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REPEATABLE HEAT-TREATING METHODS AND APPARATUS
CROSS-REFERENCE TO RELATED APPLICATIONS

This application claims the benefit of priority from United States patent
application serial no. 60/716,488 filed September 14, 2005.

FIELD OF THE INVENTION

The present invention relates to heat-treating, and more particularly, to
methods and systems for heat-treating a workpiece.

BACKGROUND OF THE INVENTION

Numerous applications involve heat-treating a workpiece. For example,
commonly-owned United States Patent No. 6,594,446 discloses various
methods of annealing a semiconductor wafer, which may involve, for
example, pre-heating the entire wafer to an intermediate temperature at a
ramp rate slower than the thermal conduction rate through the wafer, then
heating the device side of the wafer at a rate much faster than the thermal
conduction rate, which may be achieved by exposing the device side to an
irradiance flash. As an arbitrary example, the wafer may be pre-heated to an
intermediate temperature such as 700 °C for example, by irradiating the
substrate side with an arc lamp to heat the entire wafer at a rate such as 400
2C/second, for example. The device side may then be exposed to a high-
intensity flash from a flash lamp, such as a one-millisecond flash, to heat only
the device side to an annealing temperature such as 1300 °C, for example.
Due to the rapid heating rate of the device side during the flash (on the order
of 10° ¢C/s), the bulk of the wafer remains at the intermediate temperature,
and acts as a heat sink to then cool the device side following the flash.
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SUMMARY OF THE INVENTION

To minimize performance variations from wafer to wafer, it is desirable to
ensure that each wafer is subjected to a consistently reproducible or
repeatable thermal process, as close as possible to an identical thermal cycle
from wafer to wafer.

The efficiency of a thermal processing system may vary over time. For
example, the efficiency of the system may decrease as a result of
deterioration, contamination or aging of components, or may increase if such
components are replaced. A first aspect or embodiment the invention relates
to compensating for this problem.

In addition, heating parameters of the workpiece itself, such as the emissivity
of the surface to be irradiated, may significantly influence repeatability. For
example, in embodiments in which the workpiece is a semiconductor wafer
and the surface to be irradiated is a device side of the wafer, device sides of
different wafers tend to have different emissivities. It has been found that
such emissivity differences may exist even among a group of ostensibly
identical wafers. Depending upon the precise nature of the equipment used in
a particular system, these wafer-to-wafer emissivity variations may be the
dominant source of unintended wafer-to-wafer variations in the thermal cycle
to which the wafers are subjected. A second aspect or illustrative
embodiment of the invention relates to this problem.

A third aspect or embodiment of the invention relates to real-time feedback
control of an irradiance flash, while the flash is in progress. Advantageously,
differences between the heating effects of successive flashes on respective
workpieces may be compensated for by performing such feedback control.

A fourth aspect or embodiment of the invention relates to supplying an
advantageous form of electrical pulse to an irradiance device for producing an
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irradiance flash to be incident upon a surface of a workpiece.

In accordance with one aspect or embodiment of the invention, there is
provided a method including monitoring at least one thermal efficiency
parameter associated with an irradiance system configured to produce an
irradiance flash incident on a surface of a workpiece. The method further
includes automatically updating control information used by the irradiance
system to produce the irradiance flash, in response to the monitoring of the
thermal efficiency parameter.

Advantageously, by automatically updating control information used to
produce the irradiance flash in response to automatic monitoring of a thermal
efficiency parameter of the system, the system may automatically
compensate for changes in efficiency of the system over time, such as
deterioration, contamination, aging or replacement of system components, for
example. A self-adjusting system may thus be provided, advantageously
avoiding the need for frequent manual recalibration.

In accordance with another aspect or embodiment of the invention, there is
provided a method including predicting a heating effect of an irradiance flash
to be incident upon a surface of a workpiece, in response to a measurement
of a heating parameter of the surface. The method may further include pre-
adjusting the irradiance flash, in response to the predicted heating effect.

Advantageously, by pre-adjusting the irradiance flash in this manner, the flash
may be pre-adjusted to compensate for workpiece-to-workpiece variations in
the measured heating parameter (which may include the reflectivity of the
surface to be heated). Thus, repeatability of the thermal cycle from workpiece
to workpiece is improved. In addition, such a method may facilitate thermal
processing of workpieces whose thermal properties have not been previously
determined.
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In accordance with another aspect or embodiment of the invention, there is
provided a method including measuring a temperature of a surface of a
workpiece during an initial portion of an irradiance flash incident on the
surface, and controlling a power of a remaining portion of the irradiance flash,
in response to the temperature.

If desired, this latter power-controlling aspect may be combined with the
previous aspect relating to pre-adjustment of the irradiance flash.
Advantageously, in such an embodiment, the pre-adjustment of the irradiance
flash may be used to effectively reduce the magnitude of flash power
adjustments made in the course of controlling the power of the remaining
portion of the flash. Such a combination of these two aspects may enable
correction of errors that might otherwise be too large for the latter power-
controlling aspect to correct on its own. Additionally, such a combination of
these two aspects may also permit consistent thermal cycles to be achieved
with a lesser degree of power-control intervention during the remaining portion
of the flash itself, thereby resulting in more consistent pulse shapes and
temperature-time curves from cycle to cycle. Alternatively, this power-
controlling aspect may be practised without such pre-adjustment, if desired.

In accordance with another aspect or embodiment of the invention, there is
provided a method of heat-treating a workpiece. The method includes
supplying an electrical pulse to an irradiance device configured to produce an
irradiance flash incident on the workpiece, wherein a fall time of the pulse is
less than a rise time of the pulse.

In accordance with another aspect or embodiment of the invention, there is
provided an apparatus including a processor circuit configured to control a
thermal processing system to cause any one or more of the methods
described herein to be carried out.
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In accordance with another aspect or embodiment of the invention, there is
provided an apparatus including means for carrying out any or all of the
various functions described herein.

In accordance with another aspect or embodiment of the invention, there is
provided a computer-readable medium storing instruction codes for directing a
processor circuit to cause any one or more of the methods described herein to
be carried out.

In accordance with another aspect or embodiment of the invention, there is
provided a computer program including code means that when executed by a
processor circuit cause any one or more of the methods described herein to
be carried out.

In accordance with another aspect or embodiment of the invention, there is
provided a signal embodied in a medium, the signal including code segments
for directing a processor circuit to cause any one or more of the methods
described herein to be carried out.

Any number of such embodiments comprising such apparatuses, media or
signals may be provided, to cause any combination of functions described
herein to be carried out.

In accordance with other aspects or embodiments of the invention, any
combination or subcombination of the other aspects described herein may be
combined in a single embodiment, if desired. For example, the aspect
relating to automatically updating control information in response to the
monitored thermal efficiency parameter may be combined with any one or
more of the aspects relating to pre-adjusting the irradiance flash in response
to the predicted heating effect, controlling the power of the remaining portion
of the flash in response to the measured surface temperature during the initial
portion of the flash, and supplying an electrical pulse whose fall time is less
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than its rise time to the irradiance device. In one illustrative embodiment, all
of the aspects described herein may be practised. More generally, each one
of the aspects described herein may be combined with any one or more of the
other aspects described herein. Alternatively, any one of the aspects of the
invention may be practised alone in a particular embodiment, without the
remaining aspects, if desired.

Other aspects and features of the present invention will become apparent to
those ordinarily skilled in the art upon review of the following description of
specific embodiments of the invention in conjunction with the accompanying
figures.

BRIEF DESCRIPTION OF THE DRAWINGS

In drawings which illustrate embodiments of the invention,

Figure 1 is a perspective view of a rapid thermal processing (RTP) system
according to a first embodiment of the invention, shown with two
vertical front-side walls removed;

Figure 2 is a block diagram of a rapid thermal processing system computer
(RSC) of the system shown in Figure 1;

Figure 3 is a circuit diagram of a power control circuit of the system shown
in Figure 1;

Figure 4 is a block diagram of an ultra-fast radiometer of the system shown
in Figure 1;

Figure 5 is a representation of a second measurement system of the

system shown in Figure 1;

Figure 6 is a graph illustrating the effect of a 10% variation in workpiece
emissivity upon a surface temperature of the workpiece;

Figure 7 is a graph illustrating electrical arc currents of an irradiance
system shown in Figure 1 used to produce an irradiance flash,
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when a power reduction circuit is activated at different times
during the flash;

Figure 8 is a graph illustrating electrical arc currents of an irradiance
system shown in Figure 1 used to produce an irradiance flash,
when a power boost circuit is activated at different times during
the flash;

Figure 9 is a graph illustrating a first arc current and a corresponding
workpiece surface temperature trajectory;

Figure 10  is a graph illustrating a second arc current and a corresponding
workpiece surface temperature trajectory;

Figure 11 is a circuit diagram of a power control circuit according to an
alternative embodiment of the invention;

Figure 12 is a circuit diagram of a power control circuit according to another
alternative embodiment of the invention; and

Figure 13 is a circuit diagram of a power control circuit according to yet
another alternative embodiment of the invention.

DETAILED DESCRIPTION

Referring to Figure 1, a rapid thermal processing (RTP) system according to a
first embodiment of the invention is shown generally at 100. In this
embodiment, the system 100 includes an irradiance system 180 configured to
produce an irradiance flash incident on a surface 104 of a workpiece 106, a
measurement system 102, and a processor circuit 110 in communication with
the measurement system 102 and with the irradiance system 180. In the
present embodiment, the measurement system 102 is configured to monitor
at least one thermal efficiency parameter associated with the irradiance
system 180, and the processor circuit 110 is configured to automatically
update control information used by the irradiance system 180 to produce the
irradiance flash, in response to the monitoring of the thermal efficiency
parameter.
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In this embodiment, the measurement system 102 is also configured to
measure a temperature of the surface 104 of the workpiece 106 during an
initial portion of the irradiance flash incident on the surface 104. In this
embodiment, the processor circuit 110 is configured to control a power of a
remaining portion of the irradiance flash, in response to the measured
temperature.

In the present embodiment, the processor circuit 110 is configured to predict a
heating effect of the irradiance flash, in response to a measurement of a
heating parameter of the surface 104. In this embodiment, the processor
circuit 110 is also configured to pre-adjust the irradiance flash, in response to
the predicted heating effect.

Rapid Thermal Processing Chamber

In the present embodiment, the system 100 is used for heat-treating the
workpiece 106. In this embodiment, the workpiece 106 includes a
semiconductor wafer 120. More particularly, in this embodiment the wafer
120 is a 300 mm diameter silicon semiconductor wafer for use in the
manufacture of semiconductor chips, such as microprocessors, for example.
In the present embodiment, the first surface 104 of the workpiece 106
includes a top-side or device side 122 of the wafer 120. Similarly, in this
embodiment a second surface 118 of the workpiece includes a back-side or
substrate side 124 of the wafer 120.

In this embodiment, to carry out such heat-treating of the wafer 120, the wafer
is supported within a rapid thermal processing chamber 130. In this
embodiment, the chamber 130 is somewhat similar to that disclosed in
commonly-owned Patent Cooperation Treaty Publication No. WO 03/060447
(which is incorporated herein by reference), and includes radiation-absorbing
regions both above and below the workpiece. The chamber 130 includes top
and bottom selectively radiation-absorbing walls 132 and 134, as well as side
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walls, two of which are shown at 136 and 138 and the other two of which are
removed for illustrative purposes. In this embodiment, the side walls 136 and
138 (as well as the further side walls not shown) include specularly reflective
diamond-turned aluminum surfaces, however, they cooperate with the top and
bottom walls 132 and 134, which include selectively absorbing water-cooled
windows.

In this embodiment, the chamber 130 further includes an internal wall 140
having a cavity in which the workpiece 106 is supported. In this embodiment,
the workpiece is supported in its cavity by a workpiece support system (not
shown) similar to that disclosed in Patent Cooperation Treaty Publication No.
WO 2004/057650 (which is hereby incorporated herein by reference).
Alternatively, however, the workpiece may be supported in a more
conventional manner, such as by a plurality of quartz pins (not shown), for
example. More generally, other suitable means for supporting the workpiece
may be substituted.

The internal wall 140 may be either radiation-absorbing or reflective,
depending on the particular application, with the reflective surface being more
energy-efficient, but a radiation-absorbing surface resulting in greater
uniformity of heating. Alternatively, a compromise between these extremes
may be provided, such as a partly reflective, partly absorptive surface, such
as anodized aluminum, for example. Similarly, if desired, the various
reflective surfaces of the chamber 130 may be replaced by fully or partly
radiation-absorbing surfaces. All of the surfaces of the chamber are
preferably cooled via a cooling system 144, which in this embodiment
includes a circulated water cooling system.

In this embodiment, due to the reflectivity of the surface 104 of the workpiece
106, the surface 104 tends to act as a patterned mirror, reflecting an image of
a portion (not shown) of the chamber 130 to the measurement system 102. In
the present embodiment, this imaged portion of the chamber 130 has been
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made as black as possible, to attempt to prevent the measurement system
102 from detecting electromagnetic radiation reflected by the surface 104.

In this embodiment, the system 100 further includes a pre-heating device 150
for pre-heating the wafer 120. In this embodiment the pre-heating device 150
includes a high-intensity arc lamp 152 and a reflector system 154 disposed
beneath the bottom wall 134 of the chamber 130. In this embodiment, the
bottom wall 134 effectively includes a filter through which the arc lamp 152
and the reflector system 154 of the pre-heating device 150 are operabie to
project electromagnetic radiation to heat the wafer 120. More particularly, in
this embodiment the bottom wall 134 includes a water-cooled window 156.
More particularly still, in this embodiment the water-cooled window 156
includes two parallel spaced-apart quartz panes defining a cooling channel
therebetween, through which water is pumped by the cooling system 144. In
this embodiment, the water-cooled window transmits most of the irradiance
from the arc lamp 152 to the workpiece 106, but absorbs irradiance at 1450

nm.

The system 100 may further include a plurality of additional measurement
devices, such as a diagnostic illumination source 160, and radiation detectors
such as an imaging device 162 and a fast radiometer 164 for example, which
may be used as described in the aforementioned commonly-owned PCT
publication no. WO 03/060447, if desired. In this embodiment, the
measurement system 102, the imaging device 162 and the fa}st radiometer
164 operate at the diagnostic wavelength of 1450 nm, facilitating
measurements of the wafer temperature and its optical properties.

In the present embodiment, the system 100 further includes the irradiance
system 180, which is configured to produce the irradiance flash incident upon
the first surface 104 of the workpiece 106. More particularly, in this
embodiment the irradiance system 180 includes a flash lamp system. More
particularly still, in this embodiment the irradiance system 180 includes first,
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second, third and fourth flash lamps 182, 183, 185 and 187 and a reflector
system 184, positioned immediately above the upper wall 132 of the chamber
130. Alternatively, fewer than four flash lamps, such as a single flash lamp for
example, may be employed. Conversely, more than four flash lamps, such as
an array of a much larger number of flash lamps for example, may be
employed. Or as a further alternative, other types of irradiance devices, such
as a microwave flash or pulse generator for example, may be substituted for
the flash lamps. In this embodiment, the upper wall 132 includes a water-
cooled window 186, similar to the water-cooled window 156 discussed above.

In the present embodiment, the irradiance system 180 further includes a
power supply system 188 for supplying electrical power to the flash lamps
182, 183, 185 and 187 to produce the irradiance flash. In this embodiment,
the power supply system 188 includes individual electrical power supply
systems 189, 191, 193 and 195, for supplying electrical power to the
individual flash lamps 182, 183, 185 and 187, respectively. Alternatively,
however, the flash lamps 182, 183, 185 and 187 may be powered by a single
common electrical power supply, if desired.

In this embodiment, prior to the insertion of the wafer 120 into the chamber
130, the device side 122 of the wafer is subjected to an ion implantation
process, which introduces impurity atoms or dopants into a surface region of
the device side of the wafer. The ion implantation process damages the
crystal lattice structure of the surface region of the wafer, and leaves the
implanted dopant atoms in interstitial sites where they are electrically inactive.
In order to move the dopant atoms into substitutional sites in the lattice to
render them electrically active, and to repair the damage to the crystal lattice
structure that occurs during ion implantation, the surface region of the device
side of the wafer is annealed by heating it to a high temperature.

In the present embodiment, such annealing is carried out according to
methods similar to those disclosed in commonly-owned United States Patent
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Nos. 6,594,446 and 6,941,063, both of which are hereby incorporated herein
by reference, and in the aforementioned PCT publication no. WO 03/060447.
For example, a first stage of the annealing method may include pre-heating
the wafer to an intermediate temperature, at a rate that is slower than a
thermal conduction time through the wafer, so that the entire wafer is heated
relatively uniformly to the intermediate temperature. In this embodiment, this
pre-heating stage is achieved by irradiating the back-side or substrate side
124 of the wafer with the arc lamp 152, to heat the wafer at a ramp rate such
as 100 °C per second to 400 °C per second, to an intermediate temperature
such as 700 °C, for example. Following the pre-heating stage, the top-side or
device side 122 of the wafer is rapidly heated to a substantially higher
annealing temperature, at a rate much faster than the thermal conduction time
through the wafer, so that only the top-side surface region of the wafer is
heated to the final annealing temperature, while the bulk of the wafer remains
close to the relatively cooler intermediate temperature. In this embodiment,
this second stage is achieved by exposing the top-side surface to a high-
power flash from the irradiance system 180, for a relatively short duration, on
the order of one millisecond, for example. The cooler bulk of the wafer then
acts as a heat sink to facilitate rapid cooling of the top-side surface.

In order to ensure adequate thermal processing of such wafers, and to
achieve consistent and repeatable thermal processing of similar wafers
successively processed in the chamber 130, in this embodiment, the device
side temperature is monitored during the second stage, i.e., during the rapid
irradiance flash, in real-time, as discussed in greater detail herein.

Substrate Side Pre-Heating Device
In the present embodiment, the arc lamp 152 is a 500 kW water wall argon

plasma arc lamp manufactured by Mattson Technology Canada, Inc. of
Vancouver, Canada. Examples of such arc lamps are disclosed in commonly-
owned United States Patent Nos. 4,700,102, 4,937,490 and 6,621,199, which
are incorporated herein by reference. Such arc lamps provide numerous
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advantages for semiconductor annealing as compared to tungsten filament
lamp sources, as discussed in the above-mentioned U.S. Patents. For larger
temperature increases, multiple arc lamps may be substituted for the single
arc lamp 152. Alternatively, however, other types of pre-heating devices,
including flash lamps and even tungsten filament lamp sources or arrays of
such lamp sources, for example, may be substituted.

RTP System Computer (RSC)
Referring to Figures 1 and 2, the RTP System Computer (RSC) 112 is shown

in greater detail in Figure 2. In this embodiment, the RSC includes the
processor circuit 110, which in the present embodiment includes a
microprocessor 210. More generally, however, in this specification, the term
"processor circuit” is intended to broadly encompass any type of device or
combination of devices capable of performing the functions described herein,
including (without limitation) other types of microprocessors, microcontrollers,
other integrated circuits, other types of circuits or combinations of circuits,
logic gates or gate arrays, or programmable devices of any sort, for example,
either alone or in combination with other such devices located at the same
location or remotely from each other, for example. Additional types of
processor circuits will be apparent to those ordinarily skilled in the art upon
review of this specification, and substitution of any such other types of
processor circuits is considered not to depart from the scope of the present

invention.

In the present embodiment, the microprocessor 210 is in communication with
a storage device 220, which in this embodiment includes a hard disk drive.
The storage device 220 is used to store a plurality of routines that configure or
program the microprocessor 210 to perform various functions described
herein, including a main rapid thermal processing (RTP) routine 221, a pre-
adjustment routine 222, a flash feedback control routine 224, a simulation
routine 226, a thermal analysis routine 230, and a drift control routine 236,
and may also store additional routines (not shown) if desired. In this
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embodiment, the storage device 220 may also be used to store various types
of data received or used by the microprocessor 210, such as a charge look-up
table 228, a current reduction look-up table 232, a current boost look-up table
234 and a workpiece parameters store 240, for example.

In the present embodiment, the microprocessor 210 is also in communication
with a memory device 260, which in this embodiment includes a random
access memory (RAM). In this embodiment, the various routines stored in the
storage device 220 configure the microprocessor 210 to define various
registers or stores in the RAM for storing various properties or parameters
measured, calculated or used by the microprocessor 210, including a
reference reflectivity store 261, a reference illumination intensity store 262, a
reference broadband intensity register 263, a workpiece broadband intensity
register 264, a workpiece illumination intensity store 265, a measured
reflection intensity store 266, a workpiece reflectivity store 267, a workpiece
emissivity store 268, an irradiance energy store 270, an absorbed energy
store 272, an energy indicator register 274, a reference energy indicator
register 276, a charging parameters store 278, a device side temperature
store 280, an expected temperature store 282, an RTP parameters store 284,
an efficiency parameters store 286, a temperature error register 288 and a
flash intervention effect register 290, as well as other stores and/or registers
(not shown).

The microprocessor 210 of the present embodiment is in further
communication with an input/output (I/O) interface 250, for communicating
with various devices of the system 100 shown in Figure 1, including the
measurement system 102 and the irradiance system 180, as well as other
system components such as the pre-heating device 150, the diagnostic
illumination source 160, the imaging device 162, the fast radiometer 164, and
various user input/output devices (not shown) such as a keyboard, a mouse, a
monitor, one or more disk drives such as a CD-RW drive and a floppy diskette
drive, and a printer, for example. In this embodiment, the I/O interface 250
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includes an optical-electrical converter, for communicating with at least some
of these devices (such as the fast radiometer 164 and the measurement
system 102, for example) via a fiber optic network (not shown). In this regard,
it will be appreciated that such optical communications avoid difficulties posed
by electromagnetic interference and electrical noise resulting from large
electric currents and sudden electrical discharges required by the pre-heating
device 150 and the irradiance system 180.

Device Side Irradiance System

Referring back to Figure 1, generally, the irradiance system 180 is operable to
irradiate the surface 104 of the workpiece 106, which in this embodiment is
the device side 122 of the wafer 120. In this embodiment, the irradiance
system 180 includes the flash lamps 182, 183, 185 and 187 and the reflector
system 184 shown in Figure 1. More particularly, in this embodiment each of
the flash lamps 182 includes a liquid-cooled flash lamp manufactured by
Mattson Technology Canada, Inc. of Vancouver, Canada, similar to those
described in commonly-owned United States patent application publication
no. US 2005/0179354 and PCT publication no. WO 2005/078762, both of
which are hereby incorporated herein by reference. In this regard, it has been
found that this particular type of flash-lamp provides numerous advantages
over more conventional flash-lamps, including improved consistency and
repeatability of thermal processing, for example. Alternatively, other types of
flash lamps may be substituted. Or as a further alternative, other types of
irradiance devices, such as microwave flash or microwave pulse generators
for example, may be substituted for the flaéh lamps. More generally, other
heating devices may be substituted for the irradiance system 180 if desired.

In the present embodiment, the irradiance system 180 is operable to expose
the device side 122 to an irradiance flash having a duration less than a
thermal conduction time of the wafer 120. In the present embodiment, the
thermal conduction time of the wafer is on the order of 10 to 15 ms.
Accordingly, in the present embodiment, the irradiance system 180 is
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operable to produce the irradiance flash to have a duration on the order of 10
milliseconds or less. More particularly, in this embodiment the irradiance
system is operable to produce the irradiance flash to have a duration on the
order of 1 millisecond.

To achieve this, in the present embodiment, the irradiance system 180 further
includes the power supply system 188 shown in Figure 1. More particularly,
in this embodiment each of the electrical power supply systems 189, 191, 193
and 195 of the power supply system 188 acts as a power supply system for a
respective one of the flash lamps 182, 183, 185 and 187, and includes a
pulsed discharge unit that may be pre-charged then abruptly discharged in
order to supply a “spike” of input power to the respective flash lamp to
produce the desired irradiance flash. More particularly still, in the present
embodiment, each of the pulsed discharge units includes a pair of 7.9 mF
capacitors (not shown) (15.8 mF per pulsed discharge unit), capable of being
charged at 3500 V to store up to 96.775 kJ of electrical energy, and capable
of discharging such stored energy to its respective flash lamp within a short
period of time, such as 0.5 to 1.5 ms, for example. Thus, in this embodiment
the irradiance system 180 is capable of storing up to 387.1 kJ of electrical
energy, and is capable of discharging such energy through the flash lamps
182, 183, 185 and 187 in a flash on the order of one millisecond in duration.
Alternatively, larger or smaller power supplies, or other types of power
supplies, may be substituted.

In this embodiment, each of the electrical power supply systems 189, 191,
193 and 195 includes a power control circuit in communication with the pulsed
discharge unit and the respective flash lamp, for feedback control of the
pulsed discharge that produces the irradiance flash, as discussed below.
Alternatively, a plurality of flash lamps may be powered by a single electrical
power supply system and/or by a single power control circuit, if desired. Or,
as a further alternative, a single flash lamp with a single electrical power
supply system and control circuit may be substituted.
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Power Control Circuit

Referring to Figures 1 and 3, an exemplary power control circuit is shown
generally at 300 in Figure 3. [n this embodiment, each of the individual
electrical power supply systems 189, 191, 193 and 195 of the power supply
system 188 includes a power control circuit such as that shown at 300, in
communication with its respective flash lamp 182, 183, 185 or 187.
Alternatively, if desired, a single power control circuit may be substituted,
either in combination with a single common power supply or multiple power
supplies, and likewise in combination with either a single flash lamp or
multiple flash lamps. As a further alternative, other types of power control
circuits may be substituted.

In this embodiment, the power control circuit 300 is in electrical
communication with a power supply unit 302 and with a flash lamp, which in
this example is the flash lamp 182. In this embodiment, the power supply unit
302 is in communication with the processor circuit 110, and can be controlled
by the processor circuit to produce an adjustable DC voltage of up to 3500 V
for charging a capacitor bank 328. In this embodiment, the capacitor bank
328 includes two 7.9 mF capacitors in parallel, which provides an effective
capacitance of 15.8 mF. Thus, when charged at 3500 V, the capacitor bank
328 stores 96.775 kd of electrical energy.

In this embodiment, the power control circuit 300 includes first and second
diodes 304 and 306 and first and second resistors 308 and 310, which in this
embodiment are 20 kQ resistors. In the present embodiment, the power
control circuit 300 further includes a resistor 312, a dump relay 314 and a
further resistor 316. In this embodiment the resistor 312 includes a 60Q
resistor, while the resistor 316 includes a 5Q resistor. In the present
embodiment, the dump relay 314 is used to safely discharge the capacitor
bank through the resistor 312 in circumstances where for safety the capacitor
bank must be discharged.
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In this embodiment, the power control circuit 300 includes a first power
reduction circuit shown generally at 320, and a power boost circuit shown
generally at 330. Generally, in this embodiment the power reduction circuit
320 is configured to reduce the power output of the flash lamp 182 by
reducing the amount of electric current supplied to the flash lamp, in response
to a control signal received from the processor circuit 110. Conversely, in this
embodiment the power boost circuit 330 is configured to increase the peak
power output of the flash lamp 182 by increasing the amount of electric
current supplied to the flash lamp, in response to a control signal received
from the processor circuit 110.

In this embodiment, the power reduction circuit 320 includes a crowbar circuit
in communication with a source of the irradiance flash and an electrical power
supply of the source. More particularly, in this embodiment the crowbar circuit
is connected in parallel with the capacitor bank 328. More particularly still, in
this embodiment the crowbar circuit (i.e., the power reduction circuit 320)
includes a switching circuit, an inductor 324 and a resistor 326. In the present
embodiment, the switching circuit includes a single switch element, which in
this embodiment is a semiconductor switch. More particularly, in this
embodiment the semiconductor switch is a thyristor or silicon-controlled
rectifier 322, whose gate is in communication with the processor circuit 110.
In this embodiment, the inductor 324 and the resistor 326 have an inductance
of 5.2uH and a resistance of 39 mQ respectively.

In this embodiment, the thyristor 322 of the power reduction circuit 320
remains in a non-conducting state until a control signal is received from the
processor circuit 110 at a gate of the thyristor 322, to place it in a conducting
state, thereby reducing the electric current being supplied to the flash lamp
182, as described in greater detail below.
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In the present embodiment, the power boost circuit 330 includes an inductive
crowbar circuit in communication with a source of the irradiance flash (in this
embodiment the flash lamp 182) and an electrical power supply of the source
(in this embodiment the capacitor bank 328). More particularly, in the present
embodiment, the power boost circuit 330 inciudes a thyristor 332 and an
inductor 334, which in this embodiment has an inductance of 1.5 pH.

In this embodiment, the power control circuit 300 further includes a thyristor
336, an inductor 338, a resistor 340 and a free-wheeling diode 342. In this
embodiment, the resistor 340 has a resistance of 5 mQ, and the inductor 338
has an inductance of 4.7 uH, which is greater than the 1.5yH inductance of
the inductor 334 of the power boost circuit 330.

In this embodiment, the control gates of the thyristor 336 and the thyristor 332
are both in communication with the processor circuit 110, and are each in a
non-conducting state until a gate voltage is applied by the processor circuit
110.

As discussed in greater detail below, the processor circuit 110 commences an
irradiance flash by applying a gate voltage to the thyristor 336, to allow the
capacitor bank 328 to begin to discharge through the flash lamp 182, the
resistor 340 and the inductor 338. Thus, as the flash commences and the arc
current increases toward its peak, a self-induced electromotive force (emf)
(e=-L(di/dt)) arises in the inductor, to oppose the increasing current, so that
the rate of increase of the electric current being discharged through the flash
lamp 182 is effectively limited by the 4.7 uH inductor 338. if a power boost is
desired, the processor circuit 110 applies a gate voltage to the thyristor 332 to
place it in a conducting state, which allows electric current to flow through the
1.5 pH inductor 334, whose self-induced emf (which opposes the increase in
current) is less than the self-induced emf of the inductor 338 due to its lower
inductance, thereby reducing the overall currentlimiting effect of these
components of the power control circuit, and allowing the arc current to rise
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more quickly to a higher peak. In the present embodiment, firing the thyristor
332 at an appropriate time effectively boosts the peak electric current supplied
to the flash lamp 182, thereby effectively boosting the peak temperature of the
surface 104 of the workpiece 106 upon which the irradiance flash from the
flash lamp 182 is incident, although the current (and hence the power of the
irradiance flash) tends to drop off slightly faster than if the thyristor 332 had
not been fired.

In the present embodiment, the power control circuit 300 further includes a
second power reduction circuit shown generally at 350 in Fig. 3. Generally, in
this embodiment the second power reduction circuit 350 is configured to
reduce the power output of the flash lamp 182 by reducing the amount of
electric current supplied to the flash lamp, in response to a control signal
received from the processor circuit 110. In this embodiment, the second
power reduction circuit 350 is similar to the first power reduction circuit 320,
and includes a crowbar circuit in communication with a source of the
irradiance flash and an electrical power supply of the source. Unlike the first
power reduction circuit, however, in this embodiment the second power
reduction circuit 350 is connected in parallel with the flash lamp 182 rather
than with the capacitor bank 328. More particularly, in this embodiment the
second power reduction circuit 350 includes a switching circuit, an inductor
354 and a resistor 356. In the present embodiment, the switching circuit
includes a single switch element, which in this embodiment is a
semiconductor switch. More particularly, in this embodiment the
semiconductor switch is a thyristor or silicon-controlled rectifier 352, whose
gate is in communication with the processor circuit 110. In this embodiment,
the inductor 354 and the resistor 356 have an inductance of 5.2 pH and a
resistance of 39 mQ, respectively.

In this embodiment, the thyristor 352 of the second power reduction circuit
350 remains in a non-conducting state until a control signal is received from
the processor circuit 110 at a gate of the thyristor 352, to place it in a
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conducting state, thereby reducing the electric current being supplied to the
flash lamp 182, as described in greater detail below.

First Measurement System (for Flash Feedback Control and Drift

Control)

Referring to Figures 1 and 4, the measurement system is shown generally at

102 in Figure 4. In this embodiment, the measurement system 102 includes
an ultra-fast radiometer 400 generally similar to that disclosed in commonly-
owned PCT Publication No. WO 03/060447, designed to have a wide dynamic
range and ultra-fast time response. Thus, in this embodiment the ultra-fast
radiometer 400 includes a 1450 nm narrow-band filter 402, an optical stack
404, a high-speed InGaAs PIN photodiode 406, an integrated thermo-electric
cooler 408 for controlling the temperature of the photodiode 406 to within 20
milliKelvins, an amplifier 410 and an analog-to-digital (A/D) converter 412.

In this embodiment, the amplifier 410 includes a very low noise, high-speed,
differential transimpedance amplifier, having a 3 dB electrical bandwidth of
500 kHz. The amplifier 410 conditions and amplifies the photodiode output
signal, and supplies the amplified signal to the A/D converter 412. The A/D
converter 412 produces 16-bit samples of the amplified photodiode signal, at
a sampling rate of 1 MHz.

In this embodiment, the A/D converter 412 is in communication with the
processor circuit 110 of the RSC 112, via an input/output (I/O) interface 460.
In this embodiment, the /O interface 460 includes an optical-electrical
converter, to enable such communications signals to be transmitted and
received over the fiber optic network (not shown), thereby avoiding
deleterious effects of electromagnetic interference and electrical noise, which
may be significant in the temporal vicinity of the flash. In this embodiment,
most measurement-related calculations are performed by the processor circuit
110 rather than by on-board circuitry of the measurement system 102.
Alternatively, however, such measurement-related calculations may be
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performed by an optional on-board processor circuit (not shown) of the
measurement system 102, or more generally, by any other local or remote
processor circuit or combination of processor circuits.

In this embodiment, the ultra-fast radiometer 400 further includes shielding
470, to reduce the influence of such interference on the various internal
components of the ultra-fast radiometer.

If desired, the ultra-fast radiometer 400 may also include an internal reference
device 450, which may be thermally controlied and highly stable, and which
may be used to produce calibration and reference signals. In such an
embodiment, the radiometer 400 may also include on-board circuitry for
adjusting the 16-bit samples received from the A/D converter 412 in response
to such calibration and reference signals, in order to dynamically compensate
for any unpredictable drift that may occur in the various electronic
components of the ultra-fast radiometer.

Referring back to Figure 1, in this embodiment, the measurement system 102,
or more particularly the ultra-fast radiometer 400, is configured to measure the
present temperature of the first surface 104 of the workpiece 106 (or more
particularly, of the device side 122 of the wafer 120). In this embodiment, the
system 100 effectively includes a filtering device, or more particularly, the
water-cooled window 186, which in this embodiment is interposed between
the first surface 104 and the irradiance system 180. In this regard, the water-
cooled window 186 serves to transmit most of the radiation produced by the
flash lamps 182, 183, 185 and 187 to the first surface 104 of the workpiece
106 (in this embodiment, the device side 122 of the wafer 120) to heat the
device side, while at the same time absorbing radiation at a wavelength of
1450 nm. Conversely, due io the effects of the 1450 nm narrow-band filter
402, the ultra-fast radiometer is responsive only to radiation in the immediate
vicinity of 1450 nm. Therefore, the ultra-fast radiometer detects only thermal
emissions from the surface 104 (the device side 122), and does not detect
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any radiation produced by the irradiance system and reflected by the surface
104. The water-cooled window 186 aiso serves to absorb most of the
radiation at wavelengths thermally emitted by the device side 122 (typically
1400 nm and longer), thereby preventing such wavelengths from being
reflected back to the wafer which would tend to cause undesirable and non-
uniform heating of the device side at inopportune times when cooling is
desired. (The ultra-fast radiometer may, however, detect a smail amount of
“‘chamber return”, i.e., a small percentage of the radiation thermally emitted by
the device side at the diagnostic wavelength may be reflected by the lower
quartz pane of the window 186 back to the device side, which may re-reflect a
small portion of such reflected thermal emissions to the radiometer. Chamber
return may be taken into account, if desired, by employing methods similar to
those disclosed in commonly-owned PCT Publication No. WO 03/060447, for
example, or any other suitable method.)

Second Measurement System (for Flash Pre-adjustment Measurements)

Referring to Figures 1 and 5, a second measurement system is shown
generally at 500 in Figure 5. In this embodiment, the second measurement
system 500 is used to obtain an initial measurement of a heating parameter of
the surface 104 of the workpiece 106, before the surface 104 is subjected to
the irradiance flash.

In this embodiment, a future irradiance flash to be incident upon a first surface
of a first workpiece is pre-adjusted, contemporaneously with an incidence of a
present irradiance flash upon a similar surface of a second workpiece. More
particularly, in this embodiment, the second measurement system 500 is
disposed outside the chamber 130 shown in Figure 1, and thus, in the present
embodiment, the heating parameter of the surface 104 is measured before
the workpiece 106 is loaded into the chamber 130 for rapid thermal
processing. Thus, the heating parameter of the surface 104 of one workpiece
may be measured outside the chamber 130 while a second wafer is being
thermally processed within the chamber, without slowing down the throughput
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of the chamber 130. Alternatively, the second measurement system or a
variation thereof may be disposed inside the chamber 130 for in situ
measurement of the surface 104, if desired.

In the present embodiment, the heating parameter to be measured by the
second measurement system 500 includes an emissivity of the surface 104,
which in this embodiment is measured indirectly, by measuring the reflectivity
of the surface. In this regard, the emissivity ew, reflectivity Ry and
transmissivity Tw of the workpiece 106 at a given wavelength satisfy the
relation ew() = 1 - Rw(4) - Tw(2). In this embodiment, in which the workpiece is
a silicon wafer, when the wafer is cold (e.g., room temperature), the wafer will
not be completely opaqgue to all wavelengths of the irradiance flash, and thus,
its transmissivity Tw(i) will be non-zero for at least some wavelengths.
However, in the present embodiment, the use of arc lamps to produce the
irradiance flash tends to minimize transmissivity effects, as over 95% of the
radiant energy produced by such arc lamps is below the 1.2 ym band gap
absorption of cold silicon, compared with only 40% for a typical tungsten
source, for example. Thus, when measured in the spectrum of the irradiance
flash, the transmissivity of the workpiece is negligible at most relevant
wavelengths.  For the purpose of pre-adjusting the irradiance flash,
transmissivity may be ignored in the present embodiment, and the emissivity
may thus be approximated as ew(4) = I - Ry(4). Thus, the heating parameter
of interest, namely, the emissivity ey(4) of the surface 104, may be measured
indirectly, by measuring the reflectivity Ry(4) of the surface. Alternatively, the
heating parameter may be viewed as a reflectivity of the surface 104, which in
this embodiment is measured directly.

In this embodiment, the second measurement system 500 includes an
illumination source 502, a detector 504, a probe 506 and a second detector
516. More particularly, in this embodiment the probe 506 is an optical fiber
probe, comprising two optical fibers 508 and 510 in optical communication
with the illumination source 502, an optical fiber 512 in communication with
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the detector 504, and an optical fiber 514 in communication with the second
detector 516. Alternatively, other numbers of optical fibers may be
substituted. More generally, other types of measurement systems may be
substituted.

in this embodiment, the illumination source 502 includes a deuterium-halogen
light source. In this regard, such a light source has been found to include
appreciable intensities at wavelengths corresponding to those of the
irradiance flash produced by the irradiance system 180, including ultra-violet,
visible and infrared wavelengths.

Alternatively, however, the illumination source may include a low intensity arc
lamp (whose intensity is “low” relative to the high intensity flash lamp used to
produce the irradiance flash). For example, the illumination source 502 may
include a low-intensity arc lamp with a sufficiently low optical output power to
avoid prematurely heating the surface 104 to a high temperature. The low-
intensity arc lamp may include either a continuous-wave (DC) arc lamp, or a
flash lamp, such as a xenon flash lamp, for example. If desired, the
illumination source 502 may be provided with a filter configured to simulate an
irradiance spectrum of the high-intensity flash lamp(s) used to produce the
irradiance flash. Such a filter may allow the illumination source 502 to
simulate the output spectrum of the irradiance system 180, aibeit at a much
lower overall power. For example, where the illumination source is a xenon
flash lamp, an envelope of the low intensity xenon flash lamp may be provided
with an interference filter to achieve such an effect. Alternatively, other types
of illumination sources may be substituted.

Or, as a further alternative, a separate illumination source may be omitted.
For example, in some embodiments the detector 504 may include its own
illumination source. Alternatively, if desired, illuminating the surface 104 may
include directing a portion of a present irradiance flash incident upon another
workpiece to the surface 104 of the workpiece 106. For example, the optical
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fibers 508 and 512 may be in optical communication with the chamber 130, so
that a small portion of the irradiance flash used to heat the surface 104 of a
first workpiece inside the chamber 130 may be diverted outside the chamber
to illuminate the surface 104 of a second workpiece outside the chamber 130,
which will subsequently be processed in the chamber 130 after processing of
the first workpiece has been completed. In such an embodiment, the
irradiance diverted from the chamber 130 to illuminate the surface 104 of the
second workpiece may be filtered or may be spread over a larger surface
area by one or more lenses, to effectively reduce its intensity upon the surface
104.

In this embodiment, the detector 504 includes a spectrometer. More
particularly, in this embodiment the detector includes a model PS001
Spectrometer, manufactured by Photon Control Inc. of Burnaby, BC, Canada.
In the present embodiment, the detector 504 is operable to measure
reflectivity of the surface 104 of the workpiece 106 over a wavelength
spectrum corresponding to the irradiance flash to which the surface 104 will
be subjected. More particularly, in this embodiment the wavelength spectrum
ranges from 180 nm to 1400 nm, and the spectrometer is operable to
measure the reflectivity R(1) at a plurality of discrete wavelengths within the
180 nm to 1400 nm range. More particularly still, in this embodiment the
wavelength spectrum includes 2048 discrete wavelengths 1 = {19, A1, 42, ...
Jsoe7), €venly spaced across the 180 nm to 1400 nm range. Alternatively,
however, the boundaries of the spectrum may be varied, if desired. For
example, in some embodiments, a portion of the spectrum at wavelengths
longer than 1100 nm may be disregarded, due to the comparatively small
amounts of energy produced by the irradiance system 180 at such
wavelengths.  Similarly, the number of discrete wavelengths within the
spectrum may also be varied, to include a larger or a smaller number of
discrete wavelengths, as desired. Thus, for the sake of generality, in this
embodiment the 2048 discrete wavelengths are referred to herein as 1 = {4,,
A2, ... AN}
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Alternatively, if desired, the detector 504 may be operable to produce a single
reflectivity value, such as a broadband reflectivity value over a substantial
portion of the wavelength spectrum of the irradiance flash, for example. Such
a single reflectivity value may be employed in embodiments in which the
illumination source 502 simulates the wavelength spectrum of the irradiance
system 180, or where irradiance from the irradiance system 180 is used to
illuminate the surface 104 for the purpose of the reflectivity measurement, as
mentioned above, for example.

In the present embodiment, the second detector 516 includes a broadband
radiation detector. The second detector 516 receives electromagnetic
radiation from the illumination source 502 via the optical fiber 514, and
produces a single data value representing the broadband intensity across the
entire spectrum of interest of the electromagnetic radiation from the
illumination source 502.

In this embodiment, the processor circuit 110 of the RSC 112 is in
communication with the second measurement system 500, or more
particularly with the illumination source 502 and the detector 504, via the fiber
optic network (not shown).

OPERATION — OVERVIEW

In this embodiment, several approaches are used in combination to improve

consistency and repeatability of rapid thermal processing cycles.

In a first approach, a heating effect of an irradiance flash to be incident on the
surface 104 of the workpiece 106 is predicted, in response to a measurement
of a heating parameter of the surface 104. The irradiance flash is then pre-
adjusted, prior to its commencement, in response to the predicted heating
effect. Thus, for example, the heating parameter may include emissivity of
the surface 104 of the workpiece 106, and if two ostensibly identical



10

15

20

25

30

WO 2007/030941 PCT/CA2006/001518

-08-

workpieces in fact have slightly different emissivities, the energy output of the
irradiance flash may be pre-adjusted to compensate for the different
percentages of the irradiance flash that will be absorbed by the surfaces of
the two workpieces.

In a second approach, a temperature of the surface 104 of the workpiece 106
is measured during an initial portion of the irradiance flash incident on the
surface 104. A power of a remaining portion of the irradiance flash is
controlled, in response to the temperature. Thus, for example, if real-time
measurements of the temperature of the surface 104 during the initial portion
of the irradiance flash (such as during the first 0.3 to 0.5 ms of the flash, for
example) indicate that the surface 104 is being heated more quickly or less
quickly than desired, the power of the remaining portion of the flash may be
reduced or increased, to cause the temperature of the surface 104 to more
closely follow a desired temperature trajectory.

In a third approach, at least one thermal efficiency parameter associated with
the irradiance system 180 is monitored, and in response, control information
used by the irradiance system to produce the irradiance flash is automatically
updated. In this regard, it is possible that the thermal efficiency of the system
100 may decrease over time, due to contamination or deterioration of flash
lamp components such as electrodes, envelopes or coolants, for example, or
of the window 186 or other components of the system 100; conversely, it is
possible that the thermal efficiency of the system may increase, for example,
if deteriorated electrodes or other components are replaced, or if
contaminated coolants or windows are cleaned or replaced, for example.
Thus, in this embodiment, the control information used to produce the
irradiance flash is automatically updated, to compensate for such changes in
thermal efficiency of the system.

In a fourth approach, an electrical pulse having a fall time less than its rise
time is supplied to an irradiance device (or more particularly, to the flash
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lamps 182, 183, 185 and 187 in the present embodiment), to produce the
irradiance flash incident on the surface 104 of the workpiece 106.

Although all of these approaches may be adopted in combination in a
particular embodiment, in illustrative alternative embodiments, any one of
these approaches may be adopted without necessarily adopting any or all of
the remaining approaches. A combination of all of these approaches tends to
minimize errors and maximize reproducibility, although subcombinations of
one or more of these approaches may suffice for applications that do not
require extreme reproducibility.

Main Rapid Thermal Processing Routine - Overview

Referring to Figures 1 and 2, in this embodiment the main RTP routine 221
directs the processor circuit 110 to control the system 100 to subject the
workpiece 106 to a desired thermal cycle. To achieve this, in the present
embodiment the main RTP routine 221 directs the processor circuit 110 to
receive and store user-specified parameters defining the desired thermal
cycle, which may be input by a user using a user input device (not shown)
such as a keyboard, for example. More particularly, in this embodiment the
user-specified parameters include a unique workpiece type identifier Wy, a
desired intermediate temperature T;yr to which the entire workpiece 106 is to
be heated immediately prior to the commencement of the irradiance flash, and
a desired temperature jump 47 to which only the surface 104 of the workpiece
106 is to be heated, while the bulk of the workpiece remains substantially at or
near the intermediate temperature T;yr. The processor circuit 110 is directed
to store the user-specified parameters in the RTP parameters store 284.

In this embodiment, the workpiece type identifier W, identifies a specific one
of a plurality of different types of workpieces that have been pre-characterized
for thermal processing by the system 100. More particularly, in this
embodiment the workpiece parameters store 240 includes pre-defined
thermal processing parameters for each of these different types of pre-
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characterized workpieces. More particularly still, in the present embodiment
the relationship between the user-specified temperature jump 47 and the
corresponding amount of electrical charge to be stored in the power supply
system 188 may be approximated as AT = Stg * In(Ecy) + Org. Thus, in this
embodiment the workpiece parameters store 240 stores a plurality of
workpiece characterization records, each such record including a field storing
the unique workpiece type identifier Wjp, respective fields storing the
predetermined characterizing values Sz and Oy for that type of workpiece,
and a further field storing an efficiency value Cre representing the efficiency of
the system 100 at the time the characterizing values Sy and Orz were
generated and stored for that workpiece type. In this embodiment, each
record in the workpiece parameters store 240 further includes a field for
storing a reference energy indicator value Eggr corresponding to the particular
workpiece type, as discussed in greater detail below in connection with the
pre-adjustment routine 222. Alternatively, although a logarithmic relationship
between temperature jump and electrical charge is consistent with empirical
observations for the purposes of the present embodiment, other suitable
approximations or functional relationships may be substituted, and other
corresponding characterizing values may be stored. For example, the
specified intermediate temperature Ty may also be taken into account in
defining the relationship between the specified temperature jump 4T and the
required electrical charge Ecy to achieve that jump. Likewise, the tendency of
greater electrical charges to produce more irradiance at ultraviolet
wavelengths, which silicon tends to reflect rather than absorb, may also be
taken into account in a given functional relationship if desired.

In this embodiment, the main RTP routine 221 directs the processor circuit
110 to use the workpiece type identifier W;p stored in the RTP parameters
store 284 to locate and address the corresponding record in the workpiece
parameters store 240. The processor circuit 110 is then directed to use the
located characterizing values Sz and Org and the specified temperature jump
AT to calculate a corresponding amount of electrical energy Ecxn to be stored
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in the power supply system 188 (or more particularly, in the capacitor banks
thereof) to produce the desired irradiance flash:

(AT—OTE }
STE

Eoyy =e

Alternatively, parameters other than Wy, Tivr and AT may be used to define
the desired thermal cycle. For example, if the workpiece to be processed is
not one of the pre-characterized wafer types, the identifier W;p may be
omitted. In such a case, the user-specified parameters may include the
desired intermediate temperature T,y and a desired amount of electrical
energy Ecyy to be stored in the power supply system 188 to produce the
irradiance flash. Alternatively, for such an un-characterized wafer type, the
desired intermediate temperature Ty and desired temperature jump AT may
be specified, and the processor circuit may determine the desired electrical
energy and voltage with reference to a default workpiece type, with any
emissivity differences between the default workpiece type and the actual
workpiece 106 to be compensated for by execution of the pre-adjustment
routine 222, as discussed in greater detail below.

In this embodiment, the stored charge value Ecyy is then adjusted to
compensate for any drift in system efficiency that may have occurred since
the characterizing values Sy and Oz were generated for the present
workpiece type. To achieve this, in this embodiment the main RTP routine
221 directs the processor circuit 110 to adjust the charging energy Ecyuy in
response to the efficiency value Crg from the currently addressed record in the
workpiece parameters store 240 representing the efficiency of the system 100
at the time the record was generated, and a present system efficiency value
C.snv) representing the present efficiency of the system 100. In this
embodiment, the latter present efficiency value C.gy, is stored in the efficiency
parameters stores 238 and 286, as discussed in greater detail below in
connection with the drift control routine 236 (“Stage 3"). Thus, the main RTP
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routine 221 directs the processor circuit 110 to calculate an efficiency-
adjusted electrical energy value,

C
E pr = Ecun (—C_@_J
eff (N)

The main RTP routine 221 directs the processor circuit 110 to store this
adjusted electrical energy value E,p; in the charging parameters store 278.
Alternatively, drift correction may be omitted, if desired.

In this embodiment, the processor circuit 110 is also directed to store a
corresponding capacitor charging voltage value V in the charging parameters
store 278, representing a voltage at which the capacitor banks of the
individual electrical power supply systems 189, 191, 193 and 195 are to be
charged to store the desired amount of electrical energy Esp; . This voltage V
may be calculated by dividing the efficiency-adjusted energy Eip; by the
number of flash lamps and assuming that the capacitor banks for each flash
lamp are ideal capacitors for which E=0.5CV?, i.e., V=(2E/C)"**. Alternatively,
to compensate for any non-ideal aspects of the capacitor banks, the charging
voltage may be determined from the efficiency-adjusted energy vaiue by using
the latter value E.p; to address the charge look-up table 228 to locate a
corresponding charging voltage V.

In the present embodiment, prior to commencement of the thermal cycle, the
main RTP routine 221 directs the processor circuit 110 to execute the pre-
adjustment routine 222. As discussed in greater detail below (“Stage 1”), the
pre-adjustment routine 222 directs the processor circuit to measure the
emissivity of the actual workpiece 106 that is to be processed, to compensate
for any possible differences in emissivity between the workpiece 106 and the
emissivity of the workpiece that was used to produce the record for that type
of workpiece stored in the workpiece parameters store 240. Further
adjustments to the charging energy E.p, and voltage V stored in the charging
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parameters store 278 may be made if appropriate, as discussed in greater
detail below in connection with the pre-adjustment routine 222.

Following execution of the pre-adjustment routine 222, the main RTP routine
221 directs the processor circuit 110 to control the system 100 to carry out the
thermal cycle. More particularly, in this embodiment the main RTP routine
221 directs the processor circuit 110 to control the pre-heating device 150
while monitoring temperature measurement signals received from the fast
radiometer 164, to pre-heat the workpiece 106 to the desired intermediate
temperature Ty stored in the RTP parameters store 284. The processor
circuit 110 also controls the power supply system 188 to charge the capacitor
banks of the individual power supply systems 189, 191, 193 and 195 to the
charging voltage V specified in the charging parameters store 278, in order 10
store the desired adjusted amount of electrical energy Esp; specified in the
charging parameters store 278. When the intermediate temperature has been
reached, the main RTP routine 221 directs the processor circuit 110 to
commence execution of the flash feedback control routine 224, which directs
the processor circuit to signal the power supply system 188 to begin
discharging the stored electrical energy to produce the irradiance flash. The
execution of the flash feedback control routine 224 and the generation of the
irradiance flash preferably commence immediately when or very quickly after
the intermediate temperature has been reached, to minimize dwell time at the
intermediate temperature.

Following completion of the thermal cycle, the main RTP routine 221 then
directs the processor circuit 110 to execute the drift control routine 236, to
effectively measure any changes in system efficiency, to allow the system to
compensate for such changes when executing the next thermal cycle.

Stage 1: Predicting and Pre-Adjusting
Referring to Figures 1, 2 and 5, in this embodiment the processor circuit 110

is programmed or configured to predict a heating effect of an irradiance flash
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to be incident upon the surface 104 of the workpiece 106, in response to a
measurement of a heating parameter of the surface 104. The processor
circuit 110 is configured to pre-adjust the irradiance flash, in response to the
predicted heating effect. In this embodiment, the heating effect is predicted in
response to a measurement of an emissivity of the surface 104 and an

amount of energy to be delivered to the surface 104 by the irradiance flash.

More particularly, in this embodiment the processor circuit 110 is configured to
predict respective heating effects of similar irradiance flashes to be incident
upon respective surfaces of a plurality of similar workpieces, in response to
measurements of respective heating parameters of the surfaces, and is
further configured to pre-adjust the flash for each one of the workpieces, in
response to the predicted heating effects. More particularly still, in this
embodiment the workpieces are ostensibly identical. In this regard, it has
been found that even where a plurality of workpieces are ostensibly identical,
their surfaces 104 may in fact have different emissivities, and may therefore
absorb different percentages of the irradiance flash. Accordingly, even if the
irradiance flash itself is virtually identical from workpiece to workpiece, such
emissivity variations among ostensibly identical workpieces tend to produce
different heating effects, such as different temperature trajectories and peak
temperatures of the surface 104. For example, Figure 6 illustrates that even
a relatively small difference in emissivities of the surfaces of two workpieces
may significantly affect the peak temperatures that their surfaces reach when
subjected to an identical flash. Accordingly, in the present embodiment such
different heating effects are predicted, and the irradiance flash is pre-adjusted
prior to its commencement, to attempt to compensate for such variations.
Alternatively, the methods of the present embodiment may be applied equally
where the workpieces are not ostensibly identical or similar. For example,
when a workpiece to be processed does not belong to one of the workpiece
types whose thermal processing parameters have been pre-characterized and
stored in the workpiece parameters store 240, the irradiance flash may be
pre-adjusted for such a workpiece by measuring its emissivity, predicting the
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heating effect of the irradiance flash on the surface of the workpiece, and
comparing it to the expected heating effect of such a flash upon a pre-
characterized workpiece type.

To achieve such prediction and pre-adjustment, in the present embodiment
the pre-adjustment routine 222 shown in Figure 2 programs or configures the
processor circuit 110 (or more particularly, the microprocessor 210) to co-
operate with the second measurement system 500 shown in Figure 5, to
measure the heating parameter of the surface 104. More particularly, in this
embodiment the heating parameter includes the emissivity of the surface 104,
which in this embodiment is measured indirectly, by measuring the reflectivity
of the surface (as discussed earlier herein, in the present embodiment,
transmissivity of the workpiece may be ignored due to the short wavelengths
of the irradiance flash, and hence, emissivity may be approximated as ew(4) =
1 - Rw(4)). In this embodiment, the heating parameter is measured in a
wavelength spectrum corresponding to the irradiance flash, which in this
embodiment is a spectrum between 180 and 1400 nm. More particularly, in
this embodiment a plurality of values of the heating parameter are measured
at a plurality of respective wavelengths 1 = {4;, 4, ... An/} of the spectrum.

To achieve this, in the present embodiment, a set of values indicative of the
intensity of an illumination spectrum produced by the illumination source 502
is first stored in the reference illumination intensity store 262 in the memory
device 260. In the present embodiment, this is achieved by using a reference
piece (not shown), although alternatively, other ways may be substituted (for
example, by providing an additional spectrometer (not shown) for directly
measuring the illumination intensity). In this embodiment, the reference piece
has a known reflectivity Rger(4) for the plurality of wavelengths A = {A;, A, ... An/
of the spectrum corresponding to the irradiance flash. In the present
embodiment, the reference piece includes a highly reflective polished
aluminum wafer having external dimensions similar to those of the workpiece
106, although alternatively, any other suitable reference piece with a known
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reflectivity may be substituted. In embodiments where only a single
reflectivity value such as a broadband reflectivity value is used instead of a
plurality of reflectivity values, a reference piece having a known corresponding
single reflectivity value will suffice. In this embodiment, the known reflectivity
values Rzer(A) of the reference piece for the wavelengths 4 = {4;, 42, ... v/ are
stored in the reference reflectivity store 261 of the memory device 260. The
pre-adjustment routine 222 may direct the processor circuit 110 to load these
values into the reference reflectivity store 261 from a non-volatile storage
location such as the storage device 220, or alternatively, may direct the
processor circuit 110 to obtain these known reflectivity values in another
manner (such as by prompting a user of the RSC 112 to manually enter the
values or a location at which they are stored, for example).

In this embodiment, the pre-adjustment routine 222 then directs the processor
circuit 110 to control the illumination source 502, the detectors 504 and 516
and the probe 506, to illuminate an upper surface of the reference piece, and
to measure the intensity of the illumination that is reflected by the reference
piece. The processor circuit 110 receives from the detector 504 a plurality of
measurement values Mzer(4) of the measured intensity of irradiance reflected
by the reference piece at each of the wavelengths A = {A;, 43 ... Av/, and
calculates the illumination intensity Izer(4) of the illumination from the
ilumination source 502 incident upon the reference piece,
Irer(A)=Mgrer(3)/Rrer(4), for each of the wavelengths 4 = {45, 42, ... Av}. The
illumination intensity values Izz-(4) are then stored in the reference illumination
intensity store 262 in the memory device 260. In addition, in this embodiment
the processor circuit 110 receives from the detector 516 a single value Ipggr,
representing the broadband intensity of the illumination spectrum incident
upon the reference piece, and stores this value in the reference broadband
intensity register 263. As discussed in greater detail below, these stored
values Irzr(A) and Iprer are used to determine the illumination spectrum Iu(A)
incident on the surface 104 of the workpiece 106.
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In this embodiment, it is assumed that the illumination spectrum produced by
the illumination source 502 is spectrally stable, in the sense that the ratio of
illumination intensity at any one wavelength in the spectrum to illumination
intensity at any other wavelength in the spectrum remains constant, and does
not change between the time at which the reference piece was illuminated
and the subsequent time at which the workpiece is illuminated. However, the
absolute magnitude of illumination intensity may vary (e.g., it is possible that
the illumination intensity incident upon the workpiece may be slightly greater
at all wavelengths, or alternatively, slightly lower at all wavelengths, than the
illumination intensity incident upon the reference piece). To compensate for
any “drift” that may affect the illumination source 502 over longer time-scales
(i.e., any gradual changes that may affect the proportional intensity at one or
more wavelengths relative to other wavelengths), the illumination intensity
may be subsequently re-measured using the reference piece, and the
contents of the reference illumination intensity store 262 and the reference
broadband intensity register 263 may be refreshed accordingly. Such re-
calibration may be performed periodically on a scheduled basis, or when
observed temperature measurements during thermal processing indicate an
inconsistency, for example. If desired, such re-calibration may be performed
prior to each reflectivity measurement of each successive workpiece, although
re-measuring the illumination intensity at such a frequency for calibration
purposes may be disadvantageous for some embodiments unless it can be
done sufficiently quickly to avoid slowing the throughput of the processing
chamber 130.

Alternatively, as noted above, the illumination intensity incident upon the
workpiece may be measured or predicted in any other suitable way.

In this embodiment, the pre-adjustment routine 222 then directs the processor
circuit 110 to measure the heating parameter, which in this embodiment is the
emissivity ew(4) of the surface 104, at the plurality of wavelengths A = {4;, 4,, ...
An} of the spectrum corresponding to the irradiance flash. In the present
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embodiment, the emissivity ey(4) is measured indirectly, by measuring the
reflectivity Ry(4) of the surface 104.

In this embodiment, measuring the heating parameter includes compensating
for small-scale angular variations in the heating parameter. More particularly,
in the present embodiment, compensating includes measuring the heating
parameter over a sufficiently large area of the surface to effectively average
out the small-scale angular variations. Thus, in the present embodiment, in
which the surface 104 of the workpiece 106 includes a device side 122 of a
semiconductor wafer 120, measuring the heating parameter over a sufficiently
large area includes measuring the heating parameter over an area at least
about 1 cm wide. More particularly, in this embodiment the heating parameter
is measured over an area at least about 2 cm wide on the surface 104 of the
workpiece 106, using the optical fiber probe 506.

In this regard, it has been found that measuring reflectivity over such an area,
which is large compared to the structural sizes of devices formed on the
surface 104, tends to average out or compensate for the angular dependence
of reflections caused by such devices, thereby reducing measurement error
as compared to measurement over a smaller portion of the surface 104.
Alternatively, the measurement area may be smaller than 1 cm while still large
compared to the sizes of devices on the surface 104, and hence sufficiently
large to average out small-scale angular variations in reflection. Or, as a
further alternative, the measurement area may be larger than 2 cm, and may
include the entire surface 104, for example. Alternatively, other ways of
reducing such errors may be substituted. For example, an integrating sphere
may be employed to measure hemispherical reflectivity, although integrating
spheres may be undesirable for certain specific embodiments due to the
possibility of contamination resulting from the close proximity of such spheres
to the object being measured.
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Thus, in this embodiment the processor circuit 110 is directed to control the
illumination source 502 to illuminate the 2 cm-wide area on the surface 104 of
the workpiece 106, with an irradiance spectrum including wavelengths 1 = {4,,
A2, ... Ayj of the irradiance flash. It will be recalled that in the present
embodiment, the illumination source 502 includes a deuterium-halogen
source. Thus, in the present embodiment the surface 104 is illuminated with
an irradiance spectrum produced by an illumination source other than the
irradiance system 180 that produces the irradiance flash.

In the present embodiment, as the surface 104 of the workpiece 106 is being
illuminated by the illumination source 502, the pre-adjustment routine 222
directs the processor circuit 110 to receive signals from the detector 516,
representing the broadband illumination intensity Iy being produced by the
illumination source 502. The processor circuit is directed to store the
ilumination intensity value in the workpiece broadband intensity register 264.
Concurrently, in this embodiment the pre-adjustment routine 222 directs the
processor circuit 110 to receive signals from the detector 504, representing
the measured reflected intensity My(4) of the illumination spectrum reflected
by the surface 104 of the workpiece 106 at each of the wavelengths 1 = {4, 4,,

. AnJ. The processor circuit is directed to store the measured reflected
intensity values My(4) in the reflection intensity store 266.

In the present embodiment, for each wavelength A, the pre-adjustment routine
222 directs the processor circuit 110 to calculate the illumination intensity
value Iw(4) and the reflectivity Ruw(4) of the surface 104 at that wavelength. To
calculate the illumination intensity values Iy(1) representing the intensity of
illumination incident on the surface 104, the processor circuit is directed to
multiply the values Izgr(A) stored in the reference illumination intensity store
262, by the ratio of the illumination intensity value Iy stored in the workpiece
broadband intensity register 264 to the illumination intensity value Iyzzr stored
in the reference broadband intensity register 263, i.e., In(A)=Irer(4)*Iow/lorEr.



10

15

20

25

30

WO 2007/030941 PCT/CA2006/001518

-40-

The processor circuit is directed to store the resulting workpiece illumination
intensity values Iy(4) in the illumination intensity store 265.

To calculate the reflectivity Ry(4) of the surface 104 at a particular wavelength,
the pre-adjustment routine 222 directs the processor circuit 110 to divide the
measured reflected intensity value My{(1) for that wavelength stored in the
reflection intensity store 266 by the corresponding illumination intensity value
Iw(4) for that wavelength stored in the workpiece illumination intensity store
265, i.e., Rw(4) = Mw(4) / Iv(4). The processor circuit 110 is directed to store
the corresponding reflectivity values Ry(1) for each of the wavelengths 1 = {4;,
A2, ... An} in the workpiece reflectivity store 267 in the memory device 260.

In this embodiment, the processor circuit 110 is then directed to caiculate and
store corresponding workpiece emissivity values in the workpiece emissivity
store 268. In this embodiment, it is assumed that the workpiece is opaque, so
that its transmissivity is zero. Thus, for each reflectivity value Rw(4), the
corresponding stored emissivity value is ew(4) = I - Ry(4).

If desired, the emissivity and/or reflectivity values may be corrected to
compensate for temperature differences. In this regard, the foregoing
measurement of reflectivity may be conducted outside the processing
chamber 130 at room temperature, whereas the temperature of the workpiece
106 may be considerably hotter (e.g., hundreds of degrees Celsius) when the
surface 104 is initially subjected to the irradiance flash, and the temperature of
the surface 104 will be hotter still (e.g., in the vicinity of the melting point of
silicon) when it is actually heated by the flash. As reflectivity and emissivity
tend to vary weakly with temperature, if desired, a correction may be applied
to the stored reflectivity and/or emissivity values, to compensate for the fact
that the reflectivity and emissivity of the surface 104 will be slightly different at
the time that the surface 104 is subjected to the irradiance flash than they
were at the time they were measured, due to the aforementioned temperature
difference. Such corrections to the stored reflectivity and/or emissivity values
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due to differences in the temperature of surface 104 may be empirically
determined for a variety of workpieces. Alternatively, as such corrections are
typically small and within the capabilities of the Stage 2 real-time feedback
control of flash as described below, such corrections may be omitted, if
desired.

In this embodiment, the pre-adjustment routine 222 then directs the processor
circuit 110 to predict the heating effect of the irradiance flash, which may
effectively include predicting a peak temperature of the surface 104.

In the present embodiment, predicting the heating effect of the irradiance flash
includes predicting an amount of energy of the irradiance flash to be absorbed
by the surface 104. More particularly, in this embodiment the pre-adjustment
routine 222 configures the processor circuit 110 to predict the heating effect in
response to a measurement of an emissivity of the surface 104 and an
amount of energy to be delivered to the surface 104 by the irradiance flash.

To achieve this, in the present embodiment, the pre-adjustment routine 222
configures the processor circuit 110 to convolve the plurality of values of the
heating parameter at the plurality of respective wavelengths of the spectrum
with a plurality of irradiance values indicative of respective amounts of
irradiance at the respective wavelengths to be delivered to the surface by the
flash. More particularly, in this embodiment the plurality of values of the
heating parameter include the plurality of emissivity values stored in the
workpiece emissivity store 268, which in this embodiment were measured by
measuring the corresponding reflectivity values of the workpiece. Thus, in
this embodiment the processor circuit 110 is directed to convolve a plurality of
absorptivity values of the surface 104 at the plurality of respective
wavelengths A = {4;, 42, ... Ay} with a plurality of irradiance energy values
Irrasu(4) indicative of respective amounts of radiant energy at the respective
wavelengths to be delivered to the surface 104 by the flash.
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In this embodiment, the absorptivity values for the convolution are the
emissivity values &(1) stored in the workpiece emissivity store 268. With
respect to the irradiance energy values for the convolution, in this
embodiment, initial values for the plurality of irradiance energy values Irasu(4)
are simulated based upon optical and geometrical properties of the system
100. Alternatively, the initial values for the plurality of irradiance energy
values Ir4su(A) may be set equal to a set of measured irradiance energy
values Ir4su(A) for a previous flash (such as the most recent flash), or an
average of irradiance energy values for a set of previous flashes (such as a
running average over the most recent N flashes, for example). In such
embodiments, the irradiance energy values may be obtained by directly
measuring the irradiance flash; if desired, separate equipment, such as an
additional measurement system similar to the measurement system 102, may
be provided to directly measure the irradiance of the flash, and to compensate
for the effects of the system 100 to determine the values Ir4su(4) indicative of
flash energy actually arriving at the surface 104. Alternatively, the initial
values for the plurality of irradiance energy values Irasu() may be stored, in

the storage device 220, for example, or elsewhere.

In this embodiment, the simulation of the plurality of irradiance energy values
indicative of radiant energy delivered to the surface 104 by the irradiance
flash is achieved by the processor circuit 110 under the direction of the
simulation routine 226. In this embodiment, the simulation routine 226
includes LIGHTTOOLS™ 3D solid modelling and illumination analysis
software, available from Optical Research Associates of Pasadena, CA, USA.
The latter software analyzes the optical and geometric properties of the
system 100, and calculates the amounts of energy Ir.asu(4) of the irradiance
flash that will actually arrive at the surface 104. For example, in this
embodiment the electro-optical conversion efficiency (i.e., the efficiency of the
conversion of stored electrical energy in the capacitor banks into
electromagnetic energy of the irradiance flash) is approximately 44%.
Likewise, of the total irradiance flash that is produced, some is absorbed by
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chamber walls, water-windows or other system components, and only a
portion (in this embodiment approximately 36%) of the total energy of the
irradiance flash actually arrives at the surface 104. Thus, in this embodiment
the overall efficiency of converting stored electrical energy into
electromagnetic energy incident on the surface 104 is 0.44 * 0.36 = 0.16.
Therefore, in this embodiment, the irradiance system 180 can deliver up to
387.1 kJ * 0.16 = approximately 6x10* J of electromagnetic energy to the
surface 104 of the workpiece. In this embodiment, the simulation routine 226
directs the processor circuit 110 to analyze the system 100 on a wavelength-
by-wavelength basis, taking into account the foregoing electrical and optical
energy losses, to calculate the respective amounts Irasu(A) of irradiance flash
energy that will arrive at the surface 104 of the workpiece 106, at each of the
wavelengths 4 = {i;, 4, ... Ay/. The simulation routine 226 directs the
processor circuit 110 to store the resulting irradiance energy values Iriasu(4) in
the irradiance energy store 270; if desired, the irradiance energy values
Irasu(2) may also be stored in the storage device 220 for future use.

In this embodiment, the pre-adjustment routine 222 directs the processor
circuit to predict the heating effect of the irradiance flash by convolving the
emissivity values ¢(1) stored in the workpiece emissivity store 268, with the
irradiance energy values Irasu(4) stored in the irradiance energy store 270.

More particularly, in this embodiment the convolution is E; = Z{€)*(Irrasu)i-j.

The processor circuit 110 is directed to store these values E; in the absorbed
energy store 272 in the memory device 260.

In the present embodiment, predicting the heating effect further includes
summing a plurality of absorbed energy values resulting from the convolving.
More particularly, in this embodiment the pre-adjustment routine 222 directs
the processor circuit 110 to sum all of the energy values E; stored in the
absorbed energy store 272, to produce an energy indicator value Eror, and to
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store this energy indicator value in the energy indicator register 274 in the
memory device 260.

The processor circuit 110 is then directed to effectively compare this energy
indicator value with a previously stored reference energy indicator value Eggr.
In this embodiment, the previously stored reference energy indicator value
Erer is calculated in the same manner as the energy indicator Eror, for a
reference piece (not shown) rather than for the workpiece 106. More
particularly, in this embodiment the reference piece is the workpiece that was
used to create the record in the workpiece parameters store 240 for the
present workpiece type (W;p), from which the processor circuit obtained the
characterizing values O7z and Sy that were used by the processor circuit to
calculate the electrical charge energy and voltage values Ecuy, Espy and V, as
discussed above in connection with the main RTP routine 221. Thus, in this
embodiment the reference energy indicator value Eggr is stored in the record
in the workpiece parameters store corresponding to the workpiece type
identifier (W;p) for the workpiece 106.

Alternatively, if the workpiece 106 has not been previously characterized and
does not have a workpiece type identifier W;p, then a record in the workpiece
parameters store 240 for a default or generic workpiece type is used to extract
the characterizing values Oz and Szz under the direction of the main RTP
routine 221 as discussed above, and that same record is used to extract the
reference energy indicator value FEzgr under the direction of the pre-

adjustment routine.

In this embodiment, the pre-adjustment routine 222 then directs the processor
circuit 110 to pre-adjust the irradiance flash. More particularly, in this
embodiment the processor circuit is directed to pre-adjust an amount of stored
electrical energy to be used to generate the irradiance flash. In this
embodiment, the stored electrical energy includes electrical charge stored in a
capacitor bank. More particularly, in this embodiment the stored electrical
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energy to be pre-adjusted is the electrical charge stored in the power supply
system 188, or more particularly still, in the capacitor banks of the four
respective individual electrical power supply systems 189, 191, 193 and 195.

In this embodiment, the electrical energy stored in the power supply system
188 is pre-adjusted in response to a comparison of the energy indicator Eror
for the workpiece 106 to the previously stored energy indicator Eggr for the

reference piece, as discussed in greater detail below.

In this embodiment, it will be recalled that the amount of electrical energy Eap;
to be stored in the power supply system 188 (or more particularly, in the
capacitor banks thereof) and the corresponding capacitor charging voltage V
to generate the irradiance flash are determined by the processor circuit 110
under the direction of the main RTP routine 221, which stores the charging
voltage V and the corresponding charge energy E.p; in the charging
parameters store 278, in response to user-specified parameters defining the
desired thermal cycle and identifying the type of workpiece to be processed.

In this embodiment, the pre-adjustment routine 222 directs the processor
circuit to pre-adjust the irradiance flash. To achieve this, in this embodiment
the processor circuit reads the user-specified or predefined parameter AT
stored in the RTP parameters store 284, which defines the magnitude of the
desired temperature jump, and multiplies AT by Eger / Eror, t0 oObtain an
emissivity-corrected temperature jump parameter ATgc. The emissivity-
corrected temperature jump parameter ATxc and the workpiece characterizing
values Oz and Oy are then used to obtain an emissivity-corrected electrical
energy value Ecun ec, in the same manner as discussed above in connection
with the main RTP routine 221:

[ ATpc—Or ]
Sre

Ecun_gc =€
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Similarly, as discussed above in connection with the main RTP routine 221, to
correct for any deterioration or changes to the efficiency of the system 100
since the workpiece characterizing values Oz and O7z were generated and
stored, the pre-adjustment routine 222 further directs the processor circuit to
use the new emissivity-corrected charge value to calculate an emissivity-
corrected and efficiency-adjusted electrical energy value,

C
Eups ec = ECHN_EC[C = J
eff (N)

In this embodiment, the pre-adjustment routine 222 further directs the
processor circuit to use the emissivity-corrected and efficiency-adjusted
electrical energy value Esp; rc to determine a corresponding emissivity-
corrected, efficiency-adjusted charge voltage Vg, either by calculation or by
reference to the charge look-up table 228, in a manner similar to that
discussed above in connection with the main RTP routine 221. (Alternatively,
in embodiments where efficiency drift correction is omitted, the emissivity-
corrected charging voltage may be determined from Ecyy sc rather than
Eaps rc.) The emissivity-corrected and efficiency-adjusted charge voltage Vic
and charging energy Esp; gc are then written to the charging parameters store
278, over-writing the values of E4p; and V that were previously stored by the
processor circuit under the direction of the main RTP routine 221. Thus, the
new adjusted charge voltage value Vg specifies the emissivity-corrected
voltage that will be used to charge the capacitor banks of the power supply
system 188 when the workpiece 106 has been loaded into the chamber 130
for processing, while the new value of Eip; gc specifies the corresponding
emissivity-corrected electrical charge energy, which may be used for
monitoring the efficiency of the system (in Stage 3, as discussed below). If
the energy indicator Eror for the workpiece 106 is greater than the energy
indicator Eggr for the reference piece that was used to create the
corresponding record in the workpiece parameters store 240, then the
workpiece 106 will tend to absorb a greater percentage of the energy of the
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irradiance flash than the reference workpiece, with the result that less irradiant
energy is required to heat the surface 104 of the workpiece 106 to a given
temperature than would be required to heat a similar surface of the reference
piece to the same temperature. In such a case, 4Txc is less than 4T. In other
words, the emissivity-corrected charging voltage Vg corresponds to a voltage
that would have been required to cause the reference piece to experience a
temperature jump of only ATxc rather than AT; as a first-order correction, this
same charging voltage Vgc that would have heated the reference piece
surface by only ATgc is expected to heat the surface 104 by a temperature
jump of AT, in view of the greater emissivity of the surface 104 of the
workpiece as compared to the surface of the reference piece to which the
presently used record in the workpiece parameters store 240 corresponds.
Thus, in such a case, the charging voltage required to cause the surface 104
to experience a temperature jump of AT is less than that required to induce an
identical temperature jump in a surface of the reference piece. Conversely, if
the energy indicator Eror for the workpiece 106 is lower than the energy
indicator Exgr for the reference piece to which the presently used record in the
workpiece parameters store 240 corresponds, then the adjusted index ATgc
will be greater than the user-specified or predefined value AT, and the
corresponding voltage Vgc will be higher than a voltage V that would have
been required to induce a temperature jump of AT in a surface of the
reference piece; as a first-order correction, this charging voltage Vgc is
expected to induce the desired temperature jump of 47 in the surface 104.

Stage 2: Real-Time Feedback Control of Flash
Referring to Figures 1 and 2, in this embodiment, the flash feedback control

routine 224 configures the processor circuit 110 to cooperate with the
measurement system 102 to measure the temperature of the surface 104 of
the workpiece 106 during an initial portion of an irradiance flash incident on
the surface 104. The flash feedback control routine 224 further configures the
processor circuit to cooperate with the irradiance system 180 to control a
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power of a remaining portion of the irradiance flash, in response to the
temperature during the initial portion.

In this embodiment, the irradiance flash has a duration of less than a thermal
conduction time of the workpiece, which in this embodiment is on the order of
about 1 x 10" ms. More particularly, in this embodiment the irradiance flash
has a duration of less than about 2 ms. More particularly still, in this
embodiment the irradiance flash has a duration on the order of about 1 ms.

In this embodiment, the irradiance flash tends to be significantly more
powerful than typical irradiance flashes that may have been previously
subjected to real-time feedback control. In this regard, in this embodiment the
irradiance flash delivers energy to the surface at a rate of at least about 1
MW. More particularly, in this embodiment the irradiance flash delivers
energy to the surface at a rate of at least about 10 MW; more particularly still,
at a rate of at least about 30 MW; and more particularly still, at a rate of at
least about 60 MW. For example, if the four capacitor banks of the power
supply system 188 are all charged at 3500 V to store a total of 387.1 kJ of
electrical energy, and if this electrical energy is discharged in a flash having a
duration between one and two milliseconds, then the rate at which electrical
energy is discharged from the power supply system 188 is between 193.5 and
387 MW. If this electrical energy is converted at an illustrative efficiency of
44% to 170.324 kJ of electromagnetic radiation energy, then the power of the
irradiance flash over its 1-2 ms duration is between 85.1 and 170.3 MW. If
the system 100 delivers this electromagnetic energy to the surface 104 at an
illustrative efficiency of 36%, then approximately 61.3 kJ of energy would be
delivered to the surface 104, at an average rate of 30.7 MW (for a 2 ms flash)
to approximately 61.3 MW (for a 1 ms flash). Alternatively, the capacitor
banks may be charged to less than their maximum charges, for lower energy
delivery rates, if desired. Conversely, capacitance banks with larger
capacitances and/or charging voltages may be substituted, to provide even
greater energy delivery rates, if desired.
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In this embodiment, the initial portion of the flash (during which the
temperature of the surface 104 is measured) has a duration of less than about
one millisecond. More particularly, in this embodiment the initial portion has a
duration of less than about one-half millisecond, or more particularly still, less
than about 6 x 10% microseconds. More particularly still, in this embodiment
the irradiance flash has a duration on the order of about one and a half
milliseconds, and the initial portion of the flash has a duration of about 4 x 102
microseconds. In this regard, in this embodiment, the duration of the initial
portion of the flash is selected by balancing two competing factors: the desire
for more accurate temperature measurement data, which favors a longer
initial portion in order to acquire more temperature measurement data; and
the competing desire to be able to act quickly enough to control the remaining
portion of the flash in order to achieve a desired peak temperature, which
favors a shorter initial portion. With respect to the latter concern, in an
illustrative embodiment, it has been found that adjustments that increase or
decrease the peak arc current supplied to the flash lamp tend to increase or
decrease the peak temperature of the surface 104, whereas adjustments that
are made after the peak arc current has already occurred (and which
therefore do not increase or decrease the peak arc current) tend to alter the
temporal temperature profile of the surface 104, but may not appreciably alter
the peak temperature of the surface 104, depending upon the shape of the
current pulse (for example, alteration of a bell-shaped current pulse similar to
those shown in Figure 7 subsequent to the current peak may not appreciably
alter the peak surface temperature, whereas alteration of an alternative flat-
topped current pulse (not shown) subsequent to arrival at the flat-topped
current peak may indeed affect the peak workpiece surface temperature). In
this embodiment, to allow sufficient time to adjust the peak temperature of the
surface 104, it is desirable to define the initial portion to be sufficiently short
that the remaining portion of the flash, which is to be controlled, commences
prior to the peak of the arc current. Thus, for example, in an alternative
embodiment, the initial portion may have a duration of less than about one-
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half, or even less than about one-quarter, of a duration that the irradiance
flash would have had if it had not been controlled by the intervention of the
processor circuit 110 under the direction of the flash feedback control routine
224.

In this embodiment, measuring the temperature of the surface 104 during the
initial portion of the irradiance flash includes obtaining a plurality of
measurements of the temperature of the surface at a plurality of respective
times during the initial portion of the irradiance flash. For example, this may
include sampling the temperature at a rate of at least 1 x 10* Hz, or
alternatively, at a rate of at least 1 x 10° Hz, for example. Thus, in this
embodiment, if the initial portion of the flash has a duration of 0.4 ms, for
example, sampling the temperature of the surface 104 at the latter rate of 10°
Hz yields 40 temperature measurements of the surface 104 during the initial
portion of the irradiance flash.

In this embodiment, to produce the irradiance flash, the main RTP routine 221
directs the processor circuit 110 to commence execution of the flash feedback
control routine 224, which directs the processor circuit to signal the power
supply system 188 to begin discharging the stored electrical energy, to
produce the irradiance flash. At the same time, the processor circuit is
directed to cooperate with the measurement system 102, to measure the
device side temperature during the initial portion of the flash, and to control
the remaining portion of the flash accordingly.

In this embodiment, the temperature measurements of the surface 104 are
obtained with a radiometer, which in this embodiment includes a high-speed
radiometer. More particularly, in this embodiment the radiometer includes the
ultra-fast radiometer 400, which in turn includes the InGaAs photodiode 406.
it will be recalled that in the present embodiment, the ultra-fast radiometer 400
samples the temperature of the surface 104 at a rate of 1 MHz. Thus, in this
embodiment, to effectively sample the device side surface temperature at a
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slower rate of 10° Hz, the flash feedback control routine 224 directs the
processor circuit 110 to store every 10" sample received from the ultra-fast
radiometer 400 via the 1/O 460, in the device side temperature store 280 in
the memory device 260. Thus, in the present embodiment, the processor
circuit 110 receives and stores a new temperature measurement of the
surface 104 every 10ps. In this embodiment, the processor circuit 110 stores
each such temperature measurement in association with a time index value,
representing the amount of time that has elapsed since commencement of the
irradiance flash (e.g., t=0, t = 10 ps, t = 20 us, t = 30 ps, etc.). In the present
embodiment, the first such surface temperature measurement (t=0) occurs
simultaneously with the commencement of the electrical discharge.

The flash feedback control routine 224 continues to direct the processor
circuit 110 to obtain and store a new temperature measurement of the surface
104 every 10 ps. In this embodiment, by way of example, it is assumed that
the initial portion of the flash has a duration of 0.4 ms, so that 40 such
measurements of the temperature of the surface 104 are stored in the device
side temperature store 280 by the time the initial portion of the flash has
ended.

In this embodiment, the flash feedback control routine 224 then directs the
processor circuit 110 to effectively compare the measured temperature to an
expected temperature. More particularly, in this embodiment the processor
circuit is directed to compare at least one of the plurality of stored temperature
measurements to an expected temperature trajectory.

In this embodiment, the expected temperature trajectory is pre-calculated and
stored, prior to commencement of the thermal cycle to which the workpiece
106 is subjected. To achieve this, in the present embodiment the processor
circuit 110 executes the thermal analysis routine 230, to calculate the
expected temperature trajectory on the basis of the user-specified or
predefined parameters defining the desired thermal cycle. In this
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embodiment, the thermal analysis routine 230 includes TAS Thermal Analysis
Software, manufactured by Harvard Thermal Inc. of Harvard, MA, USA.
Alternatively, other thermal analysis routines may be substituted. More
generally, other ways of determining an expected temperature or temperature
trajectory for the surface 104 of the workpiece 106 may be substituted. The
resulting expected temperature data is stored in the expected temperature
store 282 in the memory device 260.

In this embodiment, at the end of the initial portion of the flash (in this
embodiment, approximately 0.4 ms after the commencement of the flash), the
flash feedback control routine 224 directs the processor circuit 110 to
compare at least one of the plurality of temperature measurements stored in
the device side temperature store 280 to the expected temperature trajectory
data stored in the expected temperature store 282. More particularly, in this
embodiment the processor circuit 110 compares the most recent temperature
measurement value (in this example, the temperature measurement at time t
= 400 ps) to the corresponding expected temperature value stored in the
expected temperature store 282 for the time at which this most recent
temperature measurement was obtained. More particularly still, in this
embodiment the processor circuit calculates a difference value equal to the
measured temperature minus the expected temperature, and stores the
resulting difference value in the temperature error register 288.

Alternatively, however, other ways of comparing the actual measured
temperature to the expected temperature may be substituted. For example, if
desired, a projected peak temperature may be extrapolated from the
measured temperature data, and may be compared to the expected peak
temperature, i.e. the highest temperature value stored in the expected
temperature store 282. To minimize processing time required to extrapolate
such a projected peak temperature, a large number of possible temperature
trajectories may be pre-calculated and pre-stored by the processor circuit 110
under the direction of the thermal analysis routine 230, prior to
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commencement of the thermal cycle. During the subsequent irradiance flash,
the flash feedback control routine 224 may direct the processor circuit to
locate a particular pre-stored temperature trajectory that most closely
corresponds to the actual measured temperature data, to extract the peak
temperature value in the identified temperature trajectory, and to compare the
extracted peak temperature value to the peak temperature value stored in the
expected temperature store 282.

In addition, comparisons of actual measured temperature to expected
temperature need not be made on the basis of a single data point. For
example, if desired, quantities such as the first derivative (rate of change) and
the second derivative (rate of acceleration / deceleration) for the complete set
of measured temperature values may be calculated and employed in the
comparison. If desired, curve-fitting techniques may be employed, although
the complexity of such curve-fitting techniques may be limited by available
processing speed in a particular embodiment, depending upon available
equipment, in view of the need to conduct the comparison sufficiently quickly
to be able to alter the remaining portion of the irradiance flash.

In the present embodiment, if the comparison of actual measured temperature
to expected temperature indicates that the surface 104 is being heated too
quickly and will likely exceed the desired peak temperature (in this example, if
the temperature difference value stored in the temperature error register 288
is positive), the flash feedback control routine 224 directs the processor circuit
110 to modify the remaining portion of the irradiance flash to reduce the peak
temperature of the surface 104. More particularly, in this embodiment
modifying includes reducing an energy output of the remaining portion of the
irradiance flash. More particularly still, in this embodiment the processor
circuit 110 uses the results of the comparison (in this embodiment, the
contents of the temperature error register 288) to address the current
reduction look-up table 232, to determine a time at which a power reduction
circuit of each of the individual electrical power supply systems 189, 191, 193
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and 195 is to be activated. In the present embodiment, in which two separate
power reduction circuits 320 and 350 are provided, the current reduction look-
up table 232 may include a binary flag to indicate which one of the power
reduction circuits 320 and 350 is to be activated, with the latter being capable
of greater power reduction in a shorter period of time. Alternatively, in
embodiments where only a single power reduction circuit is provided, such a
flag may be omitted. In this embodiment, in addition to specifying a time at
which the relevant power reduction circuit is to be activated, the addressed
record in the current reduction look-up table 232 also specifies a flash
intervention effect indicator F, which the processor circuit 110 is directed to
temporarily store in the flash intervention effect register 290, for later use by
the processor circuit under the direction of the drift control routine 236, as

discussed in greater detail below.

Referring to Figures 2, 3 and 7, it will be recalled that in the present
embodiment, each power reduction circuit 320 includes a crowbar circuit
connected in parallel with the capacitor bank 328. In this embodiment, the
capacitor bank 328 stores the electrical energy that will be used to produce
the irradiance flash. Prior to commencement of the flash, the thyristors 322,
332 and 336 shown in Figure 3 are all in non-conducting states, which,
coupled with the presence of the diode 342, prevents the capacitor bank 328
from discharging. To commence the irradiance flash, the processor circuit
110 applies a gate voltage to the thyristor 336 to place it in a conducting state,
thus allowing the capacitor bank 328 to begin discharging its stored electrical
energy through the flash lamp 182, the resistor 340, the inductor 338 and the
thyristor 336. If, as a result of the measurements from the initial portion of the
flash and the comparison described above, the processor circuit 110
determines that the power output of the remaining portion of the flash should
be reduced using the power reduction circuit 320, the processor circuit 110
modifies the remaining portion of the irradiance flash by applying a gate
voltage to the thyristor 322 at the time specified by the addressed record in
the current reduction look-up table 232 as discussed above, to cause the
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thyristor to transition from a non-conducting state to a conducting state.
Effectively, therefore, a short is placed across the capacitor bank 328,
allowing the capacitor bank to partly discharge through the thyristor 322, the
inductor 324 and the resistor 326, as well as continuing to partly discharge
through the flash lamp 182, the resistor 340, the inductor 338 and the thyristor
336. Thus, when the crowbar circuit is fired, an electric current begins to
travel through the thyristor 322, the inductor 324 and the resistor 326, and the
arc current (i.e. the electric current travelling through the flash lamp) is
correspondingly reduced.

Referring to Figure 7, various curves representing the arc current over time
are shown generally at 700, for an illustrative situation in which the capacitor
bank 328 is charged at 2500 V and is then abruptly discharged by firing the
thyristor 336 to produce the irradiance flash. A first curve 702 represents the
arc current over the duration of the irradiance flash with no current reduction,
i.e., without any activation of the power reduction circuit 320. A second curve
704 represents the arc current if the power reduction circuit is activated 1.3
ms after the commencement of the irradiance flash; a third curve 706
represents the arc current if the power reduction circuit is activated 1 ms after
the commencement of the irradiance flash; a fourth curve 708 represents the
arc current if the power reduction circuit is activated 0.8 ms after the
commencement of the irradiance flash; a fifth curve 710 represents the arc
current if the power reduction circuit is activated 0.6 ms after the
commencement of the irradiance flash; a sixth curve 712 represents the arc
current if the power reduction circuit is activated 0.4 ms after the
commencement of the irradiance flash; and a seventh curve 714 represents
the arc current if the power reduction circuit is activated 0.3 ms after the
commencement of the irradiance flash. In the examples shown in Figure 7,
activation of the power reduction circuit 320 earlier than about 0.6 ms after the
commencement of the flash has the effect of reducing the peak arc current, as
well as reducing the overall energy output, and these effects tend to cause the
surface 104 to reach a lower peak temperature than it otherwise would have
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reached. In contrast, activation of the power reduction circuit 320 after the
maximum temperature is reached at about 0.7 ms after the commencement of
the flash tends to reduce the subsequent power of the flash but does not
appreciably affect the peak arc current, with the result that the peak
temperature of the surface 104 is unlikely to be appreciably diminished,
although its subsequent cooling rate may be slightly faster.

Alternatively, if the contents of the current reduction look-up table 232
corresponding to the temperature difference value stored in the temperature
error register 288 indicate that the second power reduction circuit 350 is to be
activated, the flash feedback control routine 224 directs the processor circuit
110 to reduce the energy output of the remaining portion of the irradiance
flash by activating the second power reduction circuit 350. To achieve this, in
this embodiment the processor circuit 110 applies a gate voltage to the
thyristor 352 at the time specified by the addressed record in the current
reduction look-up table 232 as discussed above, to cause the thyristor to
transition from its initial non-conducting state to a conducting state. As the
second power reduction circuit 350 has a lower impedance than the flash
lamp 182, this allows the electric current supplied by the capacitor bank 328
to discharge through the inductor 354 and the resistor 356 rather than through
the flash lamp 182.

It will be recalled that in the present embodiment, the second power reduction
circuit 350 is connected in parallel with the flash lamp 182, in contrast with the
first power reduction circuit 320, which is connected in parallel with the
capacitor bank 328. Activation of the first power reduction circuit 320
effectively shorts across the capacitor bank 328, but does not prevent electric
current from travelling through the flash lamp 182, through the inductor 338,
and back through the free wheeling diode 342. In contrast, activation of the
second power reduction circuit 350 effectively shorts across the flash lamp
182 itself. In comparison with the first power reduction circuit 320, activation
of the second power reduction circuit 350 causes a more rapid fall time, i.e., a
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more rapid reduction in the electric current flowing through the flash lamp 182,
and a correspondingly more rapid reduction in the power of the irradiance
flash. At the same time, however, activation of the second power reduction
circuit 350 may cause greater stress on system components, and may tend to
waste more electrical energy than the first power reduction circuit 320. Thus,
the second power reduction circuit 350 may be provided as either a
supplement to, or a replacement for, the first power reduction circuit 320.
Alternatively, the second power reduction circuit 350 may be omitted if
desired.

Conversely, if the comparison of the measured temperature values in the
device side temperature store 280 to the expected temperature trajectory
stored in the expected temperature store 282 indicates that the surface 104 is
being heated too slowly and will likely not reach the desired peak temperature
(in this example, if the temperature difference value stored in the temperature
error register 288 is negative), the flash feedback control routine 224 directs
the processor circuit 110 modify the remaining portion of the irradiance flash
to increase the peak temperature of the surface 104. More particularly, in this
embodiment, controlling the remaining portion of the flash includes increasing
a peak power output of the remaining portion of the irradiance flash. In this
embodiment, increasing the peak power output includes activating a power
boost circuit, which in this embodiment includes firing an inductive crowbar
circuit. More particularly, in this embodiment the processor circuit 110 uses
the results of the comparison (in this embodiment, the contents of the
temperature error register 288) to address the current boost look-up table
234, to determine a time at which the power boost circuit 330 of each of the
individual electrical power supply systems 189, 191, 193 and 195 is to be
activated. In this embodiment, in addition to specifying a time at which the
power boost circuit is to be activated, the addressed record in the current
boost look-up table 234 also specifies a flash intervention effect indicator F,

which the processor circuit 110 is directed to temporarily store in the flash
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intervention effect register 290, for later use by the processor circuit under the
direction of the drift control routine 236, as discussed in greater detail below.

In this regard, it will be recalled that in this embodiment, the power boost
circuit 330 shown in Figure 3 includes an inductive crowbar circuit. As
discussed earlier herein, in the present embodiment, the flash feedback
control routine 224 directs the processor circuit to commence the irradiance
flash by applying a gate voltage to the thyristor 336, which allows the
capacitor bank 328 to begin discharging through the flash lamp 182, the
resistor 340, the inductor 338 and the thyristor 336. In this manner, the rate of
increase of the electric current being discharged through the flash lamp 182 is
effectively opposed by a resulting self-induced emf (e=-L(di/dr)) of the 4.7 uH
inductor 338. If the comparison of measured to expected temperature values
indicates that a power boost is desired at a particular time identified by the
current boost look-up table 234, the processor circuit 110 applies a gate
voltage to the thyristor 332 to place it in a conducting state, allowing electric
current to flow through the 1.5 pH inductor 334, which has a lower self-
induced emf due to its lower inductance than the inductor 338, thereby
reducing the overall current-limiting effect of these components of the power
control circuit. This allows the arc current to rise more quickly to a higher
peak, which in turn results in a higher peak temperature of the surface 104.
Thus, in this embodiment the irradiance flash is produced by an arc lamp (in
this embodiment the flash lamp 182 and other flash lamps) powered by an
electric current discharge, which travels through a first electrical path (in this
embodiment through the inductor 338) having a first inductance to produce
the initial portion of the irradiance flash, and increasing the peak temperature
of the surface 104 includes causing the electric current discharge to travel
through a second electrical path (in this embodiment through the inductor
334) having a second inductance less than the first inductance.

Referring to Figure 8, various curves representing the arc current over time
are shown generally at 800, again for an illustrative situation in which the
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capacitor bank 328 is charged at 2500 V and is then abruptly discharged to
produce the irradiance flash. A first curve 802 represents the arc current over
the duration of the irradiance flash with no current boost, i.e., without any
activation of the power boost circuit 330. A second curve 804 represents the
arc current if the power boost circuit is activated 0.8 ms after the
commencement of the irradiance flash; a third curve 806 represents the arc
current if the power boost circuit is activated 0.7 ms after the commencement
of the irradiance flash; a fourth curve 808 represents the arc current if the
power boost circuit is activated 0.6 ms after the commencement of the
irradiance flash; a fifth curve 810 represents the arc current if the power
boost circuit is activated 0.55 ms after the commencement of the irradiance
flash; a sixth curve 812 represents the arc current if the power boost circuit is
activated 0.5 ms after the commencement of the irradiance flash; a seventh
curve 814 represents the arc current if the power boost circuit is activated
0.45 ms after the commencement of the irradiance flash; and an eighth curve
816 represents the arc current if the power boost circuit is activated 0.4 ms
after the commencement of the irradiance flash. In the examples shown in
Figure 8, activation of the power boost circuit 330 earlier than about 0.6 ms
after the commencement of the flash has the effect of increasing the peak arc
current, although the arc current then tends to drop off more steeply after the
peak, and these effects tend to cause the surface 104 to reach a higher peak
temperature than it otherwise would have reached. In contrast, activation of
the power boost circuit 330 more than about 0.6 ms after the commencement
of the flash does not appreciably increase the peak arc current, with the result
that the peak temperature of the surface 104 is unlikely to be appreciably
increased.

Alternatively, it will be appreciated that a power boost circuit and a power
reduction circuit need not both be present in a particular embodiment. For
example, an alternative embodiment may inciude only a single power
reduction circuit, such as that shown at 350, for example, and may omit a
power boost circuit. In such an embodiment, the capacitor bank 328 may be
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always overcharged, so that the measured temperature trajectory of the
surface 104 will always exceed the expected temperature trajectory, with the
result that the power reduction circuit 350 will always be fired, at a time
determined by reference to the current reduction look-up table 232 on the
basis of the comparison of measured to expected temperature values.

In this embodiment, the flash feedback control routine 224 continues to direct
the processor circuit 110 to receive a new temperature measurement of the
surface 104 from the ultra-fast radiometer every 10 us, and to store each such
temperature measurement with its associate time index value in the device
side temperature store 280, to record the complete temperature curve of the
surface 104 of the workpiece 106, as it reaches its peak temperature and
subsequently cools. Thus, the actual temperature jump AT may be calculated
from the measured temperature values (4T=Tyax-To).

Stage 3: Drift Control

In this embodiment, the drift control routine 236 directs the processor circuit
110 to monitor at least one thermal efficiency parameter associated with an
irradiance system (in this embodiment the system 100) configured to produce
the irradiance flash incident on the surface 104 of the workpiece 106. The
drift control routine 236 further directs the processor circuit 110 to
automatically update control information used by the irradiance system to
produce the irradiance flash, in response to the monitoring of the thermal
efficiency parameter. Thus, if the thermal efficiency of the system 100
gradually changes over time, the drift control routine 236 effectively configures
the processor circuit to automatically compensate for such changes.

In this embodiment, monitoring the thermal efficiency parameter includes
calculating the thermal efficiency parameter in response to a measurement of
an actual temperature increase 4T of the surface 104 of the workpiece caused
by the irradiance flash. Alternatively, however, an energy density of radiant
energy of the flash, such as an energy density of the flash arriving at the
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surface 104, for example, or other types of thermal efficiency parameters,
may be monitored.

In the present embodiment, automatically updating control information
includes automatically updating at least one stored efficiency parameter, and
further includes automatically varying an energy output parameter of the
irradiance flash. More particularly, in this embodiment, varying an energy
output parameter includes automatically varying an output energy of the
irradiance flash. In the present embodiment, this is achieved by automatically
varying an amount of stored electrical charge used to produce the irradiance
flash. More particularly still, in this embodiment the stored electrical charge is
automatically varied by updating the system efficiency value C.gn), which in
this embodiment is used by the processor circuit 110 under the direction of
both the main RTP routine 221 and the pre-adjustment routine 222, to
calculate the desired electrical energy to be stored in the power supply
system 188 to produce the irradiance flash.

In this regard, it will be recalled that in the present embodiment, the main RTP
routine 221 directs the processor circuit 110 to calculate an electrical energy
level Ecyn representing the energy to be stored in the power supply system
188 to produce the irradiance flash, in response to user-specified parameters
defining the desired thermal cycle (which may include W;p, Ty and 4T, for
example), and to store this value Ecgyy in the charging parameters store 278.
It will further be recalled that in this embodiment, the main RTP routine also
directs the processor circuit 110 to determine a corresponding efficiency-
adjusted electrical energy level E,p; in response to the most recently stored
present system efficiency value C.5y). Likewise, as the present embodiment
includes flash pre-adjustment, it will be recalled that the system efficiency
value C.y) is also used by the processor circuit 110 under the direction of the
pre-adjustment routine 222 to calculate an emissivity-compensated,
efficiency-adjusted electrical energy value E.p, rc, Which over-writes the
previous value of E,p; calculated under the direction of the main RTP routine.
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Thus, in order to automatically vary the amount of electrical energy used to
produce the irradiance flash, in the present embodiment the processor circuit
110 updates the system efficiency value C.y;n) under the direction of the drift
control routine 236 following execution of each thermal cycle, in order to
automatically affect the electrical energy values that will be calculated by the
processor circuit under the direction of the main RTP routine and/or the pre-
adjustment routine for the next thermal cycle. Alternatively, the system
efficiency value may be updated less frequently if desired. For example, the
system efficiency value may be updated after a predetermined number of
cycles, or after a predetermined time interval, or when measured temperature
jump errors begin to exceed a minimum threshold, or at the discretion of a
system user, or in any other suitable manner.

As previously discussed, the irradiance system 180 has an electrical-to-optical
conversion efficiency Cgp, such as 44% (0.44) for example, which
characterizes the efficiency of the conversion from electrical to
electromagnetic energy. The system also has an optical efficiency Cop, such
as 36% (0.36) for example, which characterizes the efficiency of the system in
delivering electromagnetic energy of the irradiance flash to the surface 104 of
the workpiece. Thus, the combined efficiency of the system 100 in delivering
stored electrical energy to the surface 104 as electromagnetic energy is:

Cejf = Ceo * Ca

wherein C is the overall efficiency, C., is the electrical-optical conversion
efficiency of the irradiance system 180, and C, is the optical efficiency of the
system 100 in delivering irradiance to the surface 104. (In this embodiment,
Cr=0.44"0.36 =0.16.)

In practice, the system efficiency C.; may not be constant, but rather, may
vary over time. For example, aging or deterioration of quartz windows or
envelopes decreases their transmissivity, which in turn decreases the optical
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efficiency C,. Likewise, it is possible that the electrical-optical conversion
efficiency C,, of the irradiance system 180 may also deteriorate or otherwise

change over time.

As a first order approximation, it may be assumed that C,; will vary linearly
with the number N of “shots” or irradiance flashes, so that C.; after N shots
may be represented in the form y=mx+b, as follows:

Ceﬂ(N) = Sd(n—l) *N + Od(n—l)

wherein:
San1y is @ most recent efficiency degradation slope (initially set to an
estimated value);
N is a shot number, i.e., the number of irradiance flashes that have
been produced; and
Ou4n1y 18 @ most recent efficiency offset value (initially set to an

estimated value).

In the present embodiment, the efficiency degradation slope value Sy..1) is
initially set to zero, but it adjusts itself with each execution of the drift control
routine 236 as described below (for example, becoming a negative value
close to zero if system efficiency is slowly decreasing). Likewise, the
efficiency offset Oy, is initially set to an estimated value of present system
efficiency (for example, in the present embodiment, for N=0, the initial value of
Ou»-1) may be set to C.4 = 0.16, as discussed in greater detail earlier herein.

In this embodiment, the drift control routine 236 directs the processor circuit
110 to update the slope and offset values S;» and O, after each flash or
“shot”. For each shot, the processor circuit 110 is directed to cooperate with
the measurement system 102 (or more particularly, with the uitra-fast
radiometer 400 that measures the temperature of the device side surface 104)
to effectively measure and store a measured temperature jump value 4Ty
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representing the actual temperature jump experienced by the surface 104 of
the workpiece as a result of the irradiance flash. To identify this measured
temperature jump value, the drift control routine 236 directs the processor
circuit 110 to identify the highest temperature value stored in the device side
temperature store 280 representing the peak temperature of the surface 104
during the flash, and to subtract therefrom the initial temperature value for
time index value t=0 stored in the device side temperature store 280 (in this
regard, the time index value t=0 corresponds to the time at which the
irradiance flash was commenced, at which time the measured device side
temperature should ideally have equalled the user-specified intermediate
temperature Tnr to which the workpiece 106 was to be pre-heated before
commencing the flash). In this embodiment, the processor circuit 110 is
directed to store the measured temperature jump value ATy in the efficiency
parameters store 238.

Alternatively, rather than using the measurement system 102, other suitable
measurement devices may be substituted to monitor the thermal efficiency
parameter. For example, in embodiments where the monitored parameter is
radiant energy density rather than temperature jump, the energy density may
be measured by a separate light meter (not shown) mounted on the internal
wall 140 of the chamber 130.

In the present embodiment, the drift control routine 236 directs the processor
circuit 110 to use the measured temperature jump value 4Ty and the
workpiece parameters Org and Ste from the workpiece parameters store 240
corresponding to the workpiece 106 to calculate an effective electrical energy
value Ecyy corresponding to the actual measured temperature jump:

(ATM —Org J
St

Ecpyy =€
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The drift control routine 236 then directs the processor circuit 110 to calculate
the efficiency Cngy for the particular thermal cycle that has just been
completed. In this embodiment, the processor circuit is directed to calculate
this efficiency value as:

E
Cmeﬁf(N) = E *Crg

*
ADJ _EC F

wherein:
Ecum is calculated as shown immediately above;
Eaps ec is the efficiency-adjusted and emissivity-corrected electrical
energy value stored in the charging parameters store 278, which was
calculated by the processor circuit under the direction of the pre-
adjustment routine 222 and which was used to determine the capacitor
bank charging voltages used to produce the irradiance flash;
Cre is the system efficiency at the time the workpiece-characterizing
values Syz and O from the record in the workpiece parameters store
240 corresponding to the workpiece 106 were calculated and stored;
and
F is the flash intervention effect indicator which was stored in the flash
intervention effect register 290 by the processor circuit under the
direction of the flash feedback control routine 224, as discussed earlier
herein.

In the present embodiment, the latter flash intervention effect indicator F is
used to compensate for the fact that if either of the power reduction circuits
320 or 350 was activated by the processor circuit under the direction of the
flash feedback control routine 224, the total electrical energy supplied to the
flash lamps to produce the irradiance flash would have been less than E4p, sc
and the peak electrical power supplied to the flash lamps may have also been
reduced, depending upon the time at which the power reduction circuit(s) was
activated. Thus, in this embodiment, each record in the current reduction
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look-up table 232 contains a value for the flash intervention effect indicator F,
which in the present embodiment is empirically determined. Similarly, in the
present embodiment, each record in the current boost look-up table 234 also
contains a corresponding value for the flash intervention effect indicator F.

Alternatively, in embodiments where flash feedback control is omitted, the
flash intervention effect indicator F is omitted from the above equation.
Similarly, in embodiments where pre-adjustment (emissivity compensation) is
not provided, Eap; gc in the above equation is replaced with the original
electrical energy value E,p, that was calculated by the processor circuit 110
and stored in the charging parameters store 278 under the direction of the
main RTP routine 221, as discussed earlier herein. Thus, in an illustrative,
simplified alternative embodiment in which neither a pre-adjustment routine
222 nor a flash feedback control routine 224 is provided, the efficiency Cr.epn)

for the particular thermal cycle that has just been completed is calculated as

In the present embodiment, the slope and offset values Sy, and Oy, are then
updated. In this embodiment, this is achieved by performing a moving linear
least squares (LLS) fit on a most recent number M of such measured
efficiencies Cpemn):

N N ) N N
( Zcmeﬁ(i))( i )—( Z’)[ Zi*Cmm)
— i=N-M i=N-M i=N-M i=N-M
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The number of samples M used to calculate the above slope and offset
calculations will determine the filter characteristics of the drift control routine.
In general, if the number of samples M is too low, this may cause jitter”, i.e.,
efficiency corrections between successive runs being undesirably large.
Conversely, if M is too large, the system may be too slow in correcting for
efficiency changes over time. In the present embodiment, M is preferably less
than 100. More particularly, in this embodiment M=75. Alternatively, other
values of M, whether above or below 100, may be substituted.

Alternatively, methods other than a moving linear least squares fit may be
used to update the efficiency parameters. For example, other filtering
methods such as moving average or exponentially weighted moving average
may be substituted. More generally, the degradation of system efficiency
need not be approximated as a linear degradation of the form y=mx+b or
C=SN+0, and other functional relationships and updating methods may be
substituted.

The processor circuit 110 is then directed to calculate a revised overall
efficiency value C.yn) as discussed above, using the updated slope and offset
values. In this embodiment, the processor circuit is directed to store the
updated slope, offset and efficiency values in the efficiency parameters stores
238 and 286. This updated efficiency value C.yy) will then be taken into
account by the processor circuit 110 under the direction of the main RTP
routine 221 in setting the electrical charge energy and voltage values for the
next thermal cycle, as discussed in greater detail earlier herein in connection
with the main RTP routine 221.
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If desired, prior to storing the updated efficiency parameters S, O4, and
C.mn), the drift control routine 236 may direct the processor circuit 110 to
compare these updated parameters to their most recent values, and if the
change in any one of these parameters exceeds a threshold maximum
adjustment, the processor circuit may be directed to instead adjust the
relevant efficiency parameter(s) by only the maximum threshold adjustment,
rather than by the actual (greater) adjustments calculated above. This
approach may assist in preventing the efficiency values from changing too
much from cycle to cycle, thereby preventing any isolated anomaly that may
arise in a particular cycle from having too great an effect on the next cycle.

The foregoing assumes that the workpiece 106 is one of the pre-characterized
types of workpieces, for which characterizing values Srg, Oz and Crz have
been stored in a corresponding record in the workpiece parameters store 240.
Alternatively, for thermal cycles in which the processed workpiece was not
one of the pre-characterized types and no such characterizing values are
available, the present system efficiency value may be updated in other
manners. For example, it may be assumed that the change in system
efficiency from cycle to cycle is accurately characterized by the most recently
updated efficiency degradation slope value S, stored in the efficiency
parameters stores 238 and 286, so that for a single cycle, C.gw=Cegn-1+San-1)-
The updated system efficiency value C.zvy may be stored in the efficiency
parameters stores 238 and 286, although in such a case, the efficiency
degradation slope value need not be updated.

In this embodiment, following the updating of the system efficiency
parameters as described above, the drift control routine 236 directs the
processor circuit 110 to compare the updated system efficiency value C.zy, to
a predefined minimum system efficiency threshold Cy. If the present system
efficiency value C.yn has reached or fallen below the minimum system
efficiency threshold Cyy, the drift control routine directs the processor circuit
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to signal a user of the system 100, to indicate that the system is due for
service and maintenance.

Other Aspects and Alternatives

Referring to Figures 1, 9 and 10, in this embodiment the processor circuit 110
is configured to cooperate with the irradiance system 180 and the power
supply system 188 to supply an electrical pulse such as that shown at 1010 in
Figure 10, to an irradiance device configured to produce the irradiance flash
incident on the workpiece 106. In this embodiment, the electrical pulse 1010
has a fall time (t3-t1) that is less than its rise time (t1-to).

In this regard, referring to Figures 9 and 10, an exemplary arc current
discharged through the flash lamp 182 to produce an irradiance flash incident
on the surface 104 of the workpiece is shown generally at 910. The
temperature of the surface 104 of the workpiece is shown generally at 920,
and lags the arc current when plotted on the same time-line as shown in
Figure 9 (in the illustrative example shown in Fig. 9, a peak surface
temperature 922 lags a peak arc current 912 by approximately 0.4 ms). In
this example, the arc current 810 has a temporal region of current instability
914 as the arc current drops off, which in turn results in a temporal region of
temperature instability 924 of the temperature 920 of the surface 104 of the
workpiece. To further improve repeatability of thermal processing, in this
embodiment the system 100 is configured to reduce these regions of
instability.

To achieve this, in this embodiment the processor circuit 110 and the power
supply system 188 are configured to cause an electric pulse similar to the
electric pulse 1010 shown in Figure 10 to be supplied to each of the flash
lamps of the irradiance system 180. In this regard, because the electric pulse
1010 has a fall time that is faster than its rise time, a region of instability 1014
of the electric pulse 1010 has a much steeper slope and hence a shorter
duration (t3-t2) than the corresponding region of instability 914 of the arc
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current 910 shown in Figure 9. Therefore, a corresponding temporal region of
instability 1024 in the workpiece surface temperature 1020 also has a steeper
slope and shorter duration than the region of instability 924 shown in Figure 9.
Accordingly, using the electric pulse 1010 shown in Figure 10 effectively
reduces the current and temperature instabilities in these regions, thereby
improving the repeatability of thermal processes using the system 100.

In this embodiment, the pulse 1010 includes a generally sawtooth-shaped
pulse. If desired, the sawtooth-shape of the pulse may be even more sharply
pronounced. For example, if an almost-square input waveform is available,
an inductor may be used to transform such a waveform into a generally
triangular pulse having a fall time less than its rise time.

In this embodiment, the processor circuit is configured to cause the pulse
1010 to abruptly transition from the rise time to the fall time. More particularly,
in this embodiment the processor circuit is configured to fire a crowbar circuit
to cause the pulse to transition from the rise time to the fall time. In this
embodiment, the crowbar circuit is connected in parallel with the flash lamp.
Thus, the crowbar circuit used for this purpose may include a power reduction
circuit similar to that shown at 350 in Figure 3, or alternatively, may include
power reduction circuits similar to those shown in Figures 12 and 13,
discussed below. The firing of such a crowbar circuit effectively amounts to
shorting across the irradiance device to cause the pulse to transition from the
rise time to the fall time.

Referring to Figures 1, 2, 3 and 11, a power control circuit according to an
alternative embodiment of the invention is shown generally at 1100 in Figure
11. In this embodiment, the power control circuit 1100 is somewhat similar to
the power control circuit 300 shown in Figure 3, and includes the first power
boost circuit 330. However, unlike the power control circuit 300, the power
control circuit 1100 also includes a second power boost circuit 1104, which in
turn includes a supplementary capacitor 1106 and a diode 1108. In this
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embodiment, the capacitor 1106 has a capacitance of 667 pF. In the present
embodiment, when the irradiance flash is commenced, the thyristor 332 is in a
non-conducting state, which, coupled with the presence of the diode 1108,
prevents the capacitor 1106 from discharging through the flash lamp 182.
However, if the processor circuit 110 under the direction of the flash feedback
control routine 224 determines that it is desirable to increase the peak power
output of the remaining portion of the flash, the processor circuit applies a
gate voltage to the thyristor 332, thereby placing it in a conducting state, with
the resulting current-boosting effect as described above. However, in addition
to the previously discussed current-boosting effect, placing the thyristor 332 in
a conducting state allows the supplementary capacitor 1106 to discharge
through the flash lamp 182 and the inductor 334, thereby providing an
additional current boost. Thus, in this embodiment increasing the peak power
output of the irradiance flash includes discharging a supplementary capacitor
through the flash lamp 182 and the inductor 334.

Although the embodiments described above employ thyristors for convenient
control of electric current flow by the processor circuit 110, alternatively, other
solid state devices, or more generally, other suitable circuitry, may be
substituted. For example, Insulated Gate Bipolar Transistors (IGBTs) may be
substituted for the thyristors 322, 332, 336 and 352, if desired. In this regard,
although IGBTSs typically cannot carry as much current as thyristors, IGBTs
with increasingly larger current-carrying capacities are gradually becoming
more widely available. In addition, IGBTs have the added advantage that
they can be switched off, whereas a thyristor, once placed in a conducting
state by applying a gate voltage, will continue to conduct when the gate
voltage is removed, for as long as the electric current travelling through the
thyristor exceeds a threshold holding current.

Although the main embodiment described above included a plurality of power
control circuits, namely, the two power reduction circuits 320 and 350 and the
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power boost circuit 330, alternatively, other embodiments may include only
one such power control circuit, or other types of circuits.

For example, in one alternative embodiment, only the power reduction circuit
350 is provided, while the power reduction circuit 320 and the power boost
circuit 330 are omitted. In such an embodiment, if desired, the workpiece
characterizing values stored in the workpiece parameters store 240 may be
modified to ensure that the resulting electrical charge used to produce the
irradiance flash is always more than sufficient to achieve the desired peak
temperature, so that intervention by the power reduction circuit 350 is always
required. In this regard, such embodiments may be particularly advantageous
for certain refined applications. For example, in the annealing of
semiconductor wafers for ion / dopant activation, although variations in the
peak temperature of the device side of the wafer strongly affect process
results (activation and diffusion), variations in the shape of the temperature-
time curve may also be significant for some embodiments. For example,
different shapes of the temperature-time curve within 100°C of an identical
peak temperature may cause variations that may be significant, depending
upon the particular repeatability and consistency requirements in question.
The temperature-time curve typically lags but may also differ in shape from
the electric current-time curve of the electric pulse that generates the
irradiance flash, and relatively minor changes in the current pulse shape may
cause potentially significant variations in the shape of the temperature-time
curve of the device side of the wafer.  Advantageously, therefore,
embodiments that always require intervention by the power reduction circuit
350 will produce more consistent electric current pulse shapes from wafer to
wafer, and hence more consistent temperature-time curve shapes of the
device side, than embodiments in which such intervention is sometimes but

not always required.

Similarly, in another embodiment, only the power reduction circuit 320 is
provided. If desired, the workpiece characterizing values stored in the
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workpiece parameters store 240 may be analogously modified to ensure that
intervention by the power reduction circuit 320 is always required.

Conversely, in other embodiments, only the power boost circuit 330 shown in
Figure 3, or the modification thereof shown in Figure 11, may be provided. If
desired, in such an embodiment, the workpiece characterizing values stored
in the workpiece parameters store 240 may be modified to ensure that the
resulting electrical charge used to produce the irradiance flash is always
slightly insufficient to achieve the desired peak temperature, so that
intervention by the power boost circuit 330 is always required.

Although the specific embodiments described above may be employed to
achieve consistent thermal cycles and consistent peak temperatures from
cycle to cycle, alternatively, it may be desirable in some embodiments to
intentionally seek slightly different peak temperatures to improve consistency
of the ultimate results of the process, even for ostensibly identical workpieces.
In this regard, if the process results in a particular embodiment may be
significantly affected by the shape of the temperature-time curve rather than
merely by the peak temperature, then the pulse-shape changes produced by
the various pulse modification circuits described herein may actually produce
slightly different process results if the same peak temperature is achieved but
with different temperature-time curves. For example, for some applications
involving ion / dopant activation and diffusion in the device side of a
semiconductor wafer, different shapes of the temperature-time curve within
100°C of an identical peak temperature may cause variations that may be
significant, depending upon the particular repeatability and consistency
requirements in question. In such an embodiment, if real-time device side
temperature measurements indicate that the device side of the wafer is
heating toward the peak temperature more quickly than expected (e.g. due to
a greater-than-expected device side emissivity), so that intervention by the
current reduction circuit 350 is required earlier than expected, then the
resulting change in the shape of the temperature-time curve of the device side
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may produce slightly different ion / dopant activation and diffusion results,
even if the desired peak temperature is precisely achieved. In such an
embodiment, therefore, the timing of the activation of the relevant pulse
modification circuit may be adjusted to intentionally cause the peak
temperature of the device side to deviate from the previously defined desired
peak temperature, so that the resulting deviation from the desired peak
temperature compensates for the deviation from the expected temperature-
time curve shape, thereby achieving more consistent overall ion / dopant
activation and diffusion results. Such adjustments may be provided through
empirically determined look-up tables corresponding to each workpiece type,
for example.

Alternatively, however, in other embodiments with less stringent repeatability
and consistency requirements, the effects of variations in temperature-time
curve shape may be negligible for a particular application in comparison to
variations in peak temperature, with the result that the former may be
disregarded.

In alternative embodiments, other types of power reduction and/or power
boost circuits may be provided. For example, referring to Figures 1, 2, 3 and
12, a power control circuit according to an alternative embodiment of the
invention is shown generally at 1200 in Figure 12. In this embodiment, the
power control circuit 1200 includes a power reduction circuit 1202. In the
present embodiment, the power reduction circuit 1202 is somewhat similar to
the power reduction circuit 350 shown in Figure 3, but omits the resistor 356.
Thus, in this embodiment the power reduction circuit 1202 includes a crowbar
circuit, which in turn consists of a switching circuit and an inductor 1206. In
this embodiment, the switching circuit consists of a single switch element
1204. More particularly, in this embodiment the switch element 1204 is a
semiconductor switch. More particularly still, in this embodiment the switch
element 1204 is a thyristor, although alternatively, other types of switches,
such as IGBTs (Insulated Gate Bipolar Transistors) for example, may be
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substituted. As some types of thyristors can be damaged by excessive rates
of current increase, in this embodiment the inductor 1206 serves to effectively
limit the rate of increase of current dI/dt, to protect the switch element 1204
from potential damage. In this embodiment, the inductance of the inductor
1206 (which need not be the same as that of the inductor 354) is selected to
be as low as possible to serve this latter purpose, while providing an
impedance much less than that of the flash lamp 182. In the present
embodiment, the thyristor 336 is placed in a conducting state to allow the
capacitor bank 328 to begin discharging through the flash lamp 182, to
produce the irradiance flash. As discussed above in connection with the flash
feedback control routine 224, if temperature measurements of the surface 104
of the workpiece during the initial portion of the flash indicate that the surface
104 is being heated too quickly and will likely exceed the desired peak
temperature, the processor circuit applies a gate voltage to the switch element
1204 at a time determined by the processor circuit under the direction of the
flash feedback control routine 224, to cause the switch element 1204 to
transition from a non-conducting state to a conducting state, thereby allowing
the remaining electrical charge stored in the capacitor bank 328 to begin
discharging through the switch element 1204 and the inductor 1206 rather
than through the flash lamp 182. Advantageously, such activation of the
power reduction circuit 1202 results in an even faster termination of the
irradiance flash than the power reduction circuit 350.

Referring to Figures 1, 2, 3, 12 and 13, a power control circuit according to yet
another alternative embodiment of the invention is shown generally at 1300 in
Figure 13. In this embodiment, the power control circuit 1300 includes a
power reduction circuit 1302. In the present embodiment, the power reduction
circuit 1302 is somewhat similar to the power reduction circuit 1202 shown in
Figure 12, but omits the inductor 1206. Thus, in this embodiment the power
reduction circuit 1302 includes a crowbar circuit, which in turn consists of a
switching circuit. More particularly, in this embodiment the switching circuit
consists of a single switch element 1304. In this embodiment, the switch
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element is a semiconductor switch. More particularly, in this embodiment the
switch element 1304 is a thyristor, although alternatively, other types of
switches, such as IGBTs (Insulated Gate Bipolar Transistors) for example,
may be substituted. In this regard, although thyristors and IGBTs have
historically tended to be sensitive to excessive rates of current increase,
thyristors and IGBTs with increasingly greater tolerance to such excessive
current rise rates are becoming increasingly available. Thus, depending upon
the magnitudes of electrical current and rates of change thereof in a particular
embodiment, the switch element 1304 may be provided in isolation, without
the need for an inductor to protect it from the rapid rate of current increase
when it is placed in a conducting state by the processor circuit 110 under the
direction of the flash feedback control routine 224. If a single switch element
1304 with sufficient robustness is not available for a particular application,
various system modifications may be made. For example, a larger number of
flash lamps and power control circuits may be provided, so that each power
reduction circuit 1302 is subjected to lower overall currents and current rise
rates.

Or, as a further alternative, rather than consisting of a single switch element
1304, the switching circuit of the power reduction circuit 1302 may instead
consist of a plurality of switch elements. For example, rather than a single
thyristor or a single IGBT, the switching circuit may include a plurality of
thyristors in parallel with one another, or a plurality of IGBTs in parallel with
one another. Thus, in an illustrative alternative embodiment, the switching
circuit may include a number of parallel IGBTs selected so that there is one
IGBT for every 5 kA of peak current, for example.

Similarly, referring back to Figure 12, a plurality of switch elements in parallel
may be substituted for the single switch element 1204, if desired.

Although each of the power reduction circuits 1202 and 1302 in Figures 12
and 13 has been shown as being connected in parallel with the flash lamp
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182, alternatively, either of these power reduction circuits may be instead
connected in parallel with the capacitor bank 328, similar to the connection of
the power reduction circuit 320 shown in Figure 3, for example. Connection of
the power reduction circuits in parallel with the flash lamp rather than with the
capacitor tends to produce a faster fall time of the electrical discharge and of
the resulting irradiance flash, which in turn tends to advantageously result in
faster cooling of the surface 104, less dopant diffusion and lower thermal
stress in the workpiece, and may also improve the lifespan of the electrodes
of the flash lamp, although the importance or lack thereof of these advantages
may vary between different applications and embodiments.

Although illustrative embodiments have been described using four flash-
lamps, alternatively, a smaller number of flash lamps, such as one for
example, may be substituted if desired. Conversely, a much larger number of
flash lamps, such as 30, 40 or more, for example, may be substituted.
Likewise, different types of flash lamps may be substituted. For example, the
irradiance flash may instead be generated by a microwave pulse generator, if
desired.

Referring back to Figure 2, if desired, to facilitate fast throughput, the memory
device 260 may be divided into a “present” area for storing information
relating to a workpiece presently supported in the chamber 130 for thermal
processing, and a “next” area for storing information relating to a workpiece
that is currently being measured outside the chamber and will be inserted into
the chamber 130 for processing when the processing of the “present”
workpiece has been completed.

More generally, while specific embodiments of the invention have been
described and illustrated, such embodiments should be considered illustrative
of the invention only and not as limiting the invention as construed in
accordance with the accompanying claims.
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WHAT IS CLAIMED IS:

A method comprising:

a) monitoring at least one thermal efficiency parameter associated
with an irradiance system configured to produce an irradiance
flash incident on a surface of a workpiece; and

b) automatically updating control information used by the irradiance
system to produce the irradiance flash, in response to the
monitoring of the thermal efficiency parameter.

The method of claim 1 wherein monitoring comprises calculating the at
least one thermal efficiency parameter in response to a measurement
of an actual temperature increase of the surface of the workpiece
caused by the irradiance flash.

The method of claim 1 or claim 2 wherein monitoring comprises
monitoring energy density of radiant energy of the flash arriving at the
surface.

The method of any one of claim 1 to claim 3 wherein automatically
updating comprises automatically updating at least one stored
efficiency parameter.

The method of any one of claim 1 to claim 4 wherein automatically
updating comprises automatically varying an output energy of the
irradiance tlash.

The method of claim 5 wherein automatically varying comprises
automatically varying an amount of stored electrical charge used to
produce the irradiance flash.

The method of claim 1 further comprising:
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predicting a heating effect of the irradiance flash upon the
surface of the workpiece, in response to a measurement of a
heating parameter of the surface; and

pre-adjusting the irradiance flash, in response to the predicted
heating effect.

A method comprising:

a)

b)

predicting a heating effect of an irradiance flash to be incident
upon a surface of a workpiece, in response to a measurement of
a heating parameter of the surface;

pre-adjusting the irradiance flash, in response to the predicted
heating effect;

generating the pre-adjusted irradiance flash incident upon the
surface of the workpiece;

measuring a temperature of the surface of the workpiece during
an initial portion of the irradiance flash incident on the surface;
and

controlling a power of a remaining portion of the irradiance flash,
in response to the temperature.

The method of claim 7 or claim 8 wherein predicting comprises

predicting respective heating effects of a similar irradiance flash to be

incident upon respective surfaces of a plurality of similar workpieces, in

response to respective measurements of respective heating

parameters of the respective surfaces.

The method of claim 9 wherein the workpieces are ostensibly identical.
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The method of any one of claim 7 to claim 10 wherein predicting the
heating effect of the irradiance flash comprises predicting a peak
temperature of the surface.

The method of any one of claim 7 to claim 10 wherein predicting the
heating effect of the irradiance flash comprises predicting an amount of
energy of the irradiance flash to be absorbed by the surface.

The method of any one of claim 7 to claim 12 further comprising
measuring the heating parameter of the surface.

The method of claim 13 wherein measuring the heating parameter
comprises measuring a reflectivity of the surface.

The method of claim 13 wherein measuring the heating parameter
comprises measuring an emissivity of the surface.

The method of any one of claim 13 to claim 15 wherein measuring
comprises measuring the heating parameter in a wavelength spectrum
corresponding to the irradiance flash.

The method of claim 16 wherein measuring comprises measuring a
plurality of values of the heating parameter at a plurality of respective
wavelengths of the spectrum.

The method of any one of claim 13 to claim 17 wherein measuring the
heating parameter comprises compensating for small-scale angular
variations in the heating parameter.

The method of claim 18 wherein compensating comprises measuring
the heating parameter over a sufficiently large area of the surface to
effectively average out the small-scale angular variations.

The method of claim 19 wherein the surface comprises a device side of
a semiconductor wafer, and wherein measuring the heating parameter
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over a sufficiently large area comprises measuring the heating
parameter over an area at least about 1 cm wide.

The method of claim 20 wherein measuring comprises measuring the
heating parameter over an area at least about 2 cm wide.

The method of claim 18 wherein measuring comprises measuring the
heating parameter with a fiber optic probe.

The method of claim 15 wherein measuring the emissivity comprises
illuminating the surface with an irradiance spectrum comprising
wavelengths of the irradiance flash.

The method of claim 23 wherein illuminating comprises illuminating the
surface with an irradiance spectrum produced by an illumination source
other than a source of the irradiance flash.

The method of claim 24 wherein the illumination source further
comprises a filter configured to simulate an irradiance spectrum of the
source of the irradiance flash.

The method of any one of claim 23 to claim 25 wherein pre-adjusting
comprises pre-adjusting a future irradiance flash to be incident upon a
first surface of a first workpiece, contemporaneously with an incidence
of a present irradiance flash upon a similar surface of a second
workpiece.

The method of any one of claim 7 to claim 13 wherein predicting the
heating effect comprises predicting the heating effect in response to a
measurement of an emissivity of the surface and an amount of energy
to be delivered to the surface by the irradiance flash.

The method of claim 17 wherein predicting the heating effect
comprises convolving the plurality of values of the heating parameter at
the plurality of respective wavelengths of the spectrum with a plurality
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of irradiance values indicative of respective amounts of irradiance at
the respective wavelengths to be delivered to the surface by the flash.

The method of claim 28 wherein convolving comprises convolving a
plurality of absorptivity values of the surface at the plurality of
respective wavelengths with a plurality of irradiance energy values
indicative of respective amounts of radiant energy at the respective
wavelengths to be delivered to the surface by the flash.

The method of claim 29 wherein predicting the heating effect further
comprises summing a plurality of absorbed energy values resulting
from the convolving.

The method of any one of claim 7 to claim 30 wherein pre-adjusting
comprises pre-adjusting an amount of stored electrical energy to be
used to generate the irradiance flash.

The method of claim 31 wherein the stored electrical energy comprises
electrical charge stored in a capacitor bank.

The method of any one of claim 1 to claim 6 further comprising:

a) generating the irradiance flash incident upon the surface of the
workpiece;

b) measuring a temperature of the surface of the workpiece during
an initial portion of the irradiance flash incident on the surface;
and

c) controlling a power of a remaining portion of the irradiance flash,
in response to the temperature.

The method of claim 8 or claim 33 wherein the irradiance flash has a
duration of less than a thermal conduction time of the workpiece.
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The method of claim 8 or claim 33 wherein the irradiance flash delivers
energy to the surface at a rate of at least about 1 MW.

The method of claim 8 or claim 33 wherein the initial portion has a
duration of less than about one millisecond.

The method of claim 8 or claim 33 wherein the initial portion has a
duration of less than about one-half millisecond.

The method of claim 8 or claim 33 wherein measuring comprises
obtaining a plurality of measurements of the temperature of the surface
at a plurality of respective times during the initial portion of the
irradiance flash.

The method of claim 8 or claim 33 wherein measuring the temperature

comprises measuring the temperature with a high-speed radiometer.

The method of claim 39 wherein the radiometer comprises an InGaAs
photodiode.

The method of claim 8 or claim 33 further comprising comparing the
temperature to an expected temperature.

The method of claim 38 further comprising comparing at least one of
the plurality of temperature measurements to an expected temperature
trajectory.

The method of claim 8 or claim 33 wherein controlling comprises
modifying the remaining portion of the irradiance flash to reduce a peak
temperature of the surface.

The method of claim 43 wherein modifying comprises reducing an
energy output of the remaining portion of the irradiance flash.
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The method of claim 44 wherein reducing comprises firing a crowbar
circuit in communication with a source of the irradiance flash and an

electrical power supply of the source.

The method of claim 44 wherein reducing comprises firing a crowbar

circuit connected in parallel with a flash lamp or a capacitor bank.

The method of claim 8 or claim 33 wherein controlling comprises
modifying the remaining portion of the irradiance flash to increase a

peak temperature of the surface.

The method of claim 47 wherein controlling comprises increasing a

peak power output of the remaining portion of the irradiance flash.

The method of claim 48 wherein increasing comprises firing an
inductive crowbar circuit in communication with a source of the

irradiance flash and an electrical power supply of the source.

The method of claim 48 whe\rein the irradiance flash is produced by an
arc lamp powered by an electric current“discharge, wherein the electric
current discharge travels through a first electrical path having a first
inductance to produce the initial portion of the irradiance flash, and
wherein increasing comprises causing the electric current discharge to
travel through a second electrical path having a second inductance
less than the first inductance.

The method of claim 50 wherein increasing further comprises

discharging a capacitor through the arc lamp.

The method of any one of claim 1 to claim 51, further. comprising
supplying an electrical pulse to an irradiance device configured to
produce the irradiance flash incident on the workpiece, wherein a fall

time of the pulse is less than a rise time of the pulse.
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The method of claim 52 wherein the pulse comprises a sawtooth-
shaped pulise.

The method of claim 52 or claim 53 wherein supplying comprises
causing the pulse to abruptly transition from the rise time to the fall

time.

The method of claim 54 wherein causing comprises firing a crowbar

circuit to cause the pulse to transition from the rise time to the fall time.

The method of claim 54 or claim 55 wherein causing comprises
shorting across the irradiance device to cause the pulse to transition

from the rise time to the fall time.
An apparatus comprising:

means for monitoring at least one thermal efficiency parameter
associated with an irradiance system configured to produce an

irradiance flash incident on a surface of a workpiece; and

means for automatically updating control information used by
the irradiance system to produce the irradiance flash, in

response to the monitoring of the thermal efficiency parameter.
The apparatus of claim 57 further comprising:

means for predicting a heating effect of the irradiance flash to be
incident upon the surface of the workpiece, in response to a

measurement of a heating parameter of the surface; and

means for pre-adjusting the irradiance flash, in response to the

predicted heating effect.
The apparatus of claim 57 or claim 58 further comprising:

means for generating the irradiance flash incident upon the

surface of the workpiece;
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means for measuring a temperature of the surface of the
workpiece during an initial portion of the irradiance flash incident

on the surface; and

means for controlling a power of a remaining portion of the

irradiance flash, in response to the temperature.

The apparatus of any one of claim 57 to claim 59 further comprising
means for supplying an electrical pulse to an irradiance device
configured to produce the irradiance flash incident on the workpiece,

wherein a fall time of the pulse is less than a rise time of the pulse.
An apparatus comprising:

a) a measurement system configured to monitor at least one
thermal efficiency parameter associated with an irradiance
system configured to produce an irradiance flash incident on a

surface of a workpiece; and

b) a processor circuit in communication with the measurement
system, wherein the processor circuit is configured to
automatically update control information used by the irradiance
system to produce the irradiance flash, in response to the

monitoring of the thermal efficiency parameter.

The apparatus of claim 61, further comprising the irradiance system
configured to produce the irradiance flash incident on the surface of the
workpiece, wherein the processor circuit is in communication with the

irradiance system, and wherein the processor circuit is configured to:

i) predict a heating effect of the irradiance flash, in
response to a measurement of a heating parameter of the

surface; and

SUBSTITUTE SHEET (RULE 26)
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ii) pre-adjust the irradiance flash, in response to the
predicted heating effect.

The apparatus of claim 61 or claim 62, wherein the measurement
system is configured to measure a temperature of the surface of the
workpiece during an initial portion of the irradiance flash incident on the

surface, and wherein the processor circuit is in communication with the

- measurement system and with the irradiance system, and wherein the

processor circuit is configured to control a power of a remaining portion

of the irradiance flash, in response to the temperature.

The apparatus of any one of claim 61 to claim 63, the apparatus
comprising an electrical pulse supply configured to supply an electrical
pulse to the irradiance system to produce the irradiance flash incident
on the surface of the workpiece, wherein a fall time of the pulse is less

than a rise time of the pulse.

An apparatus comprising a processor circuit configured to control a
thermal processing system to cause the method of any one of claim 1

to claim 56 to be carried out.

"A computer-readable medium storing instruction codes for directing a

processor circuit to control a thermal processing system to cause the

method of any one of claim 1 to claim 56 to be carried out.

A computer program comprising code means that when executed by a
processor circuit cause the method of any one of claim 1 to claim 56 to

be carried out.

A signal embodied in a medium, the signal comprising code segments
for directing a processor circuit to control a thermal processing system

to cause the method of any one of claim 1 to claim 56 to be carried out.
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