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SCANNED PULSE ANNEAL APPARATUS AND METHODS

FIELD OF THE INVENTION

[0001] Embodiments of the invention generally relate to a method of
manufacturing a semiconductor device. More particularly, embodiments of the

invention are directed to thermally processing a substrate.

BACKGROUND

[0002] Semiconductor devices continue to shrink to meet future performance
requirements. For continued scaling to be realized, engineering of doped source
and drain junctions must focus on placement and movement of single atoms within a
very small crystal lattice. For example, some future device designs contemplate
channel regions comprising fewer than 100 atoms. With such exacting
requirements, controlling placement of dopant atoms to within a few atomic radii is

needed.

[0003] Placement of dopant atoms is controlled currently by processes of
implanting dopants into source and drain regions of silicon substrates and then
annealing the substrates. Dopants may be used to enhance electrical conductivity
in a silicon matrix, to induce damage to a crystal structure, or to control diffusion
between layers. Atoms such as boron (B), phosphorus (P), arsenic (As), cobalt
(Co), indium (In), and antimony (Sb) may be used for enhanced conductivity. Silicon
(Si), germanium (Ge), and argon (Ar) may be used to induce crystal damage. For
diffusion control, carbon (C), fluorine (F), and nitrogen (N) are commonly used.
During annealing, a substrate is typically heated to high temperatures so that
various chemical and physical reactions can take place in multiple IC devices
defined in the substrate. Annealing recreates a more crystalline structure from
regions of the substrate that were previously made amorphous, and "activates”
dopants by incorporating their atoms into the crystalline lattice of the substrate.
Ordering the crystal lattice and activating dopants reduces resistivity of the doped
regions. Thermal processes, such as annealing, involve directing a relatively large

amount of thermal energy onto a substrate in a short amount of time, and thereafter
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rapidly cooling the substrate to terminate the thermal process. Examples of thermal
processes that have been widely used for some time include Rapid Thermal

Processing (RTP) and impulse (spike) annealing.

[0004] In a pulse train annealing process, energy is delivered in a series of
sequential pulses of energy to allow for a controlled diffusion of dopants and the
removal of damage from the substrate over a short distance within desired regions
of a semiconductor device. In one example, the short distance is between about
one lattice plane to tens of lattice planes. In this example, the amount of energy
delivered during a single pulse is only enough to provide an average diffusion depth
that is only a portion of a single lattice plane and thus the annealing process
requires multiple pulses to achieve a desired amount of dopant diffusion or lattice
damage correction. Each pulse may thus be said to accomplish a complete micro-
anneal process within a portion of the substrate. In another example, the number of
sequential pulses may vary between about 30 and about 100,000 pulses, each of
which has a duration of about 1 nanosecond (nsec) to about 10 milliseconds (msec).
In other examples, duration of each pulse may be less than 10 msec, such as
between about 1 msec and about 10 msec, or between about 1 nsec and about 10
microseconds (usec). In some examples, duration of each pulse may be between

about 1 nsec and about 10 nsec, such as about 1 nsec.

[0005] Each micro-anneal process features heating a portion of the substrate to
an anneal temperature for a duration, and then allowing the anneal energy to
dissipate completely within the substrate. The energy imparted excites motion of
atoms within the anneal region which is subsequently frozen after the energy
dissipates. The region immediately beneath the anneal region is substantially pure
ordered crystal. As energy from a pulse propagates through the substrate,
interstitial atoms (dopant or silicon) closest to the ordered region are nudged into
lattice positions. Other atoms not ordered into immediately adjacent lattice positions
diffuse upward toward the disordered region and away from the ordered region to
find the nearest available lattice positions to occupy. Additionally, dopant atoms

diffuse from high concentration areas near the surface of the substrate to lower
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concentration areas deeper into the substrate. Each successive pulse grows the
ordered region upward from the ordered region beneath the anneal region toward
the surface of the substrate, and smoothes the dopant concentration profile. This
process may be referred to an epitaxial crystal growth, because it proceeds layer by
layer, with each pulse of energy accomplishing from a few to tens of lattice planes of

annealing.

SUMMARY

[0006] In various embodiments, an apparatus for thermally processing a
substrate can include a source of pulsed electromagnetic energy. The source can
pulse the energy at a rate of at least 100 Hz. The apparatus can also include a
moveable substrate support. The apparatus can also include an optical system
disposed between the source of electromagnetic energy and the movable substrate
support. The optical system can include components to shape the pulses of
electromagnetic energy toward a rectangular profile. The apparatus can include a
controller that can command the source of electromagnetic energy to produce
pulses of electromagnetic energy at a selected pulse rate. The controller can also
command the movable substrate support to scan in a direction parallel to a selected
edge of the rectangular profile at a selected speed such that every point along a line
parallel to the selected edge receives a predetermined number of pulses of

electromagnetic energy.

[0007] According to various embodiments, a method of processing a substrate
that has a plurality of dies thereon can include scanning the substrate across an
optical path of a pulsed laser source. The method can also include concurrently
delivering a plurality laser pulses to the substrate so that an illuminated area of a
first pulse of the plurality of laser pulses overlaps with an illuminated area of a
second pulse of the plurality of laser pulses, wherein each pulse of the plurality of
laser pulses has a duration less than about 100 nsec and every location on the
plurality of dies on the substrate receives illumination energy of at least about 250

mJ/cm?.
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[0008] According to various embodiments, an apparatus for thermally
processing a substrate that includes a plurality of dies thereon can include a source
of pulsed electromagnetic energy that pulses at a rate of at least 1,000 Hz. The
apparatus can also include a moveable substrate support. The apparatus can also
include an optical system disposed between the source of electromagnetic energy
and the movable substrate support. The optical system includes components that
shape the pulses of electromagnetic energy toward a rectangular profile. The
apparatus also includes a controller configured to command the source of
electromagnetic energy to produce pulses of electromagnetic energy at a selected
pulse rate. The controller is also configured to concurrently command the movable
substrate support to scan in a direction parallel to a selected edge of the rectangular
profile at a selected speed such that every point on a plurality of dies along a line
parallel to the selected edge receives a predetermined number of pulses of

electromagnetic energy.

BRIEF DESCRIPTION OF THE DRAWINGS

[0009] Figure 1 is a schematic diagram of a thermal processing apparatus
according to one embodiment.

[0010] Figure 2A is an isometric view illustrating one embodiment of the invention
in which a substrate is positioned in a first position under a pulse of electromagnetic
energy.

[0011] Figure 2B is an isometric view illustrating one embodiment of the invention
in which a substrate is positioned in a second position under a pulse of
electromagnetic energy.

[0012] Figure 2C is an isometric view illustrating one embodiment of the invention
in which a substrate is positioned in a third position under a pulse of electromagnetic
energy.

[0013] Figure 2D is an isometric view illustrating one embodiment of the invention
in which a substrate is positioned in a fourth position under a pulse of
electromagnetic energy.

[0014] Figure 3A is a top view of a substrate with a pulse of electromagnetic

energy arranged thereon in a first position.
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[0015] Figure 3B is a top view of a substrate with a pulse of electromagnetic
energy arranged thereon in a second position.

[0016] Figure 3C is a top view of a substrate with a pulse of electromagnetic
energy arranged thereon in a third position.

[0017] Figure 3D is a top view of a substrate with a pulse of electromagnetic
energy arranged thereon in a fourth position.

[0018] Figure 3E is a top view of a substrate with a pulse of electromagnetic
energy arranged thereon in a fifth position.

[0019] Figure 4 is a chart illustrating exemplary configurations for pulses of
electromagnetic energy to achieve a desired table speed.

[0020] Figure 5 is a block diagram of a method for thermally processing a

substrate.

DETAILED DESCRIPTION

[0021] In general the term "substrates"” as used herein refers to objects that can
be formed from any material that has some natural electrical conducting ability or a
material that can be modified to provide the ability to conduct electricity. Typical
substrate materials include, but are not limited to, semiconductors, such as silicon
(Si) and germanium (Ge), as well as other compounds that exhibit semiconducting
properties. Such semiconductor compounds generally include group IlI-V and group
[I-VI compounds. Representative group 1lI-V semiconductor compounds include, but
are not limited to, gallium arsenide (GaAs), gallium phosphide (GaP), and gallium
nitride (GaN). Generally, the term "semiconductor substrates” includes bulk
semiconductor substrates as well as substrates having deposited layers disposed
thereon. To this end, the deposited layers in some semiconductor substrates
processed by the methods of the present invention are formed by either
homoepitaxial (e.g., silicon on silicon) or heteroepitaxial (e.g., GaAs on silicon)
growth. For example, the methods of the present invention may be used with
gallium arsenide and gallium nitride substrates formed by heteroepitaxial methods.
Similarly, the invented methods can also be applied to form integrated devices, such
as thin-film transistors (TFTs), on relatively thin crystalline silicon layers formed on

insulating substrates (e.g., silicon-on-insulator [SOI] substrates). Additionally, the
5
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methods may be used to fabricate photovoltaic devices, such as solar cells. Such
devices may comprise layers of conductive, semiconductive, or insulating materials,
and may be patterned using a variety of material removal processes. Conductive
materials generally comprise metals. Insulating materials may generally include

oxides of metals or semiconductors, or doped semiconductor materials.

[0022] Figure 1 is a plan view of a system 100 for laser processing of substrates.
The system 100 comprises an energy input module 102 that has a plurality of pulsed
laser sources producing a plurality of pulsed laser pulses, a pulse control module
104, which may include one or more pulse controllers 105, that combines individual
pulsed laser pulses into combination pulsed laser pulses, and that controls intensity,
frequency characteristics, and polarity characteristics of the combination pulsed
laser pulses, a pulse shaping module 106, which may include one or more pulse
shapers 107, that adjusts the temporal profile of the pulses of the combined pulsed
laser pulses, a homogenizer 108 that adjusts the spatial energy distribution of the
pulses, overlapping the combination pulsed laser pulses into a single uniform energy
field, an aperture member 116 that removes residual edge non-uniformity from the
energy field, and an alignment module 118 that allows precision alignment of the
laser energy field with a substrate disposed on a substrate support 110. A controller
112 is coupled to the energy module 102 to control production of the laser pulses,
the pulse control module 104 to control pulse characteristics, and the substrate
support 110 to control movement of the substrate with respect to the energy field.

An enclosure 114 typically encloses the operative components of the system 100.

[0023] The lasers may be any type of laser capable of forming short pulses, for
example duration less than about 100 nsec., of high power laser radiation. Typically,
high modality lasers having over 500 spatial modes with M? greater than about 30
are used. Solid state lasers such as Nd:YAG, Nd:glass, titanium-sapphire, or other
rare earth doped crystal lasers are frequently used, but gas lasers such as excimer
lasers, for example XeCl,, ArF, or KrF lasers, may be used. The lasers may be
switched, for example by g-switching (passive or active), gain switching, or mode

locking. A Pockels cell may also be used proximate the output of a laser to form
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pulses by interrupting a beam emitted by the laser. In general, lasers usable for
pulsed laser processing are capable of producing pulses of laser radiation having
energy content between about 100 millidJoules (mJ) and about 10 Joules (J) with
duration between about 1 nsec and about 100 psec. The lasers may have
wavelength between about 200 nm and about 2,000 nm, such as between about
400 nm and about 1,000 nm, for example about 532 nm. In one embodiment, the
lasers are g-switched frequency-doubled Nd:YAG lasers. The lasers may all operate
at the same wavelength, or one or more of the lasers may operate at different
wavelengths from the other lasers in the energy module 102. The lasers may be
amplified to develop the power levels desired. In most cases, the amplification
medium will be the same or similar composition to the lasing medium. Each
individual laser pulse is usually amplified by itself, but in some embodiments, all

laser pulses may be amplified after combining.

[0024] A typical laser pulse delivered to a substrate is a combination of multiple
laser pulses. The multiple pulses are generated at controlled times and in controlled
relationship to each other such that, when combined, a single pulse of laser
radiation results that has a controlled temporal and spatial energy profile, with a
controlled energy rise, duration, and decay, and a controlled spatial distribution of
energy non-uniformity. The controller 112 may have a pulse generator, for example
an electronic timer coupled to a voltage source, that is coupled to each laser, for

example each switch of each laser, to control generation of pulses from each laser.

[0025] Figure 2A illustrates an isometric view of one embodiment of the invention
where an energy source 220 is adapted to project an amount of energy on a defined
region, or an anneal region 222, of a substrate 202 to anneal desired regions of the
substrate 202. In one example, the substrate 202 is moved under the
electromagnetic energy (i.e., radiation) source 220 by translating the substrate 202
on a stage 240 (i.e., a substrate support) relative to the output of the
electromagnetic energy source 220 (e.g., conventional X/Y stage, precision stages)
and/or translating the output of the radiation source 220 relative to the substrate

202. Typically, one or more conventional electrical actuators (e.g., linear motor, lead
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screw and servo motor), which may be part of a separate precision stage (not
shown), are used to control the movement and position of substrate 202.
Conventional precision stages that may be used to support and position the
substrate 202 may be purchased from Parker Hannifin Corporation, of Rohnert Park,
Calif.

[0026] In one aspect, the anneal region 222, and radiation delivered thereto, is
sized to match a first dimension of a die 204 (e.g., forty "die" 204 are shown in
Figures 2A-2D), or semiconductor devices (e.g., memory chip), that are formed on
the surface of the substrate 202. In one aspect, the first dimension of the anneal
region 222 is aligned and sized to fit within the "kerf" or "scribe" lines 206 that define
the boundary of each die 204 on the substrate. For example, a dimension between
kerfs 206 (in the direction of arrow 244) may be 25 mm or 33 mm, so the first
dimension of the anneal region 222 can be 25 mm or 33 mm, respectively. A
second dimension (in the direction of arrow 242) of the anneal region 222 can be
smaller than the first dimension. For example, the second dimension could be
approximately 250 um. In one embodiment, prior to performing the annealing
process, the substrate 202 is aligned to the output of the energy source 220 using
alignment marks typically found on the surface of the substrate 202 and other
conventional techniques so that the anneal region 222 can be adequately aligned to
the die 204 on the substrate 202. As shown in Figures 2A-2D, the table 240 can be
moved, for example scanned, in the direction of arrow 242 to move the substrate
202 under the anneal region 222 such that a row (or column) of die 204 passes
under the anneal region 222. For example, the substrate 202 has eight columns
210a-210h, and Figures 2A-2D illustrate a portion of column 210d passing under the
anneal region 222 The table 240 can move in the direction of arrow 244 to move
between the columns 210a-210h of die 204. As the electromagnetic energy source
220 delivers pulses of electromagnetic energy to the anneal region 222 at a first
rate, the table 240 can move at a second rate so that every point on a die 204 in a
column or row receives a predetermined number of electromagnetic pulses. In
various embodiments, the electromagnetic energy source 220 and table 240 can be

connected to a controller 230 that commands and coordinates pulses of energy from
8



WO 2016/014173 PCT/US2015/035851

the electromagnetic energy source 220 and movement of the table 240. In various
embodiments, the electromagnetic energy source 220 and the table 240 can be
separately controlled by one or more dedicated controllers, and the controller 230
coordinates the pulses of electromagnetic energy and the movement of the table
240.

[0027] As shown in Figure 2A, an anneal process can begin with the table 240
positioned such that the anneal region 222 is not impinging on the substrate 202. In
various embodiments, the anneal process may begin with the anneal region 222
impinging on a portion of the substrate 202 that does not include a die 204. Figure
2A illustrates the anneal region 222 impinging on the table 240 and aligned with
column 210d of the die 204. As discussed above and in greater detail below, the
electromagnetic energy source 220 can pulse electromagnetic energy onto the
anneal region 222 at a first rate, such as 10,000 times per second (10,000 Hz). As
shown in Figures 2B-2D, as the electromagnetic energy source 220 pulses
electromagnetic energy, the table 240 can move the substrate 202 in the direction of
arrow 242 such that the anneal region 222 passes over every point in the column
210d of die and each point in the column 210d receives a predetermined number of

pulses of electromagnetic energy.

[0028] Figures 3A through 3E illustrate a top view of a portion of the substrate
202 shown in Figures 2A through 2D. The portion of the substrate 202 shown
includes portions of six die 204 and kerfs 206 therebetween. The kerfs 206 can
define widths W, (for kerfs along a first direction) and W, (for kerfs along a second
direction perpendicular to the first direction). The widths W, and W, can be the
same or different. The anneal region 222 is impinging on the substrate 202. The
anneal region 222 can have a substantially rectangular profile. The anneal region
222 includes a first dimension D4 that can be substantially equal to a distance
between kerfs 206. For example, the first dimension D shown in Figures 3A-3E is
approximately equal to a distance between midlines (indicated by broken lines 207)
of the kerfs 206. For example, for certain substrates 202, the distances between
midlines 207 of kerfs 206 on opposite sides of a die 204 could be 25 mm. For such

9
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substrates, the dimension D4 can be approximately 25 mm. As another example, for
certain substrates 202, the distances between midlines 207 of kerfs 206 on opposite
sides of a die 204 could be 33 mm. For such substrates, the dimension D4 can be
approximately 33 mm. As described below in greater detail, a second dimension D2
of the anneal region 222 can depend on the pulse rate of the electromagnetic
energy source 220, the rate of movement of the table 240 in the direction of arrow
242, and the number of pulses desired to impinge on any point (e.g., point P in
Figures 3A-3E) of the substrate 202. In various embodiments, the second

dimension D2 can be approximately 250 nanometers (nm).

[0029] As discussed above, the anneal region 222 can include a substantially
(i.e., nearly) rectangular profile. The electromagnetic energy source 220 can include
an optical system that can shape the electromagnetic energy to have a nearly
rectangular profile. For example, the anneal region 222 may have rounded corners
224 rather than straight-edged corners. However, such rounded corners 224 will not
affect the uniformity of electromagnetic energy in the anneal region 222 on the die
204 if the rounded corners 224 are located in the kerfs 206. Similarly, the anneal
region 222 may not have sharp boundaries. Rather, there may be a small region
surrounding the anneal region 222 in which a small amount of electromagnetic
energy from the electromagnetic energy source 220 falls. However, any increase in
heating of the substrate 202 is minimal relative to conductive heating caused by heat
in the substrate generated by the impinging electromagnetic energy in the anneal
region 222 spreading outwardly from the anneal region 222. Thus, such extraneous
electromagnetic energy outside the boundaries of the anneal region 222 may be

ignored.

[0030] As shown in Figures 3A through 3E, the table 240 and the substrate 202
can be scanned (i.e., moved) in the direction of arrow 242 at a predetermined rate
so that any point (e.g., point P) receives a predetermined number of pulses of
electromagnetic energy. If the table 240 and the substrate 202 are moved at a
constant speed, then the anneal region 222 may “smear” across the substrate 202

during a pulse of electromagnetic energy. At the beginning of a pulse, the anneal

10
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region may be located as shown by the solid-line region 222. At the end of the pulse
(e.g., 75 nanoseconds later), the substrate 202 has moved in the direction of arrow
242 such that the anneal region may be located as shown by the broken-line region
222'. However, the pulses are generally short enough that such smearing can be
small, and the “smearing” can average out over multiple pulses as the substrate 202

passes under the anneal region 222.

[0031] In the example shown in Figures 3A through 3E, any point on a die
receives three pulses of electromagnetic energy from the electromagnetic energy
source 220. In various instances, each point may receive ten or more pulses of
electromagnetic energy. Figure 3A illustrates a point P on a die 204 of the substrate
202. The point P lies along a line L that is parallel to the direction of movement
(indicated by arrow 242) of the table 240 and substrate 202. The placement of point
P and line L are arbitrary, and are only shown for purposes of illustration. Figure 3A
illustrates a position of the substrate 202 relative to the anneal region 222 during a
first electromagnetic energy pulse immediately before the point P is within the
anneal region 222. Figure 3B illustrates a position of the substrate 202 relative to
the anneal region 222 during a second electromagnetic energy pulse (immediately
succeeding the first electromagnetic energy pulse). During the second
electromagnetic energy pulse, the point P is within a first or front portion of the
anneal region 222. Figure 3C illustrates a position of the substrate 202 relative to
the anneal region 222 during a third electromagnetic energy pulse (immediately
succeeding the second electromagnetic energy pulse). During the third
electromagnetic energy pulse, the point P is within a second or middle portion of the
anneal region 222. Figure 3D illustrates a position of the substrate 202 relative to
the anneal region 222 during a fourth electromagnetic energy pulse (immediately
succeeding the third electromagnetic energy pulse). During the fourth
electromagnetic energy pulse, the point P is within a third or rear portion of the
anneal region 222. Figure 3E illustrates a position of the substrate 202 relative to
the anneal region 222 during a fifth electromagnetic pulse (immediately succeeding
the fourth electromagnetic energy pulse). During the fifth electromagnetic energy
pulse, the point P is again outside the anneal region 222. Thus, as the point P on
11
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the substrate 202 passed through the anneal region 222, the point P received three

pulses of electromagnetic energy from the electromagnetic energy source 220.

[0032] In various embodiments, the energy density in the anneal region 222 can
be substantially regional. For example, the energy density may be approximately
the same (e.g., 250 mJ/cm?) at all points in the anneal region 222. In various other
embodiments, the energy density in the anneal region 222 can vary. For example, a
front portion of the anneal region 222 could have a first energy density, a middle
portion of the anneal region 222 could have a second energy density, and a rear

portion of the anneal region 222 could have a third energy density.

[0033] Figure 4 is a table 300 of exemplary configurations for the use of one or
more lasers to provide electromagnetic energy for pulse annealing, as described
above. In each exemplary configuration, the table speed of the stage (e.g., stage
240 shown in Figure 2A) is approximately 1 meter per second to maintain an
acceptable processing rate for substrates. Row 302 of the table illustrates a first
exemplary configuration in which the pulse energy of one or more lasers is 400 mJ.
For example, eight 400W lasers (532 nanometer wavelength) coupled together
through a laser module may produce pulses that last for 75 nanoseconds, and each
pulse may output 400 mJ of energy. If the desired pulse energy density is 250
mJ/cm?, then the area of the pulse impinging on the substrate (e.g., substrate 202)
is 1.6 cm®. In various instances, the distance between scribe lines on a substrate
could be 25 mm. If the width of the pulse impinging on the substrate is 25 mm, then
the depth of the pulse would be 6,400 pym to achieve an area of 1.6 cm?. If 10
pulses per location (e.g., location P shown in Figures 3A-3E) are desired, then a
table speed of 1 m/s can be achieved by using a pulse rate of 1,565 Hz. Referring
to row 304 of the table 300, if a pulse rate of 10,000 Hz is desired, then a table
speed of 1 m/s can be achieved by applying 64 pulses per location. Alternatively,
the number of pulses per location in row 304 could be decreased, resulting in an

increase in table speed.

[0034] Row 306 of the table 300 illustrates an exemplary configuration in which

the width of the pulse impinging on the substrate is 100 mm. For example, the 100
12
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mm pulse could impinge on four adjacent columns of dies simultaneously (e.g.,
columns 210c¢, 210d, 210e, and 210f of dies 204 shown in Figures 2A-2D). To
maintain the pulse area of 1.6 cm?, the pulse depth is decreased to 1,600 pym. If the
pulse rate is 10,000 Hz and the desired table speed is 1 m/s, then each location on

the substrate can receive 16 pulses.

[0035] Rows 308 and 310 of the table 300 illustrate exemplary configurations in
which the pulse energy of one or more lasers is 100 mJ. To maintain the desired
250 mJ/cm? pulse energy density, the pulse area is decreased to 0.4 cm? If the
width of the pulse impinging on the substrate is 25 mm, then the resulting pulse
depth is 1,600 um. In row 308, the pulse rate is 10,000 Hz. To maintain a table
speed of 1 m/s, each location on the substrate can receive 16 pulses. Referring to
row 310, if the pulse rate is decreased to 4,000 Hz, each location on the substrate

can receive 6 pulses while achieving a 1 m/s table speed.

[0036] The exemplary configurations shown in the table 300 of Figure 4 are
merely illustrations. Various other configurations, which meet the throughput
speeds, required number of pulses, etc. for a particular application are contemplated
by this disclosure. In particular, the exemplary embodiments shown in Figure 4 are
all predicated on a table speed of 1 m/sec. If other table speeds are desired, the

various characteristics and parameters may be changed accordingly.

[0037] Figure 5 illustrates a block diagram of a method 400 for thermally
processing a substrate. In block 402, the substrate is arranged for scanning under
an optical path of a pulsed laser source. For example, a substrate (e.g., substrate
202 shown in Figures 2A-2D) could be placed on a stage (e.g., stage 240 shown in
Figures 2A-2D) that is movable relative to an optical path (e.g., anneal region 222
shown in Figures 2A-2D). In block 404, the substrate is positioned so that at least
one column of dies on the substrate are aligned with the optical path, but none of the
dies are in the optical path. For example, Figure 2A illustrates the optical path 222
aligned with a column 210d of dies 204 on the substrate 202. However, the stage
240 is positioned such that the substrate 202 is positioned away from the optical

path. In block 406, the laser pulses are initiated. The optical path 222 is shaped so
13
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that the laser pulses have a certain energy density, such as 250 mJ/cm?. Once the
laser pulses have been initiated, in block 408, the substrate is scanned across the
optical path along at least one column of dies. For example, Figures 2A-2D illustrate
the stage 240 being moved in the direction of arrow 242 such that a portion of the
dies 204 in column 210d are scanned across the optical path 222. In various
applications, a scan rate of at least one meter per second can be advantageous to
maintain acceptable substrate output levels. After the entire column of dies has
been scanned across the optical path, in block 410, the laser pulses can be stopped.
The substrate can then be aligned so that a different at least one column is aligned

with the optical path, and blocks 406 can be repeated for that column.

14
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Claims:

1. An apparatus for thermally processing a substrate, the apparatus comprising:
a source of pulsed electromagnetic energy that pulses at a rate of at least
100 Hz;
a moveable substrate support;
an optical system disposed between the source of electromagnetic energy
and the movable substrate support, the optical system including components that
shape the pulses of electromagnetic energy toward a rectangular profile; and
a controller configured to:
command the source of electromagnetic energy to produce pulses of
electromagnetic energy at a selected pulse rate; and concurrently
command the movable substrate support to scan in a direction parallel
to a selected edge of the rectangular profile at a selected speed such that
every point along a line parallel to the selected edge receives a

predetermined number of pulses of electromagnetic energy.

2. The apparatus of claim 1, wherein the pulses of electromagnetic energy

comprise electromagnetic energy of 532 nanometers.

3. The apparatus of claim 1, wherein the pulses of electromagnetic energy

comprise an energy density of at least 250 megajoules per square centimeter.

4, The apparatus of claim 3, wherein each point receives energy pulses for a

cumulative time between 750 nanoseconds and 1,000 nanoseconds.

5. The apparatus of claim 1, wherein the pulse rate is 10,000 pulses per second.

6. The apparatus of claim 1, wherein the selected speed is 1 meter per second.

15
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7. The apparatus of claim 1, wherein the rectangular profile defines a first
dimension and a second dimension, wherein the first dimension is substantially
equal to a section dimension of the substrate, wherein the second dimension is
perpendicular to the first dimension, and wherein the second dimension is smaller

than the first dimension.

8. The apparatus of claim 1, wherein the controller commands the movable
substrate to scan at the selected speed both during and between periods in which

the source of electromagnetic energy produces pulses of electromagnetic energy.

9. A method of processing a substrate that includes a plurality of dies thereon,
the method comprising:

scanning the substrate across an optical path of a pulsed laser source; and
concurrently

delivering a plurality laser pulses to the substrate so that an illuminated area
of a first pulse of the plurality of laser pulses overlaps with an illuminated area of a
second pulse of the plurality of laser pulses, wherein each pulse of the plurality of
laser pulses has a duration less than about 100 nsec and every location on the
plurality of dies on the substrate receives illumination energy of at least about 250

mdJ/cm? per pulse.

10.  The method of claim 9, wherein scanning the substrate comprises initiating
the scanning with a portion of the substrate without any dies in the optical path of the

pulsed laser source.

11.  The method of claim 9, wherein the optical path of a pulsed laser source has
a first dimension that is substantially equal to a distance between midlines of kerfs
separating adjacent columns of dies on the substrate, and wherein scanning the

substrate across the optical path of the pulsed laser source comprises aligning a

16
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column of dies on the substrate with the optical path and scanning the substrate

along the column of dies on the substrate.

12. The method of claim 9, wherein the optical path of a pulsed laser source has
a first dimension that is substantially equal to a distance between midlines of kerfs
across a plurality of columns of dies on the substrate, and wherein scanning the
substrate across the optical path of the pulsed laser source comprises aligning a
plurality of columns of dies on the substrate with the optical path and scanning the

substrate along the plurality of columns of dies on the substrate.

13.  The method of claim 9, wherein the duration of the plurality of laser pulses is

between 60 nsec and 80 nsec.
14.  The method of claim 9, wherein scanning the substrate comprises scanning
the substrate at a rate such that every location on the plurality of dies on the

substrate receives at least ten laser pulses.

15.  The method of claim 9, wherein scanning the substrate comprises scanning

the substrate at a rate of at least 1 m/sec.

17



WO 2016/014173 PCT/US2015/035851

1112

<O o3 <o) o) O

104

L

102

FIGURE 1



PCT/US2015/035851

WO 2016/014173

212

Ve F3dNoid

e

ﬂ/ 007




PCT/US2015/035851

WO 2016/014173

H12

de ANl

e

ﬂ/ 007




PCT/US2015/035851

WO 2016/014173

4112

03¢ FHNDI

e

e ~ v07

ﬂ/ 007



PCT/US2015/035851

WO 2016/014173

512

de F34Noid

e

ﬂ/ 007




PCT/US2015/035851

WO 2016/014173

L0 ~

Ve FdNoid

; LOE T

yag 7




PCT/US2015/035851

WO 2016/014173

g FHNDId

g
107~ m 207
! ,m/ !
502 57 702
W v | w
007 \ ﬂ w ,NNNV p M w
150 KRR . T N b -
NMS ¥ X Al
02
N h, aaaaaaaaaaaaaaaaaaaaaaaaa )
mwm\m
TerA w m v w /
m m : zZoz
M : M



PCT/US2015/035851

WO 2016/014173

Ot ZHNDI

Zvz
107~ ; 207
m ,m/Jm !
502 57 70z
m v : :
sz~ ﬂ
7, ]
“AA
02
w Nww\m m :
507 w m voe w %
: m m 207
e ¢ : Mo



PCT/US2015/035851

WO 2016/014173

dc F4Noid

Zvz
202~ T : 20T
| ,m/Jm |
roe w M 557 w 558
W v | w
,,,,,,,,,,,,,,,,,,,,,,, 1 ;-,;-,;-,‘-,‘memwufmw,,‘,,-,,-,,m,;-,;-,;-,;-,;,,;-,,,,‘,,‘,,‘,,-,,‘,W- e
@om\ ﬂ P
N.\S “
“ RS RTCes 73
v0¢ 704 .
: m m 207
N e : Wl |



PCT/US2015/035851

WO 2016/014173

10/12

200 w7

4€ N9

VA

/

L08 T

]

...................._...._...._...._...._...._...._...._;Q................u...s}.p




PCT/US2015/035851

WO 2016/014173

1112

T Fensid
190°} 9 000" 009°L 6z 0 052 T
000t 91 000°01 009 oz 50 052 gor  [&—80e
D00’ L 91 Q0004 009 L 001 9L o057 ooy [ 90€
0001 79 Q0001 aov' G2 9l 05z ooy & v0E
000t Ol G961 00v'9 G2 o'l 0%z O0Y & Z0¢
{ZUO/PU)
Etoliteelon! {win) Aysus(
(s} 18d {z1) {wirl) YIPIAA {70} ABiaug {ru)
peads 808N 2184 wide LUonoes gahy 88iNd ABiaug
aigey 10 JBGUINYN 83N as5iid BRGNS asiid DBISS(] 85ind

/Qam



PCT/US2015/035851

WO 2016/014173

1212

& JdnNoild

QLY ™

SESTNG HESYT dOLS

SEIA 40 NWNTIOO 3NG
A8V AV IHL ONOTY Hivd WOLLdO
AHL SS0OHOV 4IVdLSENS NYDS

F )

BEAS HESYT NIOEY

7

HIYd TYOILLLO FHL NI 34V S310 ON
108 HiVd TWOILL40 3HL HLIM Q3NONY
A 30 40 NWNTIOO 3NO L8Y3T
1Y IVHL OF JivdiSHns NOLLISOd

ﬁ

S0P

FOHNOS HIsY
dE57TNd ¥V 40 Hivd TYOILAO NV H30NN
ONINNYOS "0d 3IVHLISHENS FONYHUY

N/.omw



INTERNATIONAL SEARCH REPORT

International application No.
PCT/US2015/035851

A. CLASSIFICATION OF SUBJECT MATTER
HO1L 21/324(2006.01)i, HO1L 21/67(2006.01)i

According to International Patent Classification (IPC) or to both national classification and IPC

B. FIELDS SEARCHED

Minimum documentation searched (classification system followed by classification symbols)
HOI1L 21/324; B23K 26/06, HO1L 21/027, GO3B 27/42; B23K 26/00;, GO3F 7/20; HO1L 21/67

Korean utility models and applications for utility models
Japanese utility models and applications for utility models

Documentation searched other than minimum documentation to the extent that such documents are included in the fields searched

Electromic data base consulted during the international search (name of data base and, where practicable, search terms used)
eKOMPASS(KIPO internal) & Keywords:; scanning, pulse, electromagnetic energy, movable

C. DOCUMENTS CONSIDERED TO BE RELEVANT

See abstract, column 6, lines 4-57 and figures 1-7.

Category* Citation of document, with indication, where appropriate, of the relevant passages Relevant to claim No.
X US 2004-0084427 A1 (SOMIT TALWAR et al.) 06 May 2004 1-15
See paragraphs [0017]-[0117], claims 1, 28, 56 and figures 1A-3.
A US 2007-0103660 A1 (KEIICHI TANAKA) 10 May 2007 1-15
See paragraphs [0031]-[0084], claims 1-6 and figures 1-6.
A JP 5109661 B2 (NIKON CORP.) 26 December 2012 1-15
See paragraphs [0015]-[0038], claims 1-11 and figures 1-6.
A US 5057664 A (JOEL C. JOHNSON et al.) 15 October 1991 1-15
See abstract, claims 1-20 and figures 1-2.
A US 4908493 A (INGO SUSEMIHL) 13 March 1990 1-15

|:| Further documents are listed in the continuation of Box C.

See patent family annex.

* Special categories of cited documents:
"A" document defining the general state of the art which is not considered
to be of particular relevance

"E"  earlier application or patent but published on or after the international
filing date

"L"  document which may throw doubts on priotity claim(s) or which is
cited to establish the publication date of another citation or other
special reason (as specified)

"0" document referring to an oral disclosure, use, exhibition or other
means

"P"  document published prior to the international filing date but later

than the priority date claimed

"T" later document published after the international filing date or priority
date and not in conflict with the application but cited to understand

the principle or theory undetlying the invention

"X" document of particular relevance; the claimed invention cannot be
considered novel or cannot be considered to involve an inventive
step when the document is taken alone

"Y" documentof particular relevance; the claimed invention cannot be

considered to involve an inventive step when the document is
combined with one or more other such documents,such combination
being obvious to a person skilled in the art

"&" document member of the same patent family

Date of the actual completion of the international search
28 August 2015 (28.08.2015)

Date of mailing of the international search report

31 August 2015 (31.08.2015)

Name and mailing address of the ISA/KR
International Application Division
& Korean [ntellectual Property Office
189 Cheongsa-1o, Seo-gu, Dagjeon Metropolitan City, 35208,
Republic of Korea

Facsimile No, +82-42-472-7140

Authorized officer

LEE, Myung Jin

Telephone No. +82-42-481-8474

Form PCT/ISA/210 (second sheet) (January 2015)




INTERNATIONAL SEARCH REPORT

International application No.

Information on patent family members PCT/US2015/035851

Patent document Publication Patent family Publication

cited in search report date member(s) date

US 2004-0084427 Al 06/05/2004 EP 1562719 A2 17/08/2005
EP 1562719 A4 10/09/2008
JP 04001602 B2 31/10/2007
JP 2005-244191 A 08/09/2005
JP 2006-505953 A 16/02/2006
KR 10-0722723 Bl 29/05/2007
KR 10-0776949 Bl 21/11/2007
KR 10-2005-0072813 A 12/07/2005
TW 200418603 A 01/10/2004
TW 200528223 A 01/09/2005
TW 1259118 B 01/08/2006
TW 1272149 B 01/02/2007
US 2004-0173585 Al 09/09/2004
US 2004-0188396 Al 30/09/2004
US 2006-0091120 Al 04/05/2006
US 2007-0051708 Al 08/03/2007
US 6747245 B2 08/06/2004
US 7154066 B2 26/12/2006
US 7157660 B2 02/01/2007
US 7399945 B2 15/07/2008
WO 2004-044955 A2 27/05/2004
WO 2004-044955 A3 08/07/2004

US 2007-0103660 Al 10/05/2007 EP 1850370 Al 31/10/2007
US 7557529 B2 07/07/2009
WO 2006-075575 Al 20/07/2006

JP 5109661 B2 26/12/2012 CN 101180706 A 14/05/2008
EP 1950793 Al 30/07/2008
KR 10-1371874 Bl 07/03/2014
KR 10-2008-0053438 A 13/06/2008
TW 1385708 B 11/02/2013
US 2007-0097367 Al 03/05/2007
US 2009-0161082 Al 25/06/2009
US 7433050 B2 07/10/2008
US 8064067 B2 22/11/2011
WO 2007-040254 Al 12/04/2007

US 5057664 A 15/10/1991 None

US 4908493 A 13/03/1990 AU 1998-92214 Al 12/04/1999
AU 1998-92214 B2 07/06/2001
AU 1998-92215 B2 23/08/2001
AU 1998-93130 Al 12/04/1999
AU 1998-93130 B2 14/06/2001
AU 1998-94777 B2 02/08/2001
CA 1341093 C 05/09/2000
CA 2163442 C 29/07/2003
CA 2230220 Al 06/03/1997

Form PCT/ISA/210 (patent family annex) (January 2015)




INTERNATIONAL SEARCH REPORT
Information on patent family members

International application No.

PCT/US2015/035851
Patent document Publication Patent family Publication
cited in search report date member(s) date

CA 2230220 C 27/05/2008
CA 2270907 C 16/10/2007
CA 2302416 Al 11/03/1999
CA 2302416 C 29/05/2007
CA 2302670 Al 01/04/1999
CA 2302670 C 21/11/2006
CA 2303216 Al 01/04/1999
CA 2303216 C 09/01/2007
CA 599738 A 05/09/2000
EP 0286433 A2 12/10/1988
EP 0286433 Bl 21/10/1992
EP 0416030 Al 13/03/1991
EP 0416030 B1 09/08/1995
EP 0420877 Al 10/04/1991
EP 0420877 Bl 01/02/1995
EP 0535907 A2 07/04/1993
EP 0535907 A3 09/06/1993
EP 0535907 B1 11/12/1996
EP 0551309 Al 21/01/1998
EP 0551309 B1 21/01/1998
EP 0551383 Al 17/10/2001
EP 0613543 Al 04/02/1998
EP 0613543 A4 06/07/1994
EP 0699373 Al 15/01/2003
EP 0699373 Al 06/03/1996
EP 0699373 Bl 25/02/2004
EP 0782864 Al 09/07/1997
EP 0786190 Al 28/01/2004
EP 0799068 Al 03/11/2004
EP 0850007 Al 01/09/2004
EP 0938833 Al 01/09/1999
EP 0938833 Al 06/10/2004
EP 0938833 A4 21/03/2001
EP 1024702 Al 09/08/2000
EP 1024702 A4 21/03/2001
EP 1027568 Al 16/08/2000
EP 1039808 Al 04/10/2000
EP 1039808 A4 21/03/2001
JP 03-504602 A 09/10/1991
JP 03-504891 A 24/10/1991
JP 05-205556 A 13/08/1993
JP 06-502781 A 31/03/1994
JP 08-511084 A 19/11/1996
JP 09-506205 A 17/06/1997
JP 10-506431 A 23/06/1998
JP 11-511544 A 05/10/1999
JP 2001-506360 A 15/05/2001
JP 2001-515195 A 18/09/2001
JP 2001-516867 A 02/10/2001
JP 2001-516868 A 02/10/2001

Form PCT/ISA/210 (patent family annex) (January 2015)




INTERNATIONAL SEARCH REPORT

International application No.

Information on patent family members PCT/US2015/035851
Patent document Publication Patent family Publication
cited in search report date member(s) date

JP 2566548 B2 25/12/1996
JP 2707497 B2 28/01/1998
JP 2835758 B2 14/12/1998
JP 3037432 B2 24/04/2000
JP 3050920 B2 12/06/2000
JP 3289917 B2 10/06/2002
JP 3330586 B2 30/09/2002
JP 3378856 B2 17/02/2003
JP 3390032 B2 24/03/2003
JP 3484160 B2 06/01/2004
JP 3488238 B2 19/01/2004
JP 3726164 B2 14/12/2005
KR 10-0232445 Bl 01/12/1999
KR 10-0285437 Bl 02/04/2001
KR 10-0408095 Bl 20/05/2004
KR 10-0512533 Bl 05/09/2005
KR 10-0518974 Bl 06/10/2005
KR 10-0518975 Bl 06/10/2005
KR 10-0665199 Bl 04/01/2007
KR 10-1994-0701931 A 28/06/1994
KR 10-1996-0702725 A 27/04/1996
US 2003-0208281 Al 06/11/2003
US 4806382 A 21/02/1989
US 4961954 A 09/10/1990
US 5036179 A 30/07/1991
US 5080893 A 14/01/1992
US 5094876 A 10/03/1992
US 5100689 A 31/03/1992
US 5108776 A 28/04/1992
US 5130160 A 14/07/1992
US 5140016 A 18/08/1992
US 5290548 A 01/03/1994
US 5345807 A 13/09/1994
US 5350573 A 27/09/1994
US 5376400 A 27/12/1994
US 5478986 A 26/12/1995
US 5517005 A 14/05/1996
US 5620624 A 15/04/1997
US 5632979 A 27/05/1997
US 5665259 A 09/09/1997
US 5695669 A 09/12/1997
US 5712464 A 27/01/1998
US 5726423 A 10/03/1998
US 5736713 A 07/04/1998
US 5786569 A 28/07/1998
US 5804263 A 08/09/1998
US 5883362 A 16/03/1999
US 5954980 A 21/09/1999
US 5958271 A 28/09/1999
US 5990454 A 23/11/1999

Form PCT/ISA/210 (patent family annex) (January 2015)




INTERNATIONAL SEARCH REPORT

International application No.

Information on patent family members PCT/US2015/035851
Patent document Publication Patent family Publication
cited in search report date member(s) date

US 6010692 A 04/01/2000
US 6011242 A 04/01/2000
US 6013900 A 11/01/2000
US 6086907 A 11/07/2000
US 6387379 Bl 14/05/2002
US 6464970 Bl 15/10/2002
US 6706780 B2 16/03/2004
US RE036724 E 06/06/2000
WO 89-11773 Al 30/11/1989
WO 89-11857 Al 14/12/1989
WO 89-11948 Al 14/12/1989
WO 92-05694 Al 16/04/1992
WO 92-05695 Al 16/04/1992
WO 92-05696 Al 16/04/1992
WO 92-05697 Al 16/04/1992
WO 92-07464 Al 14/05/1992
WO 93-03310 Al 18/02/1993
WO 94-28692 Al 08/12/1994
WO 95-12962 Al 11/05/1995
WO 96-20023 Al 04/07/1996
WO 99-11992 Al 11/03/1999
WO 99-12392 Al 11/03/1999
WO 99-15018 Al 01/04/1999
WO 99-15019 Al 01/04/1999

Form PCT/ISA/210 (patent family annex) (January 2015)




	Page 1 - front-page
	Page 2 - description
	Page 3 - description
	Page 4 - description
	Page 5 - description
	Page 6 - description
	Page 7 - description
	Page 8 - description
	Page 9 - description
	Page 10 - description
	Page 11 - description
	Page 12 - description
	Page 13 - description
	Page 14 - description
	Page 15 - description
	Page 16 - claims
	Page 17 - claims
	Page 18 - claims
	Page 19 - drawings
	Page 20 - drawings
	Page 21 - drawings
	Page 22 - drawings
	Page 23 - drawings
	Page 24 - drawings
	Page 25 - drawings
	Page 26 - drawings
	Page 27 - drawings
	Page 28 - drawings
	Page 29 - drawings
	Page 30 - drawings
	Page 31 - wo-search-report
	Page 32 - wo-search-report
	Page 33 - wo-search-report
	Page 34 - wo-search-report
	Page 35 - wo-search-report

