beam to effect scanning in one dimension, the
magnetic scanning system arranged for rapidly sweeping
the ion beam in the radial direction of the rotatable
carrier to effect scanning in the other dimension, and
means for producing an excitation wave form applied to
the magnetic scanning system to govern its sweeping
action, the functional dependence of the wave form
relating changes in the scan velocity in inverse
dependence with change in the radial distance between the
instantaneous location of the center of the beam and the
axis of rotation of the rotatable carrier.

In preferred embodiments of this aspect, the
functional dependence of the excitation wave form is
determined according to the formula for the scan velocity
Y:

PCT/US93/01841
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where k is a constant dependent on the scan range and
periodicity T of the wave form and R is the distance
between the axis and the center of the beam.

The invention also features, as another aspect, a
method of rapidly sweeping over a selected surface a high
perveance beam of atomic or molecular ions initially
propagating in a predetermined direction, comprising the
steps of: (a) introducing the ion beam to a magnetic
scanning structure, (b) sweeping the ion beam in one
dimension by an oscillating magnetic field having a
fundamental frequency of at least 20 Hz and higher order
harmonics induced by a scanning excitation current
generated by a scanning excitation circuit, to produce a
constantly changing deflection angle, and (c)
continuously re-deflecting the deflected ion beam using a
separate magnetic compensating structure to re-orient the
ion beam to a direction substantially parallel to an exit
axis of the compensator by driving the magnetic
compensating structure with a compensating excitation
current having the same fundamental frequency as the
scanning excitation current, the compensating excitation
current being generated by a separate compensating
circuit operating in a phase-locked mode with the
scanning excitation circuit.

In preferred embodiments of this method, the
compensating excitation current is generated in resonance
with the fundamental frequency of the scanning excitation
current, and preferably the length of the ion beam path
exposed to the force-field of the magnetic compensating
structure is varied to compensate for the contribution to
the deflection angle caused by higher order harmonics of
the scanning excitation current.

Another aspect of the invention is a method of
implanting a uniform dose of oxygen ions into a silicon
wafer to form a buried oxide layer, using an ion

PCT/US93/01841
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implantation system, comprising the steps of: (a)
accelerating a high perveance oxygen ion beam of above 50
mA current to energy above 100 keV, (b) rotating the
silicon wafer mounted on a carrier at above 50 rpm, (c)
with a magnetic scanning system, scanning the ion beam in
the radial direction of the carrier at a frequency above
50 Hz while maintaining a substantially constant incident
angle of the beam to the surface of the silicon wafer,
and (d) controlling the system to obtain substantially
uniform dose across the wafer under substantially uniform
temperature conditions.

Preferred embodiments of this aspect of the
invention have one or more of the following features.

The ion beam energy is about 200 keV. The
scanning step includes deflecting the beam in an
oscillating pattern using a magnetic scanner drive by a
substantially triangular wave form and thereafter
applying compensating magnetic fields to reorient the
deflected beam to a desired direction, preferably, the
compensating step is performed with a dynamic magnetic
deflecting compensator system driveﬁ at the same
frequency in phase locked relationship with the scanning,
preferably, this compensator being driven in resonance
with the scanning.

The step of controlling the system includes
varying the scan velocity of the scanned beam to obtain
the uniform implantation dose of oxygen ions by
maintaining inverse functional dependence of the scan
velocity to the radial distance between the instantaneous
location of the center of the beam and the axis of

rotation of the rotatable carrier.

Brief Description of Drawings
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Fig. 1 is a diagrammatic general representation of
a preferred ion beam magnetic scanning system according
to the invention;

Fig. la is a view of an electrostatic part of Fig.
1 on a magnified scale showing details of a particular
preferred embodiment;

Fig. 1b is a view taken on line 1lb-1b of Fig. 1la,
and shows the pole arrangement of the sextupole of the
embodiment of Fig. 1;

Fig. 1c is a view of the slot-shaped electrodes of
post-accelerator shown in Figs. la and 1d.

Fig. 1d shows a three electrode accelerator gap as
an alternative embodiment.

Fig. le is a diagrammatic general representation
of a preferred ion beam magnetic scanning system
according to the invention with a target substatic that
reciprocates in a direction orthogonal to the magnetic
scanning direction.

Fig. 2 is a schematic diagram of the beam envelope
traced by ions deflected by a scanner and a compensator
of the system of Fig. 1 at two different instants of
time; ,

Fig. 2a shows for one aspect of the preferred
embodiment, the progressive change in the cross-section
of the beam as it passes from the scanner to the target;

Fig. 3 is a graph indicating the range of
perveance of beams for which the system of the invention
is uniquely applicable;

Fig. 4 is a diagram illustrating the synchronized
phase relationship between the generally triangular
scanner current waveform and the sinusoidal compensator
current waveform produced by the preferred resonant

excitation current for the compensator magnet;
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Fig. 5 is a diagrammatic illustration of a basic
magnetic system employing a laminated pole and yoke
useful for the preferred embodiment of Fig. 1;

Fig. 5a is a diagrammatic three-dimensional view
of detailed aspects of the magnetic structure of the
compensator magnet showing two laminated coil-form yokes
and crossed laminations for the design of the preferred
embodiment;

Fig. 5b is a further diagrammatic three-
dimensional view of detailed aspects of the magnetic
structure in an alternative embodiment, using a laminated
coil-form yoke, and crossed laminations.

Fig. 5c is a further diagrammatic three-
dimensional view of the magnetic structure using
laminated blocks and crossed laminations.

Fig. 6 is a diagrammatic illustration of the eddy
current conditions induced in successive laminations of
the preferred embodiment.

Fig. 7 illustrates the magnetic flux distribution
in laminations and in the working gap between the pole
pieces of the preferred embodiment;

Fig. 8 is a graph showing the variation of gap
induction B with sinusoidal frequency employing the
laminations according to the invention;

Fig. 9 is a graph showing the gap induction for a
triangular wave form compared with a sinusoidal wave form
and which establishes the practicality of the invention
in respect of laminations of 0.5 mm thickness;

Fig. 10 illustrates positions of wafers in
relation to the preferred excitation waveform that
produces differences in scan velocity to compensate for
variations in radial distance of portions of the scanned
beam from the center of rotation of the rotatable wafer

carrier of Fig. 1 that carries the wafers under the beam;
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Fig. 11 is a schematic diagram of a resonant
excitation circuit for the preferred compensator of Fig.
1;

Fig. 12 illustrates in schematic form examples of
contours of the entry and exit faces of the magnetic
structures of the scanner and compensator of Fig. 1;

Fig. 13 is a schematic illustration of a preferred
electronic control circuit used to excite the oscillatory
magnetic field in the magnets of the scanner and
compensator devices of the embodiment of Fig. 1;

Figs. 14 and 15 are plots illustrating the
attenuation of fluctuation in dose uniformity achieved by
the finite beam widths used by the system of claim 1
under respectively different conditions;

Fig. 16 is a perspective view of an alternative
magnetic structure useful according to certain broad
aspects of the invention;

Fig. 17 illustrates the general configuration of
two beam lines in a four beam line implanter.

Fig. 18 shows the variation of beam sizes from the
post-accelerator to the wafer in the SIMOX application of
the preferred embodiment.

Fig. 19 shows how the y-beam size becomes smaller
than in Fig. 18 when the post-accelerator magnet is
laterally moved to produce more y-focusing as shown in
Fig. 1b.

_Fig. 20 shows the variation in beam size at the
wafer for various spacings between the electrodes of the
post-accelerator in the SIMOX application of the
preferred embodiment.

Fig. 21 shows the principal rays of the deflected
beam at equally spaced time intervals over one half an
oscillatory period for the SIMOX application of the
preferred embodiment.
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Fig. 22 shows the scanner waveforms and scan
velocity at the wafer for the SIMOX application of the
preferred embodiment.

Fig. 23 shows the variation in beam size at the
wafer with radial position over the scan range in the
SIMOX application of the preferred embodiment.

Fig. 24 shows the variation in implant angle with
radial position over the scan range in the SIMOX
application of the preferred embodiment.

Description of the Preferred Embodiment

With reference to Figs. 1 and 2 there is shown a
diagrammatic representation of the elements of a
preferred embodiment of the ion beam magnetic scanning
system according to the invention, using two time-
oscillatory magnetic deflections of ions produced
respectively in a scanner 2 followed by a compensator 4.
The two oscillatory magnetic fields 6,8 are caused to
have the same periodicity corresponding to a frequency of
typically 150 Hz. Ions travelling along paths more or
less parallel to the z-axis 10 are caused to undergo
oscillatory deflections in the yz-plane by the scanner 2;
the y direction being perpendicular to the plane of Fig.
1. At an instant in time, ions that have just emerged
from the scanner 2 remain in the form of a beam but now
the longitudinal direction 12 of the beam is oriented at
an angle to the z-axis 10 as a result of the y magnetic
deflection produced in the scanner 2. A short time
thereafter, the ions reach the compensator 4 at a y
position considerably displaced from the z-axis. The
compensator 4 deflects the ions again in the yz-plane but
in a direction opposite to the first deflection produced
in the scanner. In one important feature of this
preferred embodiment, the respective oscillatory fields
6,8 of the scanner and compensator are coordinated such
that upon emerging from the compensator 4 the ions, still
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in the form of a beam 14, are once again travelling in a
direction parallel to the z-axis 10. However, the
position of the ion beam at the target 16 is rapidly
varying with time along the y direction, oscillating back
and forth at the repetition frequency of the oscillatory
fields, scanning over a distance related primarily to the
amplitude of the oscillatory field 6 in the scanner and
to a lesser extent on the amplitude of the oscillatory
field 8 in the compensator; and the beam direction is
parallel to the z-axis 10 and the angular deviation or
spread in the beam, and the size 20 of the cross-section
of the beam reaching the target (beam spot size) is
nearly constant irrespective of y position. This
parallel scanning technique is shown in Fig. 2 by the
beam envelope 22 traced out by ions entering the scanning
system at one instant of time, and the envelope 24 that
occurs at another instant of time.

Fig. 3 illustrates the great utility of the.
present invention to rapidly scan high perveance beams as
defined by Eq. (1). An important feature of the
preferred embodiment is that the scanner and compensator
fields 6,8 are only magnetic in nature. In the absence
of electric fields, residual electrons are held within
the beam, neutralizing the repulsive ion space charge
forces. The parallel scanning technique thus described
remains effective without limit as the ion beam current
is increased.

One example of the usefulness of the present
invention is the need in SIMOX processes to heavily
irradiate the surfaces of silicon wafers with oxygen ions
at -energies in the region of 200 keV for the purpose of
forming a buried silicon dioxide insulating layer in the
silicon wafer. The silicon wafer can be as large as 12
inches in diameter. A batch of wafers 16 is mounted on a
carousel 26 rotating about an axis 28, displaced but
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2. The oxygen ion beam, typically of 50 to 100 mA
current, is rapidly scanned in the y-direction 27, i.e.
in a radial direction of the rotating carousel, across
the surface of the wafers 16, without degrading the
implant quality as a result of thermal pulsing and ion
damage that would occur if the beam dwelled on one region
of the surface for too long a time, and with a scan
velocity that varies with time to compensate for
variation in radial distance of the beam relative to the
spinning carousel, such as to uniformly irradiate the
wafer surface 16.

Figs. 1 and 2 further show details of the
preferred embodiment ion implanter in which positively
charged ions of more or less selected species such as
boron, oxygen, phosphorus, arsenic or antimony, are
generated in the plasma chamber 30 of a source 32 and
emerge from an orifice 34 (or array of orifices) usually
of circular or preferably of slot shape. The ions are
extracted by an extraction electrode 36, which is held at
an electrical potential typically 5 to 80 kV more
negative than that of the plasma chamber by a power
supply 38. The geometrical shape and position of the
extraction electrode 36 in relation to the plasma chamber
orifice 34 is chosen such that a well-defined beam
emerges from the extraction electrode 36 in which the
angular spread of the ion trajectories is typically less
than 2°. The ion beam is purified according to the ion
momentum to charge ratio (Mv/Q, v = ion velocity), by an
analyzer magnet 40 and cooled plates 42 defining a finite
width slit-like aperture 44. This preferred embodiment
produces a ribbon-shaped beam having its narrow dimension
lying in the direction of the oscillatory fields 6 in the
gap of scanner 2, thus enabling the aforesaid gap to be

minimized which in turn minimizes the oscillatory field
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energy and causing the beam to be scanned in the y
direction, parallel to the long dimension of the beam at
scanner 2. A ribbon-shaped beam is most easily generated
by the analyzer magnet 40 if the beam emerging from the
ion source 32 is itself ribbon-shaped. Both the Freeman
and the ECR types of ion source, described in The Physics
and Technoloqy of Ion Sources, Ed. Ian G. Brown, John
Wiley & Sons, NY 1989, frequently used in ion implanters,
produce ribbon-shaped beams by having a long slot-shape
in the plasma chamber orifice 34 and the extraction
aperture 36.

A suppressor electrode 46 held at a more negative
potential than the extraction electrode 36 inhibits back
streaming electrons from reaching and damaging the ion
source plasma chamber 30. This suppressor electrode also
prevents electrons from being drained out of the ion beam
as the ion beam passes to the analyzer magnet 40. Such
electrons neutralize the ion charge and prevent space
charge blow-up of the beam in the drift region between
the source 32 and analyzer magnet 40.

In some important applications, such as oxygen
implantation, a second stage of acceleration is needed to
reach the required final ion energy. This is shown as a
post-accelerator 48 in Fig. 1, comprising two or more
electrodes held at different electrode potentials by a
power supply 50. Positive ions in the beam are
accelerated when the last electrode 52 is at a more
negative potential than the first electrode 51.
(Deceleration can also be implemented by setting the last
electrode 52 at a more positive potential than the first
electrode 51. In some cases this is useful to achieve
high beam currents at low energy.) Suppressor electrodes
54 are fitted at each end of the post—acéelerator 48 to
prevent unnecessary electron loading on the power supply

50, and to prevent draining of electrons from the beam on
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either side of the post-accelerator which would leave the
beam unneutralized and subject to repelling space charge
forces. The first suppressor electrode is needed only if
the beam is to be decelerated. Ions emerge from the
post-accelerator with an energy determined by the
settings on each of the power supplies 38 and 50. 1In
situations where post-acceleration is used, the post-
accelerator 48 is usually located after the analyzer
magnet 40. This enables the analyzer to operate at a
lower magnetic energy. Moreover, unwanted ion species
from the source 32 are prevented from entering the
post-accelerator 48 by the resolving aperture 44, thereby
minimizing the electric current and power capability
needed for the post-accelerator power supply 50. It is
advantageous to use a second analyzer magnet 56
positioned after the post-accelerator 48 to remove
neutral particles and ions possessing an unwanted
momentum, generated as a result of charge exchange
processes occurring between the beam and the residual
background gas in the region from the resolving aperture
44 to the exit end of the post-accelerator 48.

Fig. la illustrates an important feature of the
preferred embodiment wherein the size and angular
deviation of the beam at the target 16 is controlled
primarily in the x-direction by adjusting the spacing 45
between the first 51 and second 52 electrodes of the
post-accelerator 48, and primarily in the y-direction by
adjusting the transverse position 55 of the post-
accelerator analyzer magnet 56. The x-direction is
defined as the transverse direction orthogonal to both
the y-direction and the instantaneous principal axis of
the beam. The analyzer magnet 40 is coordinated with the
location of the source 32 such that the beam 57 entering
the post-accelerator 48 is ribbon-shaped with the smaller

dimension in the x-direction as previously described, and
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also converging in the x-direction. The apertures 49 in
the first 51 and second 52 electrodes of the post-
accelerator 48 are slot-shaped with the long dimension in
the y-direction as shown in Fig. lc. The strong electric
field gradients in the x-direction produced by these
apertures generate an overall convergent focusing action
on the beam in the x-direction, compensating for the
diverging action of the space charge forces also acting
on the beam in the x-direction as a consequence of

neutralizing electrons being driven out of the beam by

"the non-zero electric field present in the post-

accelerator 48. The x-focusing action increases as the
distance between the first 51 and second 52 electrodes
decreases, which in practice is varied remotely via a
motor drive 53 to suit a given beam perveance according
to Eq. 1.

In yet another embodiment shown in Fig. 1d, the
post accelerator 48 comprises three stationary electrodes
181, 182, 183, instead of the two electrodes 51 and 52 of
Fig. la, wherein each electrode again has a slot shaped
aperture 49 as shown in Fig. l1c. The variable focusing
effect in the x-direction is achieved by varying the
voltage on the center electrode 182, which in turn varies
the electric field gradient.

Upon emerging from the post-accelerator 48, the
beam is still narrow in the x-direction but has
experienced a diverging action in the y-direction as a
result of the uncompensated space charge forces acting
within the post-accelerator 48. The y-divergence is
corrected by the y~focusing action produced when the beam
enters and exits the fringing fields of the post-
accelerator analyzer magnet 56. As described by H.A.
Enge in Deflecting magnets (published in Focusing of

Charged Particles, VII, Ed. A. Septier, Academic Press,
New York 1967.) the focal length F associated with an ion
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beam passing through a fringing field at an angle a 59
with respect to the normal 61 of the effective field
boundary 63 is given by

F = L
e tan a (2)-

where I is the path length 47 through the magnet and © is
the deflection angle 65. A positive angle a 59 as shown
in Fig. la produces positive y-focusing and negative x-
focusing. Because the x-dimension of the beam is much
smaller than the y-dimension, the fringing fields affect
the y-motion of the ions in the beam to a much greater
extent than the x-motion. '

An important feature of the preferred embodiment
is the adjustable position of the post-accelerator
analyzer magnet in the negative x-direction using a motor
57, as shown in Fig. la. The poles of the post
accelerator magnet 56 are contoured so that when the
magnet 56 is moved in the x-direction, the motion causes
@ 59 to increase and the path length L 47 through the
magnet to simultaneously decrease, and according to Eqg. 2
both effects reduce F, i.e., increase the focusing power.
Conversely, moving the post-accelerator magnet 56 in the
positive x-direction decreases the focusing power.

In order to accommodate the large y-dimension of
the beam, and produce sufficient y-focusing, the post-
accelerator analyzing magnet 56 has a small bending
radius and a large gap compared with the path length
described by the ions on passing through the magnet. 1In
such instances, the fringing field focusing action is
accompanied by substantial aberrations. The aberrations
produce an asymmetrical distribution of ions in the x-
direction within the beam as well as increasing the x-
dimension of the beam at the target 16. For example, in
an oxygen implanter an oxygen beam having an x-dimension
of 90 mm without aberrations and with a more or less

i
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gaussian x-distribution of ions is distorted by the
aberrations and expands to

100 mm in the x-direction along with a centroid shift in
the x~-direction of approximately 10 mm. In general, this
second order aberration can be corrected by curving the
entrance and exit pole boundaries of the post-accelerator
analyzer magnet 56; however, since this magnet is moved
back and forth in the x-direction, to achieve the y-
focusing, another separate device must be added in order
to correct the aberrations of the ion beam.

Fig. 1b shows a feature of the preferred
embodiment, wherein a sextupole magnet 150 is positioned
just after the dipole field of the post-acceleration
analyzer magnet 56 and eliminates the aforementioned
aberrations of the beam.

Six poles 152 are excited with alternate
polarities (N,S,N,S,N,S) by current-carrying-coils 156.
The poles are magnetically connected by a yoke 154. The
field within the aperture of the sextupole increases in
magnitude with the square of the distance from the z-axis
and thus preferentially produces an x-deflection of those
ions most distant from the z-axis.

Fig. 2a shows a typical transformation of the
envelope of the ions within the beam as the beam passes
from the scanner to the wafer. In the region of the
scanner, the cross-section of the beam is narrow in the
x-direction to enable the gap of the scanner 2 to be
minimized as previously described. During passage to the
wafer the y-dimension of the beam envelope does not
change significantly but the x-dimension grows to become
substantially larger than the y-dimension. The x- and y-
dimensions at the wafer 16 are respectively controlled by
the adjustable focusing actions of the post-accelerator
48 and post-accelerator analyzer magnet 56. The beam
area (mxy) at the wafer 16 is made sufficiently large to
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avoid excessive local thermal pulsing charging, and ion
induced damage, but with the y-dimension preferably
smaller than the x-dimension to reduce the amount of
overscan required.

Referring to Fig. 1, another aspect of the
preferred embodiment, is the transport of the beam in a
high vacuum, all the way from the ion source 32 to the
target 16. The high vacuum condition is maintained
inside a vacuum housing 17 by using standard high vacuum
pumps.

Referring to Fig. 4, another important aspect of

the preferred embodiment is the constant phase
relationship that is maintained between the oscillatory
fields 6,8 generated in the scanner 2 and compensator 4.
This is necessary in order to achieve parallel scanning
over the target 16 in which case the deflection of an ion
produced in the compensator 4 must be equal and opposite
to the deflection produced in the scanner 2. There are a
number of routine methods for implementing phase
synchronization. For example, the respective scanner and
compensator controllers, 60, 62, of Figs. 1 and 13, may
be driven with phase-synchronized signals.
Alternatively, the phase of scanner 2 may be locked to
the measured phase of compensator 4. To obtain parallel
scanning, the phase difference t 58 between the
oscillatory field 6 of scanner 2 and the oscillatory
field 8 of compensator 4 must be proportional to the time
of flight an ion takes on passing from the scanner 2 to
the compensator 4. However, typically the flight time
between scanner and compensator is less than 1 usec and
very much less than the periodicity of the oscillatory
fields, in which case, for all practical purposes t is
180 degrees. -

Fig. 5. illustrates the basic structure of the

scanner magnet 2 in the preferred embodiment wherein the
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oscillatory magnetic field 64 is generated in a magnetic
circuit excited by an oscillatory current 66 passing
through the turns of a pair of coils 68, each surrounding
a pole 70 constructed of high permeability, thin '
ferromagnetic laminations 72 of thickness in the range of
commercially available laminations, e.g., 0.2 and 1.0
millimeter, magnetically connected to each other by a
yoke 74, also constructed from such high permeability,
thin magnetic laminations. The facing surfaces 76 of the
two poles, formed by the laminations, are usually
parallel to each other and are separated by a gap 78
through which the ion beam passes. Within the gap a
force acts on the ions in a direction perpendicular to
both the direction of the magnetic field and the
direction of the velocity vector of an ion. A suitably
well defined magnetic field B in the pole gap is realized
by making the dimension W of the pole width 80 at least 3
times as large as the dimension G of the pole gap 78,
i.e., W > 3G. An important feature of the magnet in the
preferred embodiment is the high relative magnetic
permeability of the pole 70 and yoké 74 (at least 1000)
which concentrates the magnetic energy almost entirely in
the region of the pole gap 78, thereby minimizing the
required field energy and electrical power needed to
excite the magnets at a high frequency. The excitation
power P required to generate a sinusoidal oscillatory
angular deflection ¢, at a frequency £ is, in MKS units:
P = 2.5 x 10° £ a2Kk2wc (3)
L
where L is the effective length of the magnet in the 2
direction and K is the magnetic rigidity of the ion,

given by K = {2ME| 1/2

lo (4)

where Q is the ion charge. The advantage of using a
ribbon beam and hence a small magnet gap G is immediately
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evident from Eq. 3 which shows that the power varies as
the product of the width and gap, and in the limiting
case of W = 3G, as the square of the gap.

Equations 3 and 4 further show that the power P
varies linearly with the mass M and therefore there is an
extreme difference between the requirements for the
magnetic deflection of heavy ions compared with those for
electrons, e.g. for a given frequency and magnet
dimensions, an oxygen ion beam requires 28,800 times as
much power as needed for a comparable deflection of
electrons of the same energy.

Figs. 2 and 5b show another important aspect of
the preferred embodiment, in which the field energy and
operating power of the scanner are reduced by contouring
or stepping the lateral sides of the pole so that its
width 80 is as small as possible at the entrance where
the beam does not deflect significantly in the y-
direction, and is wider, at the exit end to accommodate
the increased y deflection.

Figs. 6 and 7 further illustrate the preferred
structure of the laminated magnets wherein the
laminations 72 are electrically insulated from each other
by a layer of insulating material 84. Eddy currents 86
generated from the time-varying magnetic field within the
laminations 72 are forced to flow within the boundaries
of each lamination and are prevented from flowing around
the perimeter 88 of the pole and yoke. The eddy currents
are in opposition to the coil current and cause the
magnetic flux to be concentrated in the surface regions
of the laminations as shown in Fig. 7. Within the
thickness of the lamination, a sinusoidal magnetic field
diminishes in magnitude approximately exponentially with
distance from the lamination surface. At a depth §
called the skin-depth the field is 1/e of its
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magnitude at the surface where § = (1/ﬂuaf)%, p is the
magnetic permeability of the lamination material, o is
its electrical conductivity, and f is the sinusoidal
frequency of the field B. The oscillatory field 6 in the
scanner 2, however, is not in general sinusoidal, and
more typically has a triangular variation with time, in
order to achieve a uniform irradiance over the surface of
the target 16. Such a waveform has many higher order -
harmonics - for example harmonics up to 2 kHz may be
superimposed on a fundamental sinusoidal frequency of 100
Hz and up to 20 kHz at a fundamental frequency of 1000
Hz. At first sight it appears that an extremely thin
(and in important cases, impractical) lamination is
needed in order to accommodate the higher order
harmonics. Indeed, the skin-depth § is only = 0.1 mm at
2 kHz and = 0.03 mm at 20 kHz, whereas typical
thicknesses of commercially available transformer steel
are greater than 0.2 mnm.

However, we realize that for a triangular shaped
waveform, the amplitude of the higher order harmonics
decreases significantly with increasing frequency, and we
further realize that transformer steel magnetically
saturates at a very high field of 1 to 1.5 Tesla. We
realize it is therefore possible to configure a
practical, high frequency, scanner magnet with lamination
material for the yoke 74 and the pole 70 of Fig. 5 that
is substantially thicker than the skin depth of the high
order harmonics, e.g., thickness in the range of 0.2 to 1
mm. Although not obvious, this remarkable aspect of the
invention can be established quantitatively by taking
into account the fact that the magnetic field is
continuous across the normal to the high permeability
pole surface 90 (refer to Fig. 7), in which case the
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field B 64 in the gap 78 is related to the field Bg in
the lamination material according to the expression:

B ~B, & [2(cosh d/é - cos d/§))1/? (5)
d | cosh d/6 + cos d/§) :

where d is the lamination thickness. Fig. 8 shows the
variation of B with sinusocidal frequency up to 10 kHz,
according to Eq. (5), for lamination thicknesses of 4 =
0.36, 0.5, and 0.64 mm; 0 = 2.5 X 108 S/m; and p = 7000 pg
where f, = 47 x 107 is the vacuum permeability. The
curves conservatively apply to a saturation field Bj of 1
Tesla within the lamination, and show that a field in the
gap as high as 0.1 Tesla is possible at a frequency of 10
kHz. The validity that a practical magnet is possible
with typical commercial lamination thickness is finally
established in Fig. 9, where for the case of 0.5 mm thick
laminations, the amplitude of a triangular wave 89,
obtained by adding the first 11 odd order harmonics to
the fundamental frequency, is no more than 20% less than
a pure sine wave 91 having a frequency equal to the
fundamental frequency of the triangular wave.
Furthermore, even at a fundamental frequency as high as
500 Hz, a gap field of 0.5 Tesla can be realized.

Indeed, in this frequency regime, the fields that can be
achieved with a laminated structure are higher than those
obtainable using present day ferrites, an alternative
more expensive material for constructing the magnets that
is an electrical insulator and free of eddy currents, but
magnetically saturates at only 0.3 to 0.4 Tesla. A
triangular waveform is advantageous since it causes a
beam to scan back and forth at a constant speed,
producing a uniform irradiance if the wafer is
simultaneously reciprocated at constant speed in an

orthogonal direction.
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In accordance with Fourier transform theory, it is
possible to synthesize quite general shaped oscillatory
waveforms. For example, Fig. 10 shows the result of
adding appropriate even order harmonics to a triangular
waveform to produce a scan velocity that is slower at one
end 94 of the scan range than it is at the other end 96.
This type of waveform contains the radial correction that
is necessary to produce a uniform irradiance when the
wafers of size as large as 12" are mounted on a carousel
26 rotating about an axis 28 as shown in Fig. 2. In such
a case, points on the wafer surface most distant from the
axis travel at a higher peripheral speed than points
nearer the axis. This is compensated for by shaping the
predetermined excitation wave form to make the beam dwell
longer at the outer radii than at the inner. In
practice, the beam is scanned with sufficient amplitude
so as to not impinge on the wafer at the extremities of
the scan range, during which time the direction of scan
is reversed. The time needed to reverse the scan
direction, in the over-scan region, depends on the
harmonic response of the magnet and the slew rate of the
driving amplifier. For typical, presently available high
power commercial amplifiers, the slew rate is
approximately 40 to 80 usec, and is thus comparable to
the response relamination time of the laminated magnet
structures described in the preferred embodiment. Fig.
10 illustrates the adjustment of the wave form and
placement of the wafers 16 on the carousel 26, according
to the diametral size of the wafers.

Fig. 5a shows the structure of the compensator
magnet 4. The basic components are similar to the
scanner magnet 2 described in Fig. 5. Indeed, in the
compensator magnet 4 each of a pair of coils 69 surrounds
a laminated pole 71, and the two poles are magnetically

connected via a pair of laminated yoke structures 75.
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The facing surfaces 77 of the poles are usually parallel
to each other and are separated by a gap 79 through which
the ion beam passes and becomes deflected in the
transverse direction 81 by the magnetic field 67 which is
oriented in a direction orthogonal to the pole surfaces
77. The poles 71 and yokes 75 are constructed of
insulated laminations as previously described and shown
in Figs. 6 and 7.

Fig. 5a illustrates a further important aspect of
the invention, concerning an advantageous structure for a
laminated magnet, whereby the physical size and weight of
the magnet can be substantially reduced by using crossed
(orthogonal) lamination planes in separable pole 71 and
yoke 75 structures. Such a crossed lamination structure
is particularly important in the case of the compensator
4 which must have a sufficient pole-width 83 to
accommodate the y-deflection produced by the scanner 2 as
shown in Fig. 2, e.g., in order to scan a 12 inch wafer,
the pole width is typically 16 to 20 inches wide. An
integral H-frame structure of the configuration shown in
Fig. 5 would result in laminations 6f a very large area.
However, we have realized that by using the crossed
lamination configuration shown in Fig. 5a, that at the
interface surfaces between a pole 71 and the yokes 75,
the magnetic flux passing through a single lamination of
the pole 71 becomes distributed more or less equally in
all of the laminations of the yokes 75, through which it
proceeds, and conversely, at the interface with the
opposite pole, the magnetic flux in a single lamination
of yoke 75 becomes distributed more or less equally in
all of the laminations of the pole through which it
enters. As a consequence, the dimensions and
configuration of the yokes 75 can be selected
independently of dimensions and configuration of the
poles 71, subject only to the constraint of having a
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sufficient total cross-sectional area in the yokes 75 in
order to collect the total magnetic flux from the pole 71
without incurring magnetic saturation in the yokes 75.
Also, by making use of interfaces with crossed
laminations it is possible to orient the pole laminations -
so as to be normal to the entrance and exit faces of the
magnet (i.e., parallel to the z-axis 10 of Fig. 1) which
is the preferable orientation for the purpose of
introducing contours on the pole edge 85 and avoiding

peeling and delamination. The advantage of introducing

‘certain pole-edge contours is discussed below in

connection with other aspects of the invention.

Fig. 5a also shows the addition of cooling plates
140, fitted with the cooling tubes 142 to remove the heat
generated by the eddy currents within the laminations.
The cooling plates are electrically insulated from the
laminations and are bonded to make good thermal contact
with edges of the laminations. Similar cooling plates
can be bonded to the lamination edges of the pole. The
power dissipation within the laminations depends on the
square of the magnetic field and the square of the
frequency and is typically in the range of 0.5 to 2 watts
per kilogram of lamination material. The cooling plates
are typically capable of removing 0.6 to 1 watt per cm?
for temperature rises in the laminations of 12 to 20°C.

In another embodiment, as shown in Fig. 5b, the
magnetic structures of the scanner 2 and compensator 4
are built using the above-described cross-lamination
technique but have the yoke 75 formed by only one
laminated coil and the pole pieces 71 formed by two
laminated sections. The magnetic flux passing through a
single lamination of the yoke coil is distributed in all
of the laminations of the pole sections. The individual
sections of each pole piece are also partly magnetically
coupled to each other. The two-part construction of each
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is advantageous in scanner 2 for the purpose of
minimizing the excitation power as previously discussed.

In Fig. 5c blocks of flat laminations are arranged
to define a pole and yoke assembly, as an alternative '
mode of employing the crossed laminations feature. Yoke
cooling plates 140 of the type shown in Fig. 5a can be
bonded to the edges of the laminations to remove the
thermal power generated in the laminations.

Fig. 11 illustrates another important aspect of
the invention in which the compensator 4 is resonantly
excited by parallel connection of its excitation coils 69
to a tank capacitor 98, and a coupling capacitor 100 in
series connection with a power amplifier 102 driven by a
sunsoidal wave 101. When the compensator is excited at
the resonant frequency f, where

ZH{L(Ci + Cp) /2

(6)
L is the inductance of the scanner magnet, C, is the
coupling capacitance, and C,. is the tank capacitance; it
is only necessary for the amplifier 102 to deliver power
to meet the resistive losses in the system, such as the
ohmic losses in the coils (and capacitors), the ohmic
losses associated with the eddy currents in the
laminations, the magnetic hysteresis losses in the
laminations, and the internal losses in the amplifier
102. The amplifier does not need to provide the much
higher reactive power associated with the oscillating
magnetic field energy in the gap of the compensator
magnet 4. For a typical compensator, an unloaded circuit
gquality factor Q = 20 can be achieved, in which case a
reactive power of 100 kVA can be generated with just a 5
kKVA power amplifier. The ratio of the coupling
capacitance C_, to the tank capacitance C. is adjusted to
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match the input impedance of the resonant circuit to that
of the power amplifier 102 for maximum power transfer.
The input impedance is Ct2/2ﬂfQCc2(cc+Ct) where £ is the
resonant frequency and typically C. = 1/5C.. The magnetic
energy of the compensator 4 is typically an order of '
magnitude greater than that of the scanner because the
pole width 106 must be of iarge enough dimension to
accommodate the y deflection of the beam produced in the
scanner 2, as is evident in Fig. 2. It is a part of the
preferred embodiment, and advantageous to operate the
compensator with resonant excitation, to greatly reduce
the power requirements of the driving amplifier 102.
Resonant excitation of the compensator generates an
essentially pure sinusoidal oscillatory field B,(t) as a
function of time t, where '
B,(t) = B, sin2nft. (7)
Another aspect of the preferred embodiment
concerns the dependence of the oscillatory field B,(t) of
the scanner 2 on time t. The time dependence finally
controls the scan velocity at the target. For this
reason the scanner is not usually operated in a resonant
mode for then the scan velocity at the target can only be
sinusoidal in nature and in general this is not useful
for producing a uniform irradiance over the target
surface, which in most cases is either reciprocating or
rotating about an axis. Indeed in the preferred
embodiment the scanner is excited with a selectable, and
usually more or less triangular waveform. For the case
of a constant scan velocity over the scan range the beam
position Y must vary linearly with time, i.e.
Y(t) = 4fygt (=T <, <D (8)
4 4)
where T = 1/f is the oscillatory period and Y, is the
mean scan amplitude. On the other hand, referring to

Fig. 2 for the case when the target 16 is mounted on a

PCT/US93/01841



WO 93/17445 PCT/US93/01841

10

15

20

25

30

35

_40_

carousel 26 rotating about an axis 28 parallel to the z-
axis 10, a uniform irradiance requires the scan velocity
Y to be radially corrected such that it varies inversely
as the distance of the beam center 29 from the carousel
axis 28, i.e.

v = k (9)

Y + R

where k is a constant depending on the scan range and
periodicity T, and R is the distance between the carousel
axis 28 and the z-axis 10. Integrating Eg. (9) leads to
the results

Y(t) = (R2 + kt)*® - R <¢ <O (10)

4)

——
Ll

k = 4fY, (Y, + Y; + 2R) (11)

where Y; and Y, are the minimum and maximum excursions
made by the beam, with respect to the carousel axis 28,
occurring at times t = + T/4, and Y5 = (¥,-¥;)/2 is the
mean scan amplitude. The magnitudes the scan amplitudes
Y, and Y, are set to be as small as possible but
sufficiently large to provide an appropriate overscan
region 161 at each extremity of the scan, for a given
size wafer 162 as shown in Fig. 10. Because the waveform
Y versus t is not symmetrical about Y=0 the wafer centers
163 are located at a pitch circle radius that is less
than the distance R 29 between the z=-axis 10 and the
carousel axis 28 by an amount D1 164 as shown in Fig. 10.
For smaller diameter wafers the scan amplitudes Y, and Y,
may be reduced as shown in Fig. 10. The distance D1 is
also reduced to D2 as shown. The relationship between
the field B; and the beam position Y depends on the
details of the respective pole boundaries of the scanner
2 and the compensator 4, the distance between the two
scanners, and the magnetic rigidity K (see Eq. 4) of the
ions in the beam. In general, it is straightforward to
find the field B,(t) as a function of time or phase angle
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¢=2nft using standard mathematical iteration techniques
such as the Newton or Secant method, for example see
equation 25. For typical arrangements, the dependence is
predominantly linear, in which case it is appropriate to
write

B, = aKY (1 + €Y + €,¥2 + ...) (12)
where ’‘a’ is a constant and €¢,, €5, ... are small compared
with unity. This last equation defines the required time
dependence of B, via the time dependence of Y as given in
Egs. 8 and 10, for achieving a prescribed scan velocity
across the target.

Another important aspect of the invention,
included in the preferred embodiment, concerns resonant
excitation and the contour of the effective field
boundary 108 of the pole of the compensator 4 as shown in
Fig. 12, in relation to generating a parallel scanned
beam, i.e. one in which the principal axis 110 of the
beam, after emerging from the compensator 4, is oriented
in a direction parallel to the z-axis 10. The path
length of the principal axis of an ion beam intersecting
the entrance side of the boundary 108 at a point P 112
and emerging at a point Q 114, must be sufficient for the
beam to deflect by an equal but opposite angle to the
deflection angle 6115, produced by the scanner 2.
Inasmuch as the flight time of an ion passing through
either the scanner 2 or the compensator 4 is very small
compared with the periodicity of the oscillating fields
6,8, the oscillatory fields may be regarded as constant
for the purpose of describing an ion trajectory at a
given instant of time t. Furthermore, if the compensator
4 has a uniform pole gap, the path from the entrance to
exit field boundary is a circular arc of constant radius

given by

p=_X , (13)
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in which case it follows that
s =p0 =p _Y
d (14)

where d is the effective distance 113 between the scanner
2 and compensator 4 as defined in Fig. 12. Since d
varies only slightly with Y it can be expressed as

d=d, (1+a¥ + BY2...), (15)
where a¢ and B are small compared with unity.
Substituting Egs. 7 and 8 into 13 gives the required
bending radius p as a function of Y in order to produce

parallel scanning at a constant velocity:

p=_K - 1
B, sin {m/2 (¥/Yy)} (16)

Similarly, substituting Egs. 7 and 10 into 13, gives the
corresponding result for producing a parallel scan with
radial velocity correction:

B, sin {m/2 (¥/Yy)n}

where n is the radial correction factor

n = (2R + Y)
(2R + ¥Y; + Y,) (18)

Equation 14 combined with 15 and 16 define the locus
(s,p), in terms of the output beam position ¥, of the
entrance contour relative to the exit contour of the
effective field boundary 108 of the compensator. The
exit boundary 109 can be chosen somewhat arbitrarily,
either planar or curved. Fig. 12 shows as an example a
planar boundary parallel to the y direction. In order to
satisfy the criteria of Egs. (16) or (17), which relates
the contour of one boundary to the other at least one of
the boundaries has to be curved and typically concave.

In applying the locus equations it should be kept in mind
that d is weakly dependent on Y according to Eg. 15. As
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the ion species or energy is changed the Egs. 12 through
18 show that only the oscillatory field amplitudes B,,
and B, need to be adjusted by adjusting the excitation
currents in proportion to the magnetic rigidity K of the
ion defined in equation 4 in order to retain the parallel
scanning condition. The (s,p) locus of the effective
field boundary of the compensator can be similarly
derived for other scan versus time profiles corresponding
to different types of mechanical scanning of the wafer.
Fig. 12 shows another aspect of the preferred
embodiment concerning the contour of the effective field
boundary of the scanner and the control of the beam size
as the beam scans across the target 16. The entrance
boundary 116 of the scanner 2 is normal to the z-axis 10,
in which case the fringing field associated with the
boundary 116 does not affect the beam size at the target
16, regardless of the direction of deflection of the beam
(+y or -y). The exit boundary 118 of the scanner is in
general contoured but symmetrical about the z-axis.
Again, the fringing field associated with the exit
boundary 118 does not affect the beam size at the target
if the boundary is convex in such a way as to always be
normal to the principal axis 12 of the deflected beam.
However, an exit boundary that is too convex produces a
negative optical power in the yz-plane, normal to the
principal axis 12, and a positive optical power in the
orthogonal x-direction, according to Eq. 2. Conversely,
a less convex, plane, or concave boundary, has positive
and negative optical powers in the two respective
directions. A non-zero optical power in the fringing
fields generally affects the beam size at the wafer 16.
The contour of the exit boundary of the scanner is
selected so that in conjunction with the-optical effects
of the fringing fields of the compensator, the size and
angular deviation within the beam remains approximately
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constant as the beam scans across the wafer 16. Even
though it is theoretically impossible to achieve absolute
constancy of the size and angular deviation of the beam,
the variations are generally small and quite tolerable.
Indeed, for the typical values

L = 0.25 m, o= 6(max) = 10°, Eg. 2 gives a focal length
of

F = 20 m, which is optically very weak. For example, an
ion entering the field and displaced 10 mm from the
principal axis is changed in direction by only 0.5
milliradian. This compares with an intrinsic angular
deviation within the beam of typically 5 to 10
milliradians.

Fig. 13 shows schematically the electronic control
circuit used to excite the oscillatory magnetic field in
the magnets 2 and 4 of Fig. 1. A separate circuit and
pickup coil is used for each magnet. The circuits
include a feedback loop, such that the amplitude and
phase and waveform shape of the oscillatory magnetic
field is controlled to cause the beam 22 of Fig. 2 to
scan back and forth across the target 6 in a manner that
generates a prescribed irradiation dose with a prescribed
overscan region outside the target perimeter. In the
case when the compensator 4 is resonantly excited a sine
wave 101 is used as the input to the power amplifier 102
as shown in Fig. 11. A pick-up coil 124 is still used
however to control the amplitude and phase of the
oscillatory field in the compensator 4.

The control circuit 122 of Fig. 13 functions in
the following ways: a voltage signal generated by the
time varying magnetic field passing through the pickup
coil 124 placed, e.g. in the gap 78 of the scanner magnet
2, is fed into a signal conditioner 126 followed by a
phase compensator 128, and this resulting signal is

subtracted from a reference waveform signal 130 to
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generate an error voltage, reflective of an error in the
dosage being applied to the substrate. The error voltage
is integrated and amplified with an appropriate gain G by
an amplifier 132, and the resulting signal is added to
the reference signal and applied to the input terminals
of a power amplifier 102 which delivers a current I 66 to
the coils 68 of the scanner magnet 2. The reference
signal 130 represents the desired waveform that is
required for the voltage across the coil of the scanner
magnet 2. The pickup coil 124 delivers a voltage signal
to the signal conditioner 126 which is proportional to
the rate of change of the flux linkages passing through
the pickup coil 124, namely

V., = nA dB/dt (20)
where A is the area and n is the number of turns in the
pickup coil 124.

The power amplifier 102 as shown in Fig. 13
operates as a voltage amplifier because it amplifies the
voltage of the signal input given to it. The voltage V
that this amplifier delivers to the coils 68 of the
scanner magnet 2 is related to the current 66 that flows
through the coils 68 of the scanner magnet 2 according to
the following equation,

V =1L dI/dt + IR (21)
where R is the ohmic resistance of the coils of the

scanner magnet 2 plus the load resistance representing

~ the power losses in the laminations of the scanner magnet

2 resulting from the eddy currents and the magnetic
hysteresis in the laminations and yoke, and L is the
electrical inductance of the scanner magnet 2.

The magnetic field in the gap 78 of the scanner
magnet 2 is approximately proportional to the current 66
flowing through the coils 68 of the scanner magnet 2
neglecting for the moment the small magnetic reluctance
of the yoke structure of the magnet. Correspondingly,
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the rate of change of the magnetic field is proportional
to the rate of change of current through the coils.
Namely,

dB/dt = (u N/G) dI/dt (22)
where N is the number of turns in the magnet coil 68 and
G is the dimension of the gap 78 of the magnet. To the
extent that the inductive term in Eq. (21) is very much
greater than the resistive term, it follows that the

voltage across the coil, V, is approximately equal to

V = (GL/p.N) dB/dt. (23)
Substituting Eg. (20) into Eg. (23) then leads to
V = GLV./(koNAn). (24)

Thus it follows that the voltage V that must be applied
to the magnet coils 68 by the power amplifier 102 to
achieve uniform dosage is proportional to the voltage V.,
detected by the pickup coil 124.

This simple relationship is only approximate and
the signal conditioner 126 and phase compensator 128 are
necessary in order to deliver to the power amplifier 102
a signal that exactly relates to the voltage that must be
delivered to the coils 68. The sigﬁal conditioner 126
conditions the signal by adjusting the gain and shape of
the signal and also eliminates any distortions of the
signal associated with the circuitry. The phase
compensator 128 is needed because there is always a phase
shift arising from electronic delay times. There is also
a phase shift between the current and magnetic field of
the scanner magnet as a result of the finite permeability
of the yoke material.

The signal from the pickup coil 124 is
proportional to the time rate of change of the magnetic
field in the magnet 2. The scan velocity of the beam
across the target 16 is also nearly directly proportional
to the rate of change of magnetic field in the scanner
magnet 2 according to Eg. 12. Thus the signal from the
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pickup coil 124 is a direct measure of the scan velocity
of the beam across the target 16. The dose delivered to
the target per unit time, is proportional to the
reciprocal of the scan velocity, and therefore the
reciprocal of the voltage signal V_ measured in the
pickup coil 124. The deflections given to the ions are
generated purely from magnetic fields. Electric fields,
being absent, do not cause any perturbation of this
condition. Thus an advantageous feature of the preferred
embodiment is the fact that the dose uniformity can be
precisely controlled by the circuit of Fig. 13. The
deviations from the desired dose profile will correspond
to deviations from the corresponding voltage profile and
can be continuously corrected during operation by
adjusting the reference signal 130 via the control
computer 199.

The power amplifier 102 may be operated as a
current rather than voltage amplifier wherein it delivers
to the scanner magnet 2 a current that is proportional to
its input current. Rather than the more or less square
wave voltage reference signal 130 illustrated in Fig. 13,
a more or less triangular waveform of the type in Fig. 10
is used as a reference signal. The signal conditioner
126, in accord with Eq. (20), integrates the signal from
the pickup coil 124 to generate the waveform to be
compared with the reference signal.

With electrical deflection systems, the scan
velocity can be monitored, at least in principle, by
measuring the rate of chénge of voltage applied to the
electrical deflection plates. However, as the beam
currents become higher and space charge forces become
greater, the voltage signal measured from these deflector
plates is no longer simply related to the scan velocity
that the electric field between the plates generates with
the beam. In fact, at some current the scanning action
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deteriorates almost completely. For beams with a high
perveance (I/E3/2), it would not be possible to have a
feedback system analogous to that described in Fig. 13
that reliably controls the dose uniformity.

The preferred embodiment makes use of modern high-
speed digital electronics to implement the feedback loop
as described in Fig. 13. The analog signal from the
pickup coil is digitized and the phase compensation and
signal conditioning is then carried out digitally.
Correspondingly, the reference signal is synthesized
digitally. The digital implementation has the advantage
of being able to operate the feedback loop in a precise
mathematical way, avoiding the instabilities that are
often present in a pure analog feedback circuit.
Moreover, the synchronized phase relationship between the
oscillating field 6 of the scanner 2 and the oscillating
field 8 of the compensator 4 (refer to Fig. 1), as
previously discussed and shown in Fig. 4, is implicitly
assured when digital synthesis is used for generating the
wave forms. The data necessary for the proper generation
of the waveforms, amplitudes, and phases of the
synchronized reference signals for the scanner controller
60 and the compensator controller 62 are derived from a
control computer 199 as shown in Figs. 1 and 13. The
precise nature of the reference waveforms depends on the
dose monitoring information as well as the particular
parameters and alternatives selected for the embodiment.
For example, if both the scanner and compensator are
excited directly, then for the case of a reciprocating
wafer the voltage reference waveform is more or less a
square wave. On the other hand, if the compensator is
excited by a resonant circuit, its reference waveform is
sinusoidal. Some deviations occur from a square voltage
wave (or triangular current wave) for a radial

compensated scan as previously described and as shown in
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Fig. 22. 1In general, when synthesizing the waveforms it
is necessary to pay attention to the harmonic responses
of the magnets 2 and 4 and power amplifiers 102, and
these responses must be adequate over all but the
extremities of the scan range. At the extremities, the
beam is in the overscan region, and it is not important
if the scan velocity does not precisely follow the input
waveform, for this does not affect the uniformity of the
irradiance upon the wafer 16 surface.

In practice, both the power amplifier 102 and the
scanner magnet 2 have a finite frequency response.
Harmonic components above a certain frequency will not be
transmitted to the coil current 66 as a result of the
frequency response limitations in the power amplifier
102, nor to the magnetic field as a result of the
frequency response limitations of both the power
amplifier 102 and the scanner magnet 2. However, as
shown in Figs. 14 and 15, truncating the frequency
components in the Fourier series to include only those
below approximately 20-40 kHz leads only to a slightly
rounded sawtooth, as illustrated in Fig. 14. The
frequency response of the scanner magnet 2 has been
previously discussed, and is illustrated in Figs. 8 and
9. Commercially available power amplifiers have two
limitations which prevent them from generating a perfect
sawtooth waveform. One is their intrinsic frequency
bandwidth capability, and the other is that to generate a
sawtooth waveform requires a voltage to be delivered to
the magnet coil that is approximately of a square wave
shape, as shown in the reference signal 130, of Fig. 13.
The square wave shape has the characteristic that at the
end of a scan half-period, the voltage must be suddenly
reversed in magnitude. Commercial power amplifiers
always have a limited voltage slew rate, a limit to the
rate at which that voltage can be reversed. During the
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time the voltage is being reversed, the beam is in the
overscan position on the target, so the precise waveform
is no longer important. The highest possible slew rate
is desirable. Commercial amplifiers at this time have
slew rates of approximately 40 usec from a full positive
voltage to a full negative voltage, which is a small
fraction of the scan period of about 2000 usec for scan
frequencies up to 500 Hz.

The power amplifier 102 must be capable of
exciting highly inductive loads, such as in a scanner or
compensator magnet, with very high efficiency and very
little internal power loss. (Techron, Elkhart, Indiana
and Copley Controls Corp., Newton, Massachusetts
commercially offer such power amplifiers.) However, the
pulse width modulated operation of these amplifiers
generates a high frequency ripple in the voltage output
of typical frequency of 40-80 kHz and typical magnitude
of 1-3%. Ripple voltage applied across the coils from
this source directly generates a ripple in the dose
uniformity according to Egs. (21) and (22). However,
because the beam has a finite size at the target, and
because this ripple frequency is much greater than the
scan frequency, typically by two orders of magnitude, the
ripple in the dose uniformity is greatly attenuated.
Just as the fluctuations in dose uniformity from a
limited number of higher order harmonics are greatly
attenuated by the finite beam width as illustrated in
Figs. 14 and 15, the same is true for the ripple
component arising from voltage ripple in the power
amplifier. 1Indeed, for ripple voltage amplitudes as high
as 3%, and typical beam width sizes corresponding to a
scan phase angle range of 15°, the effect of the ripple
on dose uniformity is much less than 0.1%.

Even if the beam at the target were focused to be

point-like in nature (a condition not employed in ion
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implantation), then in a single scan across the surface
of the wafer the ripple associated with the power
amplifier 102 and the fluctuations associated with the
limited number of harmonics in the waveform as a result
of the bandwidth limitations of th: nower amplifier 192
would be evident in the dose unifor: .:-v. But even ther,
after several scan cycles the ripple .3 greatly
attenuated by pre-selection of the scan frequency so that
the ripple frequency is not an integral multiple of the
scan frequency.

In one application of the preferred embodiment the
invention is a high current (50-200mA) oxygen ion beam
implanter used in the SIMOX process (separation by
implantation of oxygen). The implanter can achieve high
current high throuw:put oxygen ion implantation with a
uniform dose within 1% across a Si wafer. The total
oxygen dose required for the SIMOX process is in the
range of 3 x 1017 to 2 x 1018 ions/cm?. The optimal.
implantation energy is about 200 keV, which produces a
layer of silicon oxide buried to a depth of 2000 & + 25 &
below the surface of the silicon wafer for a dose of 2 X
1018 jons/cm?. A lower dose in general increases the
depth. If a less deep layer of oxide is desired, the
implantation energy is decreased by adjusting the
acceleration voltage on the post-accelerator 48 of Fig.
1. The Si wafers are mounted on the carousel 26 (see
Fig. 1) rotating with the angular velocity between
50 RPM and 200 RPM. The scanning frequency of the
magnetic scanning system is between 50 Hz and 150 Hz to
avoid thermal pulsing. The scan is parallel to better
than 1.0°, a degree of accuracy that allows the wafers to
be oriented such as to either utilize or eliminate the
channeling effect in the silicon wafer and in turn
provide further control of the depth of the buried oxide
layer. The high implantation energy and high beam
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current combined, transfers a large amount of power to a
desired value of the wafers, which in turn heats the
wafers to about 1000°K. With a scanning frequency of the
beam above 50 Hz the temperature uniformity is 10 to 20°K
across the wafer during implantation. To regulate the
implantation temperature, an additional heater can be
used to heat the wafers mounted on the carousel. A
greater level of heating is also achieved by using
multiple beam lines with a single carousel, as shown in
Fig. 17 and as described in greater detail later. The
scan amplitude can be set large enough to implant wafers
up to 12 inches in diameter.

A related process SIMNI (Separation by
implantation of nitrogen) requires a similar machine but
nitrogen rather than oxygen ions are used to create the
buried insulator.

Example of the Operation and Performance
of the Preferred Embodiment

Consider one application of the preferred

embodiment suitable for the SIMOX process just described
above. Referring to Fig. 1, an ECR source (described in
The Physics and Technoloqgy of Ion Sources, Ed. Ian G.

Brown, John Wiley & Sons, NY 1989) produces 50 to 100 mA
of monatomic oxygen ions in the energy range of 40 to 70

keV. The source plasma slit 34 is 40 mm high by 3 mm
wide. The analyzer magnet 40 has a bending radius of 320
mm, a bending angle of 105°, and a clearance gap of 55
mm. The magnetic field strength is variable up to 5 kG,
sufficient to bend a 70 keV oxygen ion beam. The pole
profiles of the analyzer magnet 40 are selected to
produce a ribbon shaped beam at the entrance of the post-
accelerator 48 using well-known art as described by H. A.
Enge in Deflecting Magnets (published in Focusing of
Charged Particles, VII, Ed. A. Septier, Academic Press,
New York 1967).
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Referring to Fig. 18 the size of the beam at the
entrance to the accelerator gap is aX =« 10 mm and aAY = 30
mm in the x- and y-directions respectively. The post-
accelerator gap has slot-shaped electrodes as shown in
Fig. 1c, and the beam upon emerging from the post-
accelerator, diverges in both the x and the y directions,
after experiencing x focusing from the electric field
gradient, plus x- and y-defocusing from space charge
forces, as previously described for the preferred
embodiment. The energy of the beam after acceleration is
adjustable from 100 to 200 keV (corresponding to an
initial energy of 40 to 70 keV). Again, as previously
described, the post-accelerator magnet 56 of Fig. 1 and
la preferentially focuses the beam in the y-direction, as
shown in Fig. 18. The data in Fig. 18 corresponds to a
post-accelerator magnet having a bending radius of 320
mm, a bending angle of 30°, and a field of 8.1 kG (for
200 keV oxygen), and entrance and exit fringing field
angles a (defined in Fig. 1b) of 21°. At the wafer, a
distance of 2 m downstream from the entrance to the post-
accelerator gap, the beam size is AX = 95 mm and AY = 46
mm. For a beam current =f 75 mA, this corresponds to a
current density of approximately 2 mA/cm? which is small
enough to avoid degradation during implantation from
local thermal pulsing, wafer charging, and sputtering.
When the fringing field angle a of the post-accelerator
magnet is increased from 21° to 23° there is stronger y-
focusing as previously described and, at the wafer, the
y-beam size becomes halved while the X beam size barely
changes, as shown in Fig. 19. The variation of the beam
size with the spacing 45 between the first 51 and last 52
electrode of the post-accelerator 48 (see Fig. 1b) is
shown in Fig. 20. In summary, the data in Figs. 18, 19,
and 20 emphasize the great utility and advantageous
features of the preferred embodiment with regard to
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controlling the beam size at the wafer, in order to
minimize the extent of the over-scan region by having a
small y-dimension, and yet maintaining a large enough
beam area in order to avoid thermal pulsing and other
degrading effects accompanying high power density beams.
Fig. 21 shows the relative locations, and the
contours of the effective field boundaries of the scanner
2 and compensator 4. The incident beam axis 10 is 731 mm
from the carousel axis 28. The principal axes 12 of the
beam deflections at equally spaced time intervals over
one half of an oscillatory period, are also shown in Fig.
21. The magnets operate at a frequency of 150 Hz and the
compensator is excited in a resonant mode as shown in
Fig. 11. The scanner and compensator have cross-
laminated structures of the types shown in Figs. 5b and
5a respectively, with cooling plates on the pole
laminations as well as the yoke laminations. The pole
gap in the scanner is 38 mm and the pole width steps from
110 mm at the entrance to 160 mm at 140 mm from the
entrance boundary. The exit pole boundary is 300 mm from
the entrance and has a convex curvature of
3 m! (i.e. 0.33 m radius). The entrance pole boundary of
the compensator 4 is concave to provide a parallel scan
with radial compensation as described by Eq. (17). The
radial correction for uniform irradiance, requires a
higher scan velocity at smaller radii than at large
radii, and is evident in Fig. 21 by the wider spacing
between adjacent principal axes 12 at the smaller radii.
The length of the pole root of the compensator is 244 mm.
The pole gap of the compensator is 100 mm and the pole
width is 600 mm. The maximum deflections shown in Fig.
21 are 9.3° outwards from the carousel axis 28 and 12.4°
inwards to the carousel axis, producing a parallel scan
at the wafer from R = 490 mm to 910 mm, which is

sufficient to scan over a 300 mm (12 inch) wafer, and
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have 60 mm of over-scan at the extremities. For a 200
keV oxygen beam and a frequency of 150 Hz, the scanner is
excited to 12 kKVA with a peak field of 1.93 kG, and the
compensator is excited to 150 kVA with a peak field of
1.5 kG. In the case when the lamination material is 0.35
mm thick grain oriented M6 silicon steel (manufactured by
TEMPEL_STEEL, Niles, Illinois) the core and resistive
losses in the scanner and compensator are approximately 1
and 6 kW respectively. If the contour of the entrance
pole boundary of the compensator is a best fit parabola

- to rather than an exact solution of Eq. 17, then the scan

is parallel to better than *0.3° over the range R = 560
to 860 mm.

Referring to Fig. 22, the waveforms necessary to
produce a uniform irradiance over the scan range, are
plotted against the phase ¢ = 2mft of the sinusoidal
field in the compensator (see Eq. 7). The field Bi
waveform 191 of the scanner is a more or less triangular
wave with the following polynomial dependence on o:

B,(t) = 1.1535¢(1-0.08579¢-0.02008¢>~0.00053¢°>-

0.00314¢%*+0.00036¢°)

(25)
where ¢ is in radians, (-m/2<¢<m/2), and B; is in kG.
The coefficients in this polynomial have been derived
from Egs. 10, 11, and 12, using the specific pole
boundaries of the scanner and compensator. Of course,
other pole boundaries and/or scan ranges would result in
a different set of coefficients in the polynomial
expansion of B. Fig. 22 shows the derivative 193 dB/dt
of B, which is a modified square wave that finally
produces the radially corrected scan velocity 195 (and
uniform irradiance), also shown in Fig. 22.

Fig. 23 shows the variation of the beam size in
the x- and y-directions as the beam scans across the
wafer. The variation of the x-beam size is less than #5%
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over the wafer. The variation in the y-beam size is 125%
but this is less critical because the y-direction is the
high velocity scan direction.

Fig. 24 shows the variation in the implant angle
as the beam scans across the wafer, for the case when the
wafer is tilted at 7° to avoid channeling, as shown in
Fig. 2. The spread in implant angle arises from the
angular deviation within the beam which is always finite
because in practice the beam has a non-zero emittance
that causes it to diverge and expand in the x-direction
as it travels from the scanner to the wafer, as shown in
Fig. 2a. Nevertheless, over the region of the wafer the
polar angle deviates by a maximum of 2°, and the
azimuthal angle by less than 0.4°, both of which are
sufficiently small to avoid channeling.

An important feature of the invention is the
lateral compactness of the entire embodiment, from the
ion source to the compensator. This enables more than
one beamline to be arranged around the carousel. Indeed,
the beam line described above, with the beam axis 10
displaced 731 mm from the carousel axis 28, as shown in
Fig. 21, permits up to 4 beam lines to be positioned at
90 degree intervals around the carousel axis, as shown in
Fig. 17 (for clarity only two of the possible 4 beam
lines are shown). Another possibility is to use two beam
lines 180 degrees apart. 1In this case, the distance of
the axis from the carousel can be reduced to 650 mm. The
advantage of using multiple beam lines is the higher
throughput that can be realized. The additional beam
power also makes it easier to maintain the wafer
temperature at 1000°K during implantation, a requirement
of the SIMOX process as previously described.

SECOND PREFERRED EMBODIMENT
In another application, the preferred embodiment

is a serial ion implanter having means to introduce one
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wafer at a time to the process rather than a batch of
wafers mounted on a carousel 26 as shown in Fig. 1. Such
an implanter is generally used for doping silicon wafers
with boron, phosphorous, arsenic, or antimony. Very
often beams of high current, but relatively low energy,
down to 5 keV are used. For this reason the power
dissipation is low enough to avoid the need to spread the
beam power over a batch of wafers. On the other hand,
the beam perveance is high and the features of the
preferred embodiment of a very high scan frequency, and
the absence of space charge blow up are advantageous for
such a serial implanter. While the scanning system
according to the invention, described above, is used to
scan the beam in one direction across the wafer. The
other direction of scan is preferably achieved by
mechanical reciprocation, as shown in Fig. le. In this
case, there is no need to radially compensate the
magnetic scan as is necessary with a rotating carousel,
and accordingly the excitation wave and magnetic
structures are symmetrical about the respective axes. To
obtain a uniform irradiance down trenches in the wafer
surface the wafer may be rotated about a central axis
nominal to .its surface, as well as reciprocated.
ALTERNATIVE EMBODIMENTS

Fig. 16 shows an alternative embodiment for the

two scanner magnet wherein there are a multiplicity of
poles 170, all magnetically connected through a yoke 172.
In order to reduce eddy currents, both the yoke 172 and
the poles 170 are composed of ferromagnetic laminations
174. There are an even number of poles located in the x-
y plane, at equally spaced angles 6,, 8,, 6,, and if the
number of turns of the coil 176 located on the pole at
angle €, is proportional to the absolute value of siné,,
then when all such coils are connected in series and

excited, an oscillatory magnetic field is generated in
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the x-direction, in the gap 178, which in turn, produces
a y-deflection of an ion beam travelling in the z-
direction.

In another embodiment, the magnetic structures of
the scanner or the compensator can be fabricated
partially or completely of ferrites.

In another embodiment, it is possible to place
both the scanner magnet and the compensator magnet
outside the vacuum housing. In this embodiment, sections
of the vacuum housing located in the magnetic gap of the
scanner or the compensator can be made of a non-magnetic
material (e.g., stainless steel) or an insulator so that
the magnetic field is not disturbed in any way. If the
vacuum housing is made of a material that is an
electrical conductor, then the chamber must be
appropriately laminated to reduce eddy currents to a
tolerable level. This arrangement prevents the large
magnetic structures with large area epoxy surfaces) from
contaminating the contaminate high vacuum conditions
inside the ion implanter. 1In general, it is desirable to
maintain a high vacuum in the ion implanter to prevent
undesirable change exchange processes of the ion beam.
This is particularly important for implantation of boron
where molecular ion species BFY, BF," or BF,;* are
sometimes used.

While the invention is particularly useful for
implanting with high ion beam currents, and in particular
oxygen ions for production of an insulating barrier
buried in a semiconductor substrate, it is also useful
for doping general substrates and many other
applications.

What is claimed is:
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1. A magnetic deflection apparatus for producing
a strong oscillating magnetic field capable of deflecting
a high perveance beam of atomic or molecular ions to
irradiate a selected surface, said apparatus comprising

a magnetic structure having pole faces defining a
deflecting gap through which said ion beam passes and a
magnetic circuit connecting said pole faces,

an excitation coil and

an associated excitation circuit adapted to apply
to said coil an excitation current having a fundamental
frequency of the order of 20 Hz or greater together with
substantially higher order harmonics, the fundamental
frequency and wave form of said current selected to
produce a magnetic field in said magnetic structure
having said fundamental frequency and higher order
harmonic components to establish the frequency of
oscillation and the velocity profile of the deflection of
said beanm,

said magnetic circuit comprised, at least in paft,
of a plurality of laminations of high magnetic
permeability material each of which has a thickness in
the range between about 0.2 and 1 millimeter,

‘said laminations being separated by relatively
thin electrically insulating layers, and

said laminations providing a low reluctance
magnetically permeable path for said fundamental
frequency and higher order harmonic components of said
strong magnetic field, the laminations serving to confine
induced eddy currents to limited values in local paths in
respective laminations, thereby enabling the desired
deflection of said high perveance beam.
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2. A magnetic apparatus for producing a desired
strong magnetic field in a working gap, said device
comprising

a magnetic structure having pole faces defining
said working gap in which said magnetic field is desired
and a magnetic circuit connecting said pole faces,

an excitation coil and,

an associated excitation circuit,

said magnetic circuit comprised, at least in part,

of a plurality of laminations of high magnetic

' permeability material each of which has a thickness in

the range between about 0.2 and 1 millimeter,

said laminations being separated by relatively
thin electrically insulating layers, and

said laminations providing a low reluctance
magnetically pérmeable path for said strong magnetic
field,

at least a part of said magnetic circuit being
comprised of different sets of said laminations disposed
cross-wise to each other in the manner that magnetic flux
passing through any given lamination in one of said
stacks is distributed into a multiplicity of laminations
in the other of said stacks in completing its path in

said magnetic circuit.

3. A magnetic deflection apparatus for producing
an oscillating magnetic field capable of reorienting a
previously periodically deflected high perveance beam of
atomic or molecular ions to irradiate a selected surface,
said apparatus comprising

a magnetic structure having pole faces defining a
deflecting gap through which said ion beam passes and a
magnetic circuit connecting said pole faces,

an excitation coil and
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an associated excitation circuit constructed to
operate in resonance to apply to said coil a fundamental
frequency of 20 Hz or higher in phase locked relationship
with the frequency of the previously deflected beam,

said magnetic circuit comprised, at least in part,
of a plurality of laminations of high magnetic
permeability material each of which has a thickness in
the range between about 0.2 and 1 millimeter,

said laminations being separated by relatively
thin electrically insulating layers,

said laminations providing a low reluctance
magnetically permeable path for said fundamental
frequency, the laminations serving to confine induced
detrimental eddy currents to limited values in local
paths in respective laminations thereby enabling the
desired reorienting deflection of said high perveance
beam.

4. The magnetic device of claim 1 or 3 wherein
at least a part of said magnetic circuit is comprised of
different sets of said laminations disposed cross-wise to
one another in the manner that magnetic flux passing
through any given lamination in one of said stacks is
distributed into a multiplicity of laminations in the
other of said stacks in completing its path in said
magnetic circuit.

5. The magnetic device of claim 1 or 2 in the
form of a scanner for a beam of charged particles, said
excitation circuit adapted to apply to said excitation
coil a substantially triangular wave form, represented by
the said fundamental frequency and higher order

harmonics.
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6. The magnetic device of claim 1 or 2 in the
form of a compensator constructed and arranged to receive
and reorient a beam that has previously been subjected to

periodic deflection.

7. The magnetic device of claim 1, 2 or 3 wherein
a pole piece defining said pole face is comprised of at
least some of said laminations with edges of said
laminations forming the respective pole face.

8. The magnetic device of claim 7 wherein the
edges of said laminations are shaped to provide a pole
face of predetermined form for influencing the effect of
said field.

9. The magnetic device of claim 1, 2 or 3
wherein pole pieces defining said pole faces are made of
ferrite material.

10. The magnetic device of claim 9 wherein said
pole faces are shaped to provide a pole face of
predetermined form for influencing the effect of said
field.

11. The magnetic device of claim 1 or 2 wherein
said gap is small, constructed to receive a ribbon-
profile ion beam with the long dimension of the profile
extending parallel to the pole face, said magnetic
structure arranged to deflect said beam in the long
direction of said ribbon-profile.

12. The magnetic device of claim 1 or 3 wherein
said magnetic circuit is comprised of a single stack of
said laminations which integrally forms a yoke and pole

pieces.
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13. The magnetic device of claim 1, 2 or 3

including a dynamic feedback control comprising
, magnetic field detection means for detecting the

magnetic field of said magnetic device and producing
signals representing said magnetic field generated by
said excitation coil, and _

a feedback control system for controlling said
excitation current producing said magnetic field in a
closed loop arrangement with said magnetic excitation

circuit and said magnetic field detection means.

14. The magnetic device of claim 13 wherein said
field detection means comprise at least one inductive

coil inside of said magnetic circuit.

15. The magnetic device of claim 1, 2 or 3
wherein said magnetic circuit comprises first and second
pole pieces and a yoke connecting said pole pieces, said
yoke comprising a continuous lamination strip wound in
the form of a coil to effectively form a stack of

laminations.

16. The magnetic device of claim 15 wherein said
pole pieces are each formed by a respective stack of said
laminations and edges of said laminations of each of said
pole pieces are disposed against a side of said laminated
yoke coil so that each lamination of each said pole piece
crosses a multiplicity of the lamination layers of said
coil to distribute its magnetic flux among them.

17. The magnetic structure of claim 16 in which
each of said pole pieces comprises at least two sections,
one said section disposed on each side of a single

laminated yoke coil.
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18. The magnetic device of claim 17 wherein the
lateral width of said pole pieces increases from the
first to the second section of each pole piece to

accommodate a progressively deflected beam.

19. The magnetic device of claim 15 wherein said
pole pieces are each formed by a respective block of
ferrite material disposed against a side of said
laminated yoke coil so that each said pole pieces crosses
a multiplicity of the lamination layers of said coil to
distribute its magnetic flux among them.

20. The magnetic structure of claim 19 in which
each of said pole pieces comprises at least two sections,
one said section disposed on each side of a single

laminated yoke coil.

21. The magnetic device of claim 20 wherein the
lateral width of said pole pieces increases from the
first to the second section of each pole piece to

accommodate a progressively deflected beam.

22. The magnetic device of claim 1, 2 or 3
further comprising at least one cooling plate designed to
remove heat generated by induced eddy currents, said
cooling plate being attached to a side of said stack of
lamination in thermal contact with a substantial number

of said lamination layers.

23. The magnetic device of claim 15 further
comprising a second said laminated yoke coil, said pole

pieces disposed between said laminated yoke coils.

24. The magnetic device of claim 23 in which said

pole pieces are comprised of stacks of laminations,
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oppositely directed edges of said laminations of each of
said pole pieces being disposed respectively against
sides of said laminated yoke coils so that each
lamination of each pole piece crosses a multiplicity of
the lamination layers of both said coils to distribute

its flux among them.

25. The magnetic device of claim 23 in which said
pole pieces are comprised of blocks of ferrite material
said pole pieces, disposed respectively against sides of
said laminated yoke coils so that each pole piece crosses
a multiplicity of the lamination layers of said laminated
yoke coils to distribute its flux among them.

26. The magnetic device of claim 1, 2 or 3 in the
form of a compensator structure for use with a magnetic
scanner for an ion beam wherein said magnetic circuit
comprises first and second pole pieces and a yoke
connecting said pole pieces, said pole pieces being each
formed by a respective stack of said laminations, first
edges of which form the gap of said magnetic structure,
said yoke comprising at least one continuous lamination
strip wound in the form of a coil to effectively form a
stack of laminations, second edges of said laminations of
each of said pole pieces being disposed against a side of
said laminated yoke coil so that each lamination of each
pole piece crosses a multiplicity of the lamination
layers of said coil to distribute its flux among thenm,
the gap between said pole pieces being sized to receive
said beam, the width of said pole pieces being adjusted
to accommodate said beam previously deflected by said
scanner, and the length of said pole pieces designed to

reorient said deflected beam to a desired condition.
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27. The magnetic device of claim 26 the length of
said pole pieces constructed to reorient said beam to
assume a desired angular direction relative to an axis of

said compensator over the deflection range of the beam

received by the compensator.

28. The magnetic device of claim 27 wherein the
magnetic structure is constructed such that the length of
the ion beam path exposed to the force field of the
magnetic structure varies with the deflection angle of
the beam to make said beam parallel with an intended
output axis.

29. The magnetic device of claim 26 wherein said
excitation coil is driven by a resonating compensator

excitation circuit.

30. The magnetic device of claim 29 wherein said
excitation circuit comprises

excitation coils connected in series,

a tank capacitance connected in parallel with said
excitation coils,

a coupling capacitance having a value related to
the inductance of the circuit to achieve resonant
operation, and

a power amplifier driven by said fundamental
frequency signal for delivering power to said circuit to
compensate for the energy losses in said excitation

circuit and said magnetic structure.

31. The magnetic device of claim 29 constructed
for use with a scanner driven at a fundamental frequency
by a scanning excitation circuit wherein said resonating
compensator excitation circuit is constructed to operate

in resonance with said fundamental frequency of said
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scanning excitation circuit in phase locked relationship

therewith at a predetermined phase angle difference.

32. The magnetic device of claim 29 wherein said
magnetic compensating structure comprises pole pieces
having surfaces on the beam entry and exit sides of
cooperatively selected shape to increase, dependently
with deflection angle of the beam, the length of the ion
beam path exposed to the force-field of said magnetic
compensating structure to compensate for the contribution
to said deflection angle caused by higher order harmonics

of said scanning excitation circuit.

33. The magnetic device of claim 2 or 4 wherein a
portion of said magnetic circuit is formed by separate
stacks of flat laminations disposed cross-wise to one
another in said flux-distributing relationship.

34. A magnetic scanning system for rapidly
sweeping a high perveance beam of atomic or molecular
ions over a selected surface, said beam initially
propagating in a predetermined direction, said scanning
system comprising

a magnetic scanning structure and an associated
scanning excitation circuit for repeatedly sweeping said
ion beam in one dimension in response to an oscillating
magnetic field having a fundamental frequency and higher
order harmonics induced by excitation current from said
circuit, and

a separate magnetic compensating structure and
associated compensating excitation circuit spaced from
said scanning structure along the beam axis, for
continuously deflecting said ion beam after it has been
swept by said scanning structure, to re-orient the beam
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to a direction substantially parallel to an output axis
of said systenmn,

said scanning circuit and said compensating
circuit having separate power sources having wave forms
at the same fundamental frequency for their respective
scanning and compensating functions, said circuits being
in constant phase relationship with a predetermined phase
angle difference.

35. The magnetic scanning system of claim 34
having means to produce different, complementary wave

forms for said scanning and compensating circuits.

36. The magnetic scanning system of claim 34 in
which the ratio of the lateral width of the gap at the
entrance of said magnetic scanning structure to the gap
spacing is of the order of 3 to 1.

37. The magnetic scanning system of claim 34
wherein the lateral width of pole pieces of said scanning
structure and said compensating structure increase along
the length of the beam axis to accommodate a
progressively wider beam sweep.

38. The magnetic scanning system of claim 34
wherein said magnetic scanning structure comprises a
plurality of laminations of high magnetic permeability
material having thickness in the range between about 0.2
and 1 millimeter, said laminations being separated by
relatively thin electrically insulating layers, said
laminations forming a yoke connecting pole pieces that
define a gap through which said ion beam passes, said
laminations providing a low reluctance magnetically
permeable path for said fundamental frequency and higher

order harmonic components of said magnetic field, the
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laminations serving to confine induced eddy currents to
limited values in local paths in respective laminations.

39. The magnetic scanning system of claim 35, 36,
37 or 38 wherein said magnetic compensating structure '
comprises a plurality of laminations of high magnetic
permeability material having thickness in the range
between 0.2 and 1 millimeter, the laminations being
separated by relatively thin electrically insulating
layers, said laminations forming a yoke connecting pole
pieces that define a gap through which said ion beam
passes, said laminations providing a low reluctance
magnetically permeable path for said fundamental
frequency of said magnetic field, the laminations serving
to confine induced eddy currents to limited values in

local paths in respective laminations.

40. The magnetic scanning system of claim 34
including means arranged to provide said high perveance

ion beam with a ribbon-profile entering said scanning

structure, said scanning structure arranged to deflect
said ion beam in the long direction of said ribbon
profile.

41. The apparatus of claim 3 or 34 wherein said
compensating excitation circuit is constructed to operate
in resonance with the fundamental frequency of

oscillation of the previously deflected beam.

42. The magnetic scanning system of claim 41
further comprising a synthesizer for producing said
fundamental frequency.

43. The system of claim 41 wherein said
excitation circuit comprises
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excitation coils connected in series,

a tank capacitance connected in parallel with said
excitation coils,

a coupling capacitance having a value related to
the inductance of the circuit to achieve resonant
operation, and

a power amplifier driven by said fundamental
frequency signal for delivering power to said circuit to
compensate for the energy losses in said excitation

circuit and said magnetic structure.

44. The magnetic scanning system of claim 34
further comprising means to drive said magnetic scanning
structure by an excitation current of a generally
trianqular wave formed by said fundamental frequency and
superimposed higher order harmonics, and means to drive
said magnetic compensating structure by excitation

current in resonance with said fundamental frequency.

45. The magnetic scanning system of claim 44
wherein said generally triangular wave form is selected
to compensate for a component of scanning motion of the
surface being irradiated.

46. The system of claim 44 or 45 including a
dynamic feedback control comprising

magnetic field detection means for detecting a
magnetic field of said magnetic scanning system and
producing signals representing said magnetic field and,

a feedback control system for controlling the
excitation current producing a prescribed magnetic field
in a closed loop arrangement with the respective magnetic

excitation circuit and magnetic field detection means.
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47. The system of claim 46 wherein said field
detection means comprise at least one inductive coil

inside of said magnetic circuit.

48. The system of claim 47 wherein said feedback
control system further comprises

a signal conditioner connected to said inductive
coil and adapted to eliminate circuitry-induced
distortions of said detected signal by adjusting the gain
and shape of said detected signal,

a phase compensator adapted to receive said signal
from said signal conditioner and to correct said detected
signal for a phase shift arising from electronic delay
times and finite permeability of the yoke material,

a differential amplifier adapted to generate and
to amplify an error voltage which is a difference between
a reference signal and said detected signal conditioned
and compensated by said conditioner and said compensator,
respectively, and

said power amplifier of said resonant excitation
circuit adapted to receive said error voltage and
generate excitation current to said excitation coil
proportional to said error voltage to produce said

prescribed magnetic field.

49. The magnetic scanning system of claim 46
including a respective said dynamic feedback control for
each said magnetic scanning structure and said magnetic

compensating structure.

50. The magnetic scanning system of claim 34 or
40 wherein said magnetic compensating structure comprises
pole pieces having surfaces on the beam éntry and exit
sides of cooperatively selected shape to increase,
dependently with deflection angle of the beam, the length
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of the ion beam path exposed to the force-field of said
magnetic compensating structure to compensate for the
contribution to said deflection angle caused by said
higher order harmonics of said scanning structure

5 excitation current so that said ion beam is re-oriented
by said magnetic compensating structure to a direction
substantially parallel to an exit axis of said magnetic
compensating structure.

51. The magnetic scanning system of claim 34 or
10 41 wherein the surfaces on the beam entry and beam exit
sides of said magnetic scanning structure and of said
magnetic compensating structure are shaped in a
predetermined cooperative relationship relative to the
profile of said beam entering said system to establish
15 cooperating magnetic fringing fields for both said
magnetic structures that cooperate to produce a desired
profile of said beam and desired limitation on the

angular deviation of ions within said beam.

52. The magnetic scanning system of claim 34
20 having, prior to said magnetic scanning structure, an
electrostatic-magnetostatic system for accelerating and
focusing a high perveance beam of atomic or molecular
ions comprising
a set of acceleration electrodes forming an
25 electrostatic accelerating system charged by a power
source, said electrodes adapted to electrostaticly focus
said ion beam in one dimension, said electrodes adapted
to supply electrostatic energy to accelerate said ion
beam in the direction corresponding to the potential
30 difference across said electrodes,
a suppressor electrode for maintaining electrons

within said beam, said electrode having an aperture and
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being located at the exit port of the electrostatic
accelerating system, and

a post-acceleration analyzer magnet arranged to
focus said beam in the other direction, said magnet
having means for adjusting the angle of incidence of said
ion beam into the entrance region of said post-
acceleration magnet.

53. The magnetic scanning system of claim 52
wherein said electrodes form a slotted aperture, said
electrodes adapted to focus said beam in the direction of
the short dimension of said slotted aperture.

54. The magnetic scanning system of claim 52 and
53 including means arranged to provide said high
perveance ion beam with a ribbon-profile entering said
accelerating system, said accelerating system arranged to
focus said beam in the short direction of said ribbon
profile.

55. The magnetic scanning system of claim 52 or
53 wherein said set of acceleration electrodes comprises
two relatively movable electrodes for electrostatic

focusing of said ion beam.

56. The magnetic scanning system of claim 52 or
53 wherein said set of acceleration electrodes comprises
three fixed electrodes adapted to electrostaticly focus
said ion beam by varying the electric potential on the

center electrode.

57. The magnetic scanning system of claim 52 or
53 wherein said means for adjusting the angle of
incidence of said ion beam into the entrance region of

said post-acceleration magnet comprises means for

PCT/US93/01841
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laterally moving said post-acceleration magnet relative
to the beam path, thereby focusing said beam while
removing neutral particles and ions of unwanted momentum

ions from said ion beams.

58. The magnetic scanning system of claim 57
further comprising a multipole magnet with a static
magnetic field arranged to eliminate aberration of said
ion beam created by said post-acceleration analyzer

magnet.

59. The system of claim 58 wherein said multipole

magnet is a sextupole.

60. An electrostatic system for accelerating and
focusing a previously produced high perveance beam of
atomic or molecular ions comprising

a set of acceleration electrodes of said
electrostatic accelerating system having a slotted
aperture, said electrodes adapted to supply electrostatic
energy to accelerate said ion beam in the direction
corresponding to the potential difference across said
electrodes, and

a suppressor electrode for maintaining electrons
within said beam, said electrode having a slotted
aperture and being located at the exit port of the
electrostatic accelerating system.

61. In a system for delivering a substantially
uniform dose of ions of a high perveance atomic or
molecular beam to a selected surface,

means for producing a high perveance beam,

an electrostatic system for accelerating and
focusing said beam having a set of acceleration
electrodes with slotted apertures, said electrodes
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adapted to focus said beam in the direction of the short
dimension of said slot,

a focusing device positioned along the beam axis,
for focusing said beam in the dimension of said beam not
being focused by said slotted apertures, and

a scanning system for rapidly sweeping said ion
beam in order to achieve uniform irradiation of said

selected surface by said beam.

62. The system of claim 60 or 61 wherein said
produced beam has a ribbon profile.

63. The system of claim 60 or 61 wherein said set
of acceleration electrodes comprises two relatively
movable electrodes with slotted apertures for
electrostatic focusing said ion beam in the short
direction of said slotted apertures.

64. magnetic system of claim 60 or 61 wherein
said set of acceleration electrodes comprises three |
fixed, slotted aperture electrodes adapted to
electrostaticly focus said ion beam in the short
direction of said slotted apertures by varying potential

on the center electrode.

65. The system of claim 61 further comprising

a rotatably driven carrier for repeatedly carrying
said selected surface mounted on said carrier under said
beam to effect scanning in one dimension, wherein said
beam sweeping action of said scanning system performs
scanning in the other direction, rotation of said carrier
in cooperation with said scanning of said scanning system
is designed to achieve uniform irradiation of said
selected surface by said beam.
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66. The system of claim 61 or 65 wherein said
scanning system comprises

a magnetic scanning structure and an associated
scanning excitation circuit for repeatedly sweeping said
ion beam in one dimension in response to an oscillating
magnetic field having a fundamental frequency and higher
order harmonics induced by excitation current from said
circuit, and

a separate magnetic compensating structure and
associated compensating excitation circuit spaced from
said scanning structure along the beam axis, for
continuously deflecting said ion beam after it has been
swept by said scanning structure, to re-orient the beam
to a direction substantially parallel to an output axis
of said systenmn,

said scanning circuit and said compensating
circuit having separate power sources having wave forms
at the same fundamental frequency for their respective
scanning and compensating functions, said circuits being

in constant phase relationship.

67. The system of claim 66 wherein said wave
forms are complementary, different wave forms, selected,
in conjunction with the shape of the magnetic

compensating structure, to produce a parallel beam.

68. An electrostatic-magnetostatic system for
accelerating and focusing a high perveance beam of atomic
or molecular ions comprising

a set of acceleration electrodes of forming an
electrostatic accelerating system charged by a power
source, said electrodes adapted to electrostaticly focus
said ion beam in one dimension, said electrodes adapted

to supply electrostatic energy to accelerate said ion
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beam in the direction corresponding to the potential
difference across said electrodes,

a suppressor electrode for maintaining electrons
within said beam, said electrode having an aperture and
being located at the exit port of the electrostatic
accelerating system, and

a post-acceleration analyzer magnet arranged to
focus said beam in the other direction, said magnet
having means for adjusting the angle of incidence of said
ion beam into the entrance region of said post-
acceleration magnet by laterally moving said post-
acceleration magnet relative to the beam path, thereby
focusing said beam in the other direction while removing

. neutral particles and ions of unwanted momentum ions from

said ion beam.

69. The electrostatic-magnetic system of claim 68
wherein the apertures of said electrode are slotted

apertures.

70. The system of claim 68 or 69 wherein said set
of acceleration electrodes comprises two relatively
movable electrodes for electrostatic focusing said ion
beam by changing the distance between said electrodes.

71. The system of claim 68 or 69 wherein said set
of acceleration electrodes comprises three fixed
electrodes for electrostaticly focusing said ion beam by
varying the electric potential on the center electrode.

72. The magnetic scanning system of claim 68 or
69 further comprising a multipole magnet with magnetic
field arranged to eliminate aberration of said ion beam

created by said post-acceleration analyzer magnet.
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73. The system of claim 72 wherein said magnet is
a sextupole.

74. The accelerating system of claim 52 or 68
adapted to decelerate said ion beam and further
comprising a second suppressor electrode for maintaining
electrons within said beam and preventing back-streaming,
said second suppressor electrode being located at the

entrance port of said accelerating system.

75. The system of claim 34 further comprising a
reciprocating carrier for repeatedly carrying said
selected surface mounted on said carrier under said beam
to effect scanning in one dimension,

said magnetic scanning system arranged for rapidly

sweeping said ion beam in the orthogonal dimension.

76. The system of claim 34 further comprising

a driven rotatable carrier for repeatedly carrying
said selected surface mounted on said carrier under said
beam to effect scanning in one dimension,

said magnetic scanning system arranged for rapidly
sweeping said ion beam in the radial direction of said
rotatable carrier to effect scanning in the other
dimension,

and means for producing said excitation wave form
applied to said magnetic scanning system to govern its
sweeping action, the functional dependence of said
excitation wave form relating changes in the scan
velocity in inverse dependence with change in the radial
distance between the instantaneous location of the center
of the beam and the axis of rotation of said rotatable

carrier.
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77. The system of claim 34 including a focusing
device for determining the dimension of the beam in the
direction of magnetic scanning and normal thereto.

78. The system of claim 77 wherein said focusing
device comprises an adjustable accelerator having slotted
apertures, the narrow dimension of the apertures
corresponding to the direction normal to the magnetic
scanning dimension.

79. The system of claim 75 or 76 wherein said
magnetic compensating structure has its beam entry and
exit sides cooperatively shaped to cause the length of
the ion beam path exposed to the force field of said
magnetic compensating structure to vary with deflection
angle in a cooperative relationship with the field
produced in said compensator structure to achieve uniform

irradiation of said selected surface.

80. A system for delivering a substantially
uniform dose of ions of a high perveance atomic or
molecular beam to a selected surface comprising

a driven rotatable carrier for repeatedly carrying
said selected surface mounted on the carrier under said
beam to effect scanning in one dimension,

said magnetic scanning system arranged for rapidly
sweeping said ion beam in the radial direction of said
rotatable carrier to effect scanning in the other
dimension,

and means for producing an excitation wave form
applied to said magnetic scanning system to govern its
sweeping action, the functional dependence of said wave
form relating changes in the scan velocity in inverse

dependence with change in the radial distance between the
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instantaneous location of the center of the beam and the

axis of rotation of said rotatable carrier.

81. The system of claim 75 or 80 wherein said
functional dependence of said excitation wave form is
determined according to the formula for the scan velocity
Y:

Y = k
Y+R

where k is a constant dependent on the scan range and
periodicity T of the wave form and R is the distance

between said axis and the center of the beam.

82. A method of rapidly sweeping over a selected
surface a high perveance beam of atomic or molecular ions
initially propagating in a predetermined direction,
comprising the steps of:

(a) introducing said ion beam to a magnetic
scanning structure,

(b) sweeping said ion beam in one dimension by an
oscillating magnetic field having a fundamental frequency
of at least 20 Hz and higher order harmonics induced by a
scanning excitation current generated by a scanning
excitation circuit, to produce a constantly changing
deflection angle and

(c) continuously re-deflecting said deflected ion
beam using a separate magnetic compensating structure to
re-orient said ion beam to a direction substantially
parallel to an exit axis of the compensator by driving
said magnetic compensating structure with a compensating
excitation current having the same fundamental frequency
as said scanning excitation current, said compensating

excitation current being generated by a separate
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compensating circuit operating in a phase-locked mode
with said scanning excitation circuit.

83. The method of claim 82 including generating
said compensating excitation current in resonance with
5 said fundamental frequency of said scanning excitation
current.

84. The method of claim 83 wherein the length of
the ion beam path exposed to the force-field of said
magnetic compensating structure is varied to compensate

10 for the contribution to said deflection angle caused by
higher order harmonics of said scanning excitation
current.

85. A method of implanting a uniform dose of
oxygen ions into a silicon wafer to form a buried oxide
15 layer, using an ion implantation system, comprising the
steps of:
(a) accelerating a high perveance oxygen ion beam
of above 50mA current to energy above 100keV,
(b) rotating said silicon wafer mounted on a
20 carrier at .above 50 rpm,
(c) with a magnetic scanning system, scanning
said ion beam in the radial direction of said carrier at
a frequency above 50Hz while maintaining a substantially
constant incident angle of said beam to the surface of
25 said silicon wafer,
(d) controlling said system to obtain
substantially uniform dose across the wafer under

substantially uniform temperature conditions.

86. The method of claim 85 wherein said ion beam
30 energy is about 200keV.
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87. The method of claim 85 wherein said scanning
step includes deflecting said beam in an oscillating
pattern using a magnetic scanner drive by a substantially
triangular wave form and thereafter applying compensating
magnetic fields to reorient the deflected beam to a

desired direction.

88. The method of claim 87 wherein said
compensating step is performed with a dynamic magnetic
deflecting compensator system driven at the same
frequency in phase locked relationship with said

scanning.

89. The method of claim 88 wherein said

compensator is driven in resonance with said scanning.

90. The method of claim 85 wherein said step of
controlling said system includes varying the scan
velocity of said scanned beam to obtain said uniform
implantation dose of oxygen ions by maintaining inverse
functional dependence of said scan velocity to the radial
distance between the instantaneous location of the center
of the beam and the axis of rotation of said rotatable

carrier.

PCT/US93/01841
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