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SYSTEMS, METHODS, AND APPARATUS FOR CORRECTING THERMAL
PROCESSING OF SUBSTRATES

BACKGROUND
Field

(0001} Aspects of the present disclosure relation to systems, methods, and
apparatus for correcting thermal processing of substrates. In one aspect, a corrective

absorption factor curve having a plurality of corrective absorption factors is generated.

Description of the Related Art

[0002] Several processing hindrances can arise when thermally processing
substrates. For example, heating substrates can take iime, causing reduced
throughput and increased costs and delays.  As ancther example, heating of
subsirates can be non-uniform, causing substrate defects and processing delays. As
another example, subsirates should reach an opacity that is sufficient for the

substrates (o properly absorb heat during processing.

[6083] Variances across substrates can exacerbate the hindrances described
above. For example, differences in doping can cause variances in the time it akes {0

heat different substrates.

[5004] Therefore, there is a need for improved systems, methods, and apparatus
that facilitate correcting thermal processing of substrates having a variety of different

classifications.

SUMMARY

[B005] Aspects of the present disclosure relation to systems, methods, and
apparatus for correcting thermal processing of substrates. In one aspect, a corrective

absorption factor curve having a plurality of corrective absorption factors is generated.

[0008] in one implementation, a system for processing substrates includes a
chamber including an internal volume, a substrate support, a plurality of heat lamps,
and one or more radiation detectors disposad on an opposing side of the substrate

support relative o the plurality of heat lamps. The sysiem includes a controller
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including instructions that, when executed, cause a plurality of operations to be
conducted. The plurality of operations include heating & substrate across a plurality
of temperaturas using the plurality of heat lamps. The heating includes directing an
incident radiation to a receiving surface of the substrale across a plurality of
wavelengths for each temperature of the plurality of temperatures. The plurality of
operations include detecting a plurality of transmitted radiation values transmitted from
a transmitting surface of the substrate across the plurality of waveiengths for sach
temperature of the plurality of temperatures. The plurality of operations include
determining a plurality of absorplive faclors across the plurality of wavelengths for
gach temperature of the plurality of temperatures, determining a plurality of absorbed
power values across the plurality of wavelengths for each temperature of the plurality
of temperatures, and generating an absorbed power curve across the plurality of
wavelengths for each temperature of the plurality of temperatures. The plurality of
operations include generating a corrective absorption factor curve having a plurality of
corrective absorption factors.  The plurality of operations include identifying a
classification of the substrate, and transforming the corrective absorption factor curve,
The fransforming includes comparing the corrective absorption factor curve with a
stored corrective factor curve having a plurality of stored corrective factors, and
merging the corrective absorption factor curve with the stored corrective factor curve

to generate a transformed corrective factor curve,

[0007] in one implementation, a method of correcting thermal processing of
substrates includas heating a substrate across a plurality of temperatures, tha heating
including directing an incident radiation 1o a receiving surface of the substrale across
a plurglity of wavelengths for each temperature of the plurality of temperatures. The
method includes detecting a plurality of transmitied radiation values transmiited from
a transmitting surface of the substrate across the plurality of wavelengths for sach
temperature of the plurality of temperatures. The method includes determining &
plurality of absorptive factors across the plurality of wavelengths for each temperature
of the plurality of temperatures, and generating a corrective absorption factor curve
having a plurality of corrective absorption factors. The method includes transforming
the corrective absorption factor curve.  The transforming includes comparing the

corrective absorption factor curve with a stored corrective factor curve comprising a
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plurality of stored corrective factors, and merging the corrective absorption factor curve
with the stored corrective factor curve to generate a transformed corrective factor

curve.

[0008] in one implamentation, a non-transitory computer readable meadium for
correcting thermal processing of substrates includes insiructions that, when execuied,
cause a plurality of operations 10 be conducted. The plurality of operations include
heating a substrate across a plurality of temperatures, the heating including directing
an incident radiation to a receiving surface of the substrate across a plurality of
wavelengths for sach temperature of the pluraiity of temperatures. The plurality of
operations include detecting a plurality of transmitted radiation values transmitted from
a transmitiing swrface of the substrate across the plurality of wavelengths for each
temperature of the plurality of temperatures. The plurality of operations include
determining a plurality of absorptive factors across the plurality of wavelengths for
each temperature of the plurality of temperaiures, and generating a corrective
absorption factor curve having a plurality of corrective absorption factors. The plurality
of operations include transforming the corrective absorption factor curve.  The
transforming includes comparing the corective absorption factor curve with a stored
corrective factor curve having a plurality of stored corrective factors, and merging the
corrective absorption factor curve with the stored corrective factor curve to generate a

fransformed corrective factor curve.

BRIEF DESCRIPTION OF THE DRAWINGS

6009 So that the manner in which the above recited features of the present
disclosure can be understood in detail, a more particular description of the disclosure,
briefly summarized above, may be had by reference to embodiments, some of which
are Hustrated in the appended drawings. it is {o be noted, however, that the appended
drawings ilustrate only exemplary embodiments and are therefore not {o be
considered limiting of scope, as the disclosure may admit to other equally effective

gmbodiments.

[8810] Figure 1A is a partial schematic perspective view of a chamber, according

to one implementation.
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[0041] Figure 1B is a partial schemaltic view of a substrate disposed in the internal

volume of the chamber shown in Figure 14, according (o one implementation.

[0012] Figure 2 is a schematic graphical view of a methed of correcting thermal

processing of substrates, according to one implementation.

[0013] Figure 3 is a schamatic graphical view of a graph showing power versus

wavelength for a radiation source, according to one implementation.

[0014) Figure 4 is a schematic graphical view of a graph showing transmitted

radiation versus wavelength, according to one implementation.

[B015] Figurs 5 is a schematic graphical view of a graph showing absorbed power

varsus wavelength, according to ons implementation.

[00146] Figure 6 is a schematic graphical view of a graph showing absorbed integral

versus temperature, according 1o one implementation.

[0017] Figure 7 is a schematic graphical view of a graph showing corrective

absorption factor versus temperature, according o one implementation.

[0018] Figure 8 is a schematic graphical view of a graph showing detected signal

versus doping level, according to one implementation.

[6019] To facilitate understanding, identical reference numerais have been used,
where possible, 1o designate identical elements that are common o the figures. ltis
contemplated that elements and features of one embodiment may be beneficially

incorporated in other embodiments without further recitation.
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DETAILED DESCRIPTION

[0028] Aspecis of the present disclosure relation to systems, methods, and
apparatus for correcting thermal processing of substrates. In one aspect, a corrective
absorption factor curve having a plurality of corrective absorption factors is generated.
The corrective absorption factor curve is used to determine a corrected radiation
power by dividing a selected radiation power by a corrective absorption factor
disposed along the corrective absorption factor curve at a selecled processing
temperature. The selected radigtion power corresponds {0 the selected processing
temperature.  The corrected radiation power is used to heat a classification of

substrates during thermal processing.

[on21] Figure 1A is a partial schematic perspective view of a chamber 100,
according to one implementation. The chamber 100 is part of a system for thermally
procassing substrates. The chamber 100 can be a rapid thermal processing (RTP)
chamber. The chamber 100 can be configured to conduct continuous spectra
transmission pyrometry (“CSTP") that measures spectra of radistion fransmitted
through & substrate (e.g., & silicon substrate) at a range of wavelengths (g.g., more

than one or two primary wavelengths) to infer the temperaturs of the substrate.

{0023} The chamber 100 includes a lamp assembly 110, a chamber body 120 and
a substrate support 182, In the implementation shown in Figure 1A, the substrate
support 182 is an assembly. For clarity, the chamber 100 has been cross-sectioned,
and only the upper portion of chamber body 120 is illustrated in Figure 1A. The lamp
assembly 110 includes a plurality of heat lamps 111, each of which is positioned inside
a raspective reflective tube 112, The heat lamps 111 can be incandescent lamps,
such as tungsten-halogen, or other high output lamps, such as discharge lamps. The
reflective tubes 112 are arranged in a honeycomb array 113 inside a water-cooled
housing 114. A thin window 115 forms a bottom surface of the lamp assembly 110,
separating the lamp assembly 110 from a vacuum environment often present in an
internal volume 118 of the chamber 100. Quartz can be used for the window 181 since
qguariz is transparent {o infrared light. The lamp assembly 110 is attached to an upper

surface of the chamber body 220 in a vacuum-tight manner.



WO 2023/033949 PCT/US2022/037813

{6023 The chamber body 120 includes walls and a floor of the chamber 100 as
well as a substrate opening 121 and an exhaust opening 122, Substrates are
delivered into and removed from thea internal volume 118 of the chamber 100 through
the substrate opening 311. A vacuum pump (not shown), such as part of a gas circuit,
exhausts gases from the chamber 100 through the exhaust opening 122, Slit or gate
valves (not shown) may be used to seal the substrate opening 121 and the exhaust

opening 122

[0024] The substrate support 182 is disposed within the chamber body 120 and in
the internal volume 118, The substrate support 182 includes an edge ring 131, &
rotatable quartz cylinder 132, a reflector plate 133, and an array of photo probas 134
(e.g., optical fibers). The edgering 131 resis on the rotatable quariz cylinder 132. The
rotatable quartz cviinder 132 may optionally rotate during substrate processing {o
facilitate mapimizing substrate temperature uniformity during thermal processing by
facilitating minimizing the effect of thermal asymmetries in the chamber 100 on the
substrata. A reflector plate 133 can be positioned about 5 mm beneath the substrate.
Photo probes 134 extend through the reflector plate 133 and are directed at the bottom
of the substrate during thermal processing. The photo probes 134 transmit radiant
energy from the substrate to one or more radiation detectors (e.g., radiation detector
137) for determining substrate temperature, substrate absorptive factor(s), substrate
frontside emissivity, and/or reflectivity during thermal processing.  The radiation
detaector 137 can be a transmission pyrometer. The radiation detsciors measure
broadband emissions from the backside of the substrate in a selecled range of
wavelengths (e.g., belween wavelengths of about 200 nm io about 5000 nm). The

photo probes 134 are disposad within the chamber 100 and in the internal volume 118,

[0025] The radiation detector 137 can include a filter that may provide a spectral
response sensitive to the wavelength of the absorption gap at the substrate
temperatures betweaen about 100 °C and about 800 °C, such as about 400 °C. Inone
embodiment, which can be combined with other embodiments, the radiation detector
137 includes a photodstector. The photodstector can be a silicon (8i) photodstsctor,
a germanium {Ge) photodetecior, a lead sulfide (Pb8) photodetector, an indium
arsanide {InAs) photodetector, an indium gallium arsenide (InGaAs) photodetactor,

andfor an indium antimonide {InSb) photodetactor.  In one example, which can be
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combined with other examples, the photodetector is a silicon photodiode or an InGaAs
photodiode.  The filter can be disposed betwesn the photodstector and the bsam
splitter.  The present disclosure contemplates that the filter andfor the beam splitter
can be omitted. The silicon photodicde can have a wavelength detection band within
a range of about 0.4 microns to about 1.1 microns. The InGaAs photodiode can have
a wavelength detection band within a range of about 0.8 microns (such as 0.2 microns)

to about 1.8 microns (such as 1.7 microns)

[0026] The chamber 100 can include a low-divergence, continuum radiation source
that generates a wide spectrum of mid-infrared radiation {e.g., including wavelengths
from about 1000 nm to about 1700 nm). The continuum radiation source may emit, or
include optics to produce, highly colliimated radiation. The collimated radiation may
be transmitied through a beam guide (e.g., a single mode optical fiber, a multi-mode
optical fiber, atc) onto the substrate disposed in the internal volume 118, The
substrate is a transparent substrate or a semitransparent subsirate that is formed of
one or more of silicon, carbon, germanium, phosphorus, polysilicon, oxide, nitride,
metal film, andfor boron. In one embodiment, which can be combined with other
embodiments, the substrate is a silicon substrate. The metal film of the substrate
includes one or more of titanium, titanium nitride (TIN), cobalt, nickel, tungsten, copper,

manganese, and/or other suitable metal(s).

{0027} A portion of the collimated radiation may transmit through the subsirate.
The amplitude of the transmiited radiation may be a function of & temperature of the
substrate and of the wavelength of the incident radiation. A photo probe 134 (e.g., a
light pipe) may be aligned to receive the transmitied radiation. For example, the photo

probe 134 may be aligned with the beam guide.

[0025) The photo probe 134 may direct the transmitted radiation {transmitted from
the transmitting surface of the substrate) to one or more spectrometers. For example,
the photo probe 134 may direct the transmitted radiation to a diffraction grating. The
diffraction grating may separate the transmitted radiation in different directions as a
function of wavelength. A collimating lens may focus the diffracted radiation to one or
mare focus points. One or more photodetaectors may then measure the radiation as a

function of direction, which thereby is a function of wavelength. For examplg, an
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indium galiium arsenide linear array may be positioned at the back focal plane of the
collimating lens 1o measure power as a function of wavelength. The power spectrum
{as a function of wavelength) of the transmitted radiation may be compared o the
power spectrum of the incident radiation. The incident radiation is the source radiation

that is incident on the subsirata.

[6028] The two power spectra may be used to calculate the transmission of the
subsirate as a function of wavelength. The fransmission of the substrate can be used
to determine an absorptive factor of the substrate. The transmission can also be used
to infer a temperature of the subsirate. In some embodiments, zones of the substirate
may be identified, and CESTP may be done on sach zone {o create a temperature map
of the substrate. In one embodiment, which can be combined with other embodiments,

longer wavelengths (e.g., greater than 1080 nm) of source radiation may be utilized.

[0030] As shown in Figure 1A, the subsirate support 182 may define a processing
area 135, proximate which, during operations, the substrate can be disposed. As
ilustrated, a continuum radiation source 150 is disposed outside of the chamber 100
The continuum radiation source 150 can be disposed inside of the lamp assembly 110,
attached to the lamp assembly 110, immediately cutside of the lamp assembly 110, or

otherwise located {o suit operational specifications.

[0031] The continuum radiation source 150 is configured to generate source
radiation for input to source manifold 179. The continuum radiation source 150 may
be a quanium emission source, such as a continuum laser or an appropriately
phosphor coated light emitting diode ("LED”), or a high powerad halogen source. The
source radiation travels through the source manifold 179 and ultimately reaches an
incident area of a receiving surface of the substrate {e.g., proximate the processing
area 335) as incident radiation. in one example, which can be combined with other
sxamples, the source manifold 179 includes a plurality of beam guides 115
interspersed with the reflective tubes 112, A collimating lens 129 can be located at
ends of the beam guides 115 (e.g., the ends closest to the processing area 135). The
collimating lens 129 can direct the source radiation onio an incident area of the
receiving surface of the substrate. A portion of the source radiation directed from each

beam guide 115 may be transmitted from the receiving surface of the subsirate to the
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opposite, transmitting surface of the substrate. For example, the source radiation may
be incident on the receiving surface of the substrate at the incident area, and the
transmitted radiation may exit the transmitting surface of the substrate at the

emanating area.

{0032} The plurality of photo probes 134 can be arranged with an end of each photo
probe 134 proximate the transmitling surface of the substrate. For example, each
photo probe 134 can be aligned with a respective beam guide 115 to detect the
fransmitied radiation transmitted from the transmitting surface of the substrate. Inone
embodiment, which can be combined with other embodiments, each beam guide 115
of the source manifold 179 has an aligned photo probe 134, The presant disclosure
contemplates that there can be more beam guides 115 than photo probes 134, The
present disclosure contemplates that there can be more photo probes 134 than beam
guides 115, The collection of photo probas 134 can make up the detector manifold
130. The transmitied radiation may travel through the detector manifold 130 and
ultimately reach one or more radiation detectors 137, In one embodiment, which can
be combined with other embodiments, & single radiation detector 137 can receive
fransmitted radiation from all of the photo probes 134, The present disclosure
contemplates that multiple radiation detectors 137 can be used. in one smbodiment,
which can be combined with other embodiments, the detector manifold 130 connects
a subset of the photo probes 134 with each radiation detector 137, In one
embodimeant, which ¢can be combined with other embodimeants, the detector manifold
130 connacts a single photo probe 134 with each radiation detector 137. The detector
manifold 130 can use optical splitters to deliver transmitied radiation from one photo
probe 134 to multiple radiation detectors 137. The detector manifold 130 can use
optical combiners to deliver transmiited radiation from muitiple photo probes 134 1o a

single radiation detector 137.

[0033] The continuum radiation source 150 may be configured so that source
radiation may be selected over and/or distinguished from background radiation. For
axample, the continuum radiation source 150 may be a bright source so that any
background radiation is negligible in comparison. As another example, the continuum
radiation source 150 may bs tumed off pericdically to facillitate sampling of the

background radiation for calibration andfor normalization. The continuum radiation
9
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source 150 may be a high-power radiant source, for example a quantum sources such
as a laser andfor LED. In one embodiment, which can be combined with other
embodimants, the continuum radiation source 150 emits source radiation in
wavelengths selected to maich, or otherwise complement, the spectral characteristics
of the radiation detector 137, In one embodiment, which can be combinad with other
embodiments, the continuum radiation source 150 is a directed radiation source, for
example a collimataed or partially collimated source, to direct radiation through tha
substrate 1o be received by the radiation detector 137, Collimation may be selected
to match the radiation to the numerical aperiure of the radiation detector 137,

Collimation may improve the signal-{o-noise ratio of the system.

[0034] The source manifold 179 and/or the beam guides 115 may be configured to
direct source radistion to a plurality of iocations proximate processing area 135
simultaneously or sequeantially. The detector manifold 130 and/or photo probes 134
may be configured o receive transmiited radiation from a plurality of locations

proximate processing area 135 simulianeously or sequentially.

[5035] The radiation detector 137 may measure the transmitted radiation
(fransmitted from the substirate) as a function of wavelength. The power spectrum (as
a function of wavelength) of the transmitied radiation may be compared {o the power
spactrum of the incident radiation. For example the power specirum of the incident
radiation may be obtained directly andfor simulianeously. In one embodiment, which
can be combined with other embaodiments, a portion of the source manifold 179 is
coupled to a portion of the detecitor manifold 130 to provide direct measurement of the
source power spectrum.  The measurement of the source power spectrum can be
done simultanecusly with, or at about the same time as, measurements of the power

spectrum of the transmitied radiation.

[0038] During a method of correcting tharmal processing of substrates, source
radiation is directed to the substrate from the heat lamps 111 and/or the continuum
radiation source 150. The substrate disposed in the internal volume 118 includes a
receiving surface facing the heat lamps 111 and a transmitting surface facing the
reflector plate 133, Incident radiation of the source radiation is received by the

substrate, transmitted through the substrate, and transmitted to the photo probes 134
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from the substrate. The two power specira (the specira of the incident radiation and
the spectra of the transmitted radiation) may be used to calculate the transmission of
the substrate as a function of wavelength. The transmission of transmitted radiation
through and from the substraie is used to determine an absorptive factor of the

substrate. The calculated transmission be used to infer a temperature of the substrate.

{8037} A redundancy of measurement signals may be created. Redundant
measurement signais may be created by comparing the powsr spectrum of the
fransmitied radiation {¢ the power spectrum of the incident radiation. More redundant
signals may allow for more accurate measurements of substrate temperature,
substrate absorptive Tactor(s), substrate reflectivity, andfor substrate emissivity.
Determining the absorptive factor of the substrate and/or inference of temperature
from the measured power spectrum of fransmitted light may be aided by calibrating
the radiation detector 137 to a known standard. The substrate can be heated to a
known temperature, and a power spectrum of the transmitted radiation at that known
ternperatura can be determined and stored. A calibration curve can be constructed by
storing the power spectrum at a plurality of known temperatures. The calibration curve
can then be used to determine an absorplive factor andior a temperature of
subsequent substrates having the same, or suitably similar, fransmission responses.
Using stored values (such as the stored transmilied radiation value and/or the
absorptive factor value), one or more classification{s) of subsequent substrates can
be identified. One or more classifications of substrates can be identifiad by comparing
absorbed radiation of a substrate to a known signal versus doping level curve (such
as the graph 800). The identification of the one or more classifications can account
for a photo sensitivity range across wavelengths for the photodetector usead {o detect
emissivity for determining the absorbed radiation. The classification(s) can indicate a
degree of doping of the subsequent substrates. Equilibrium and non-equilibrium
readings may be calibrated by controliing the conditions of the equilibrium or non-

aquilibrium state and relating such conditions to the measured power spectrum.

[0035] The system having the chamber 100 includes a controller 180 coupled to
the chamber 100. The controlier 190 includes a central processing unit (CPU) 181, a
memaory 182 containing instructions, and support circuits 193 for the CPU 181, The

controller 190 controls the continuum radiation source 150, the radiation detector 137,
11
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andf/or the heat lamps 111 directly, or via other computers andfor controllers. The
controller 190 is of any form of a general-purpose computer processor that is used in
an industrial setting for controlling various chambers and equipment, and sub-

processors thereon or therein.

[6039] The memory 192, or non-transitory computer readable medium, is one or
maore of a readily available memory such as random access memaory (RAM), read only
memory {ROM), floppy disk, hard disk, flash drive, or any other form of digital storags,
local or remote. The support circuits 193 are coupled to the CPU 1981 for supporting
the CPU 191 (a processor). The support circuits 193 include cache, power supplies,
clock circuits, inputfoutput circuitry and subsystems, and the like. Subsirate
processing parameters (such as g processing temperature—for example an anneal
temperature, substrate doping, subsirate fransmissivity, substrale frontside emissivity,
substrate  absorplivity, substrate thickness, andfor substrate reflectivity) and
operations are stored in the memory 192 as a sofiware routine that is executed or
invoked to turm the controller 180 into a specific purpase controller to control the
operations of the system, such as a gas circuit {including one or more gas feeds andfor
the vacuum pump) and the chamber 100, The substraie processing parameters can
be known or can be measured during thermal processing. The controller 190 is
configured to conduct any of the methods dascribed herein. The instructions storad
on the memory 192, when executed, cause one or more of operations 203-217 of
method 200 {o be conducted,

[0040] The various operations described hergin (such as the operations 203-217
of the method 200} can be conducted automatically using the controiler 180, The
controller 180 can be configured to conduct the method 200 for each substrate that is

thermally processed in the chamber 100.

[B041] The controller 120 can output and display on a display (such as a user
interface) in the form of a graph andfor a table one or more aspects described in
refation to the method 200, For example, the controller 180 can display on the display

a graph similar to one of the graphs 300-700 described below.

[0042] The instructions stored in the memory 192 of the controlier 180 can include

one or more machine learning/artificial intelligence algorithms (such as the regression
12
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maching learning model described below) that can be executed in addition to the
operations described herain. As an example, a machine leaming/artificial intelligence
algorithm exscuted by the controller 180 can consider, weigh, update, and store
substrate processing parameters (such as a processing temperature—ior example an
anneal temperature, substrate doping, substrate transmissivity, substrate frontside
emissivily, substrate absorplivity, subsirate thickness, andfor subsirate reflectivity) for
different classifications of substrates thermally processed in the chamber 100. As
another example, the machine learning/artificial intelligence aigorithm executed by the
controller 180 can continuously generate and transform a corrective absorption factor
curve for substrates thermally processed in the chamber 100, As another exampls,
the machine learning/artificial intelligence algorithm executed by the controller 190 can
monitor opacity of the substrates {o determing an upper end to use for the plurality of

temperatures.

[0043] Figure 1B is a partial schematic view of a subsirate 128 disposed in the
internal volume 118 of the chamber 100 shown in Figure 1A, according o one
implementation. The subsirate 128 is shown in a raised processing position in Figure
1B where the substrate 128 is raised above the edge ring 131 using lift pins 147 (two
are shown in Figure 14), such that the substrate 128 is disposed at a gap from the
adgs ring 131. The present disclosure contemplates that thres or more [ift pins 147
can be used {o raise and lower the substrate 128. The substrate 128 can be lowered
{using the iift pins 147) to be supported on the edge ring 131 in a lowered processing
position. A temperatura of the substrate 128 can be measured at the lowered
processing position, and operations of the method 200 can be conducted at the raised
procassing position. The substrate 128 includes a receiving surface 126 and &
fransmitling surface 127. The thermal processing and the method 200 described
below are conducted while the substrate 128 is in the raised processing position. In
the raised processing position shown in Figure 18, the substrate 128 is positionsed at
a distance D1 relative to an upper surface 139 of the internal volume 118 during the
conducting of the method 200 described below. The distance D1 is 1 mm or less. In
one embodiment, which can be combined with other embodiments, the distance D1 is

within a range of 0.1 mm to 1 mm. In the implementation shown in Figure 18, the
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upper surface 139 is a lower surface of the window 181. In the lowered processing

position of the substrate 128, the distance B1 is increased, such as {o about 24 mm.

[0044] The distance D1 facilitates directing source radiation toward the substrate
128 as incident radiation rather than around the substrate 128. The distance D1 also
facilitales reducing heating of the edge ring 131 during powering of the heat lamps
111, The distance D1 facilitates quickly, efficiently, and uniformly heating the

subsirate 128 to an anneal temperature and accurately correcting thermal processing.

[0045] Figure 2 is a schematic graphical view of a method 200 of correcting thermal
processing of substrates, according o one impiementation. Operation 203 includes
heating a substrate across a plurality of temperatures. An upper end of the plurality
of temperatures is an opacity temperature for the substrate. The heating includes
directing an incident radiation {0 a receiving surface of the subsirate across a plurality
of wavelengths for each temperature of the plurality of temperatures. The incident
radiation is directed o the substrate using a plurality of heat lamps and/or a radiation
source {such as a continuum radiation source) used in addition to the heat lamps.
Each temperature of the plurality of temperaturas is known, or is measurad using one
or more pyrometers. Operation 205 includes detecting a plurality of transmitted
radiation valuas transmitted (e.g., emitted) from a transmitling surface of the substrate.
The plurality of transmitted radigtion vaiues are defected across the plurality of
wavelengths for each temperature of the plurality of temperatures.  Using the
fransmitied radiation values, a plurality of absorptive radiation values are determined
across the plurality of wavelengths for each temperature of the pluralily of

temperatures as absorptivity is equal {0 emissivity.

[0048] Operation 207 includes determining a plurality of absorbed power values
across the plurality of wavelengths for each temperature of the plurality of

temperalures,

[6047] Operation 209 includes generating an absorbed power curve across the

plurality of wavelengths for each temperature of the plurality of temperatures.

[0048] Operation 211 includes determining a plurality of absorptive factors across

the plurality of wavelengths for each temperature of the plurality of temperatures.
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[0048] Operation 213 includes generaling a corrective absorption factor curve
having a plurality of corrective absorption factors. The generating of the corrective
absorption factor curve includes determining an absorbed integral of the absorbed
power curve {of operation 209) for each temperature of the plurality of temperatures,
and determining an emitted integral of an incident radiation curve of the incident
radiation that is incident on the substrate. The generating of the corrective absorption
factor curve includes dividing the absorbed integral by the emilted integral for sach
temperature of the plurality of temperatures o determine the plurality of corrective
absorption factors, and plotting the plurality of corrective absorption factors as part of

the corrective absorption factor curve.

[0050] The corrective absorption factor curve is defined by a polynomial function
{such as a gquadratic function} that connects the plurality of corrective absorption
factors. Smooth curve fitting may be used to connect the plurality of corrective
absorption factors and generate the correclive absorption facior curve. A regression
maching learning mode! may be usad to connect the plurality of carrective absorption

factors and generate the corrective absorption factor curve.

[0051] Operation 214 includes identifying a classification of the substrate. The
fransmitied radiation values (which can be referred (o as the absorplive radiation
values since emissivity equals absorptivity), the absorbed power values, the absorbed
power curve, the absorptive factors, andfor the corrective absorption faclors can be
used to identify the classification of the subsirate. As an example, the substrate can
be identified if there is no known data that can be used to identify the classification of
the substrate. In one embodiment, which can be combined with other embodiments,
a graph (such as the graph 800 shown in Figure 8) of detected signal versus doping
level for a photodetector is used to identify a doping level of the substrate. The
subsirate is heated while the photodetector (the same one used 1o create the graph)
measures a transmission signal.  The transmission signal is compared to the graph
{such as the graph 800 shown in Figure 8) of detected signal versus doping level to
determine the doping level of the substrate. Using the identified doping level, one or
more of the graphs 400-700 can be identified for the substrate, such as by retriaving
the graphs 400-700 that are stored in a memory as stored graphs. The graphs 400-

700 can be predicted for the substrate, and the graphs 400-700 can be used to
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thermally process the substrate. The graphs 400-700 can be merged with graphs

determined in one or more iterations of the method 200 being conducted.

[0052] As described, the identified classification of the substrate can indicate a
degree of doping of the substrate. A higher absorption of radiation can indicate a
higher degree of doping of the substrate as substrates with high doping levels can
absorb more radiation and at a higher rate than substrates with lesser doping levals.
in one embodiment, which can be combined with other embodiments, lower
fransmitted radiation values and/or higher corrective absorption factors indicate a
higher degree of doping. In one embodimert, which can be combined with other
ambodiments, an increase in radiation absorption indicates a substrate having a

doping level of 1E18 or more.

[6053] Operation 214 can be conducted at least partially simulfanecusly with the
operations of operations 203-213, 215, andfor 217, In one embodiment, which can be
combined with other embodiments, the identifying of the classification of the substrate
of operation 214 involves conducting portions of the operations 203-213 for a single
temnperature, such as the single temperature of 20 degreses Celsius. In such an
embodiment, data (such as the transmitted radiation values) of operations 203-213 for
other temperatures of the plurality of temperatures (such as 400 degrees Celsius) is
predicted andfor retrieved from a memory using the classification identified in

operation 214,

[0054] Operation 215 includes transforming the corrective absorption factor curve,
The transforming includes comparing the corrective absorption factor curve with &
stored corrective Tactor curve having a plurality of stored corrective factors. The stored
corrective factor curve andfor the plurality of stored corrective factors can be at least
part of the data that is predicted andior refrieved from the memaory using the
classification identified in operation 214, The transforming the corrective absorption
factor curve includes, for each corrective absorption factor of the plurality of corrective
absorption factors: determining a ratio of the corrective absorption factor relative to the
stored corrective factor curve at the same temperature.  The transforming the
corrective absorption factor curve includes, for each corrective absorption factor of the

plurality of corrective absorption factors: ignoring the respective corrective absorption
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factor if the ratio is oulside of g first acceptance range or within a second acceptance
range that is narrower than the first acceptance range. The first acceptance range is
0.7 1o 1.3, and the second acceptance range is 0.985 to 1.005 The raspective
corrective absorption factor is accepted if the ratio is within the first acceptance range
and outside of the second acceptance rangs. Cther first and second acceptance
ranges are contemplaied. The first and second acceptance ranges can be set by a
user and/or can be determined, for example by the machine learming model. The first
and second acceptance ranges can be determined by conducting historical deviation

operations on existing ratio data from previous iterations of the calibration operation.

[0055] if the respective corrective absorption factor is ignored, the respective
corrective absorption factor is omitted from the corrective absorption factor curve. The
transforming includes merging the corrective absorption factor curve with the stored
corractive factor curve o generate a transformead corrective factor curve. The mearging
of the corrective absorption factor curve with the stored corrective Tactor curve includes
sxecuting & machine leaming model to generate the transformed corrective factor
curve. The machine learning model is a regression model and a classification model.
Conducting the machine learning model involves determining a classification {(which
can have stored data) and conducting a regression in the classification (which can
include conducting a regrassion using new data in relation io the stored data). The
maching learning model can inciude data preprocessing, input channels for context
information (for the classification determination), and training set definition, for
example. The machine lzarning model can be conducted continuously with each new
data set available, or conducted during a dedicated training period. In one
ambodiment, which can be combined with other embodimeants, the merging includes
weighing and averaging the plurality of corrective absorption faciors and the plurality

of stored corrective factors.

[0056] The weighing and averaging the plurality of corrective absorption factors
and the plurality of stored corrective factors involves assigning a weight to the plurality
of corrective absorption factors and the plurality of stored corrective factors prior {0
conducting the averaging. The assigned weights can take into account the durational

age of the plurality of stored corrective factors and the ratic describad above.
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[B057] The transformed corrective factor curve is tailored to the substrate (and
other substrates in the same classification) and can be stored and used for thermal

processing of other substrates in the same classification.

[0058] Operations 203-215 can be conducted while the substrate is in the raised
processing position, prior to lowering the subsirate (o the lowered processing position.
Operations 203-215 can involve heating the substrate from a room temperature (o a
raised temperature (such as 300 degrees Celsius) that corresponds to & temperaiure
of the edge ring that is reached because of processing of prior substrates. Heating
the substraie to the raised temperature facilitates reducing operation failures, reducing
processing inefficiencies, and reducing substrate defects. Operation 217 includes
thermally processing the substrate or a second substrate. The thermally processing
of the substrale or a second substrate includes selecting a processing temperature
and a radiation power corrasponding to the processing temperature. The thermally
processing of the second substrate includes determining a correcied radiation power
by dividing the radiation power by a corrective absorption factor disposed along the
corrective absorption factor curve at the processing temperature.  The corrected
radiation power has a wavelength that is less than 1 micron and a power that is 0.02
Wiem?-nm or more, such as 0.04 Wiom?-nm or more. Operation 217 of the method
200 can involve correcting source radiation {and correcting incident radiation) emitted
by the one or more lamps during the thermal processing, such as by altering the
wavelength of radiation emitted by the lamps and/or altering the iamp voltage applied
to the one or more lamps. Tha correcting of the source radiation {(and incident
radiation) can faciiitate achieving a iarget ramp rate for heating the substrate that is
substantially uniform {&.¢., constant) and gquick. In one embodiment, which can be
combined with other embodiments, the waveiength is shifted downward andfor the
lamp voltage is increasaed. The target ramp rate can heat the substrate o be at the
same temperature as the edge ring {(such as within & range of 400 degrees Celsius to

800 degrees Cealsius) resulting from prior processing.

[0053] The temperature ramp rate (for each of the substrate and the edge ring) is
dependent on the temperature of the substrate or the edge ring, time, the substrate
doping level, the absorptivity of the substrate or the adge ring, the lamp voltage, and

the reflectivity of the substrate or the edge ring. The tempaearature ramp rate can be
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determined for each of the subsirate and the edge ring, and compared such that the
temperature of the substrate is heated to the temperature of the edge ring within a

target time.

[0080] The thermal processing of operation 217 can involve heating the substrate
or the second substrate o a targset temperature (such as a temperature of the edge
ring} while in the raised processing position, and lowering the substrate (or the second
subsirate) to the edge ring {the lowered processing position) for additional thermal
processing of the substrate or second substrate while rotating the substrate or second

substrate on the edge ring.

[0061] The correcting of the source radiation to achiave the target ramp rate can

be conducted using the machineg learning model.

[6062] The thermally processing of the second substraie includes heating the
sacond substrate to the processing temperature by emitting the corrected radiation
power from the plurality of heat lamps. The processing temperature is within a range
of 100 °C 1o 800 °C, such as 300 °C to 800 °C.  In one embodiment, which can be
combined with other embodiments, the processing temperature is 400 °C. The second
substrate is heated from an ambient temperature (such as a reom tempersture) (o the

processing temperature in a time period that is 25 seconds or less.

[0083] The present disclosure contemplates that operations 203-215 can be
conducted in relation to the second substrate before, during, or after operation 217.
The present disclosure contemplates that coperations 203-217 can be continuously
conducted in relation 1o a plurality of substrates (such as 1,000 substrales). In one
gmbodiment, which can be combined with cother embodiments, the corrective
absorption factor curve can be generated and transformed using the machine learning
model for each of the plurality of substrates. The transformed corrective factor curve
can be stored as the siored corrective factor curve for merging with a subseguent

corrective absorption factor curve,

[0064] The present disclosure contemplates that one or more operations 203-215
of the method 200 can be omitied during an iteration of the method 200. In one

embodiment, which can be combined with other embodiments, operations 203-211
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are omitied, certain aspects are known andfor stored (such as the absorbed power
values, the absorbed power curve, and the plurality of absorplive factors), and
operations 213-217 are conducted during an iteration of the method 200, In one
embodiment, which can be combined with other embodiments, operations 203-213
are omitted, cerlain aspects are known andfor stored (such as the corrective
absorption factor curve and the plurality of corrective absorption factors), and

operations 215, 217 are conductad during an iteration of the method 200

[0065] Figure 3 is a schematic graphical view of a graph 300 showing power versus
wavelength for a radiation source, according to one implementation. The graph 300
includes a plurality of incident radiation curves 310-312 for one or more radiation
sources, which are one or more heat lamps. Each incident radiation curve 310-313
corresponds {0 a different lamp voliage that is applied {o power the one or more heat
lamps. As an sxample, sach incident radiation curve 310-313 can correspond 0 a
percentage of a maximum voltage. The vertical axis of the graph 300 plots an emitted
power (in Wiem?-nm)) of the incident radiation emitted by the one or more radiation
sources, and the horizontal axis of the graph 300 plots a wavelength (in rim) of the

incident radiation emitted by the one or more radiation sources.

[0066] Figure 4 is a schematic graphical view of a graph 400 showing absorptive
radiation versus wavelength, according to ong implementation. The graph 400
includes a plurality of lines 411-416. Each line of the lines 411-416 coresponds to a
ternperature of a plurality of temperatures. The temperature is a temperature to which
the substrals is heated. The vertical axis of the graph 400 piots absorptive radiation
values (in percentage relative {0 the a blackbody having an emissivity of 1.0, which
can be referred 0 as a absorplivity or emissivity coefficient) emitied from the
transmitting surface of a subsirate and detacted by ona or more radiation datectors.
The horizontal axis of the graph 400 plois a wavelength {in nm) of the absorplive

radiation that is detected by the one or more radiation detectors.

[0087] Each of the lines 411-416 show the plurality of absorptive radiation values
across the plurality of wavelengths for each respective temperature. in the graph 400,
line 411 corresponds to 350 °C, fine 412 corresponds 10 400 °C, line 413 corresponds
to 450 °C, line 414 corresponds to 500 °C, line 415 corresponds to 550 °C, and line
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416 corresponds o 600 °C.  The present disclosure cortemplates that lines
corresponding to 20 °C, 50 °C, 100 °C, 150 °C, 200 °C, 250 °C, 304 °C, 850 °C, 700
*C, andfor 750 *C can aiso be plotted in the graph 400,

[0088] Figure 5 is a schematic graphical view of a graph 500 showing absorbed
power versus wavelength, according to one implementation. The graph 500 includes
a plurality of lines 511-516. Each line of the lines 511-516 is an absorbed power curve

having a plurality of absorbed power values.

[0069] Each line of the lines 511-516 corresponds to a temperature of a plurality of
tamperatures. The temperature is a temperature to which the substrate is heated.
The vertical axis of the graph 500 plots the absorbed power value for the substrate (in
Wi{em2nm)). The horizontal axis of the graph 500 plots a wavelength {in nm) of the
absorptive radigtion. Each of the absorbed power values is determined by integrating
the emitted power of the graph 300 with the emissivity of the substrate shown in the

graph 400 at the same wavelength and the same temperature.

[oo7e] The relationship of incident radiation | on a substrate is shown by the

following algorithm:
I=A+T+R {(Equation 1)

where A is absorbed radiation that heatls the substrate, T is transmiited radiation that
is transmitted through the substrate and detectad by one or more radiation detectors,
and R is reflected radigtion that is reflected from the receiving surface 126, The
reflected radiation R can be dstecied by one or more radiation detectors disposed on
a lamp side of the substrate. The relationship of the transmitied radiation T for the
substrate is shown by the following algorithm for optical radiation of a wavelength

passing through the substrate:
T{a,x)=e™X (Equation 2}

wheare o is the absorption coefficient and x is a thickness of the substrate. The
absorption coefficient o represents the absorbed radiation A divided by the incident

radiation | onto the substrate which is emitted by the one or more heat lamps.
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[0071] Using Equation 1, absorbed radiation A can be represented by the following

algorithm:
A=-T-R {Eguation 3}

(6072 Absorbed radiation A can be calculated as a function of wavelength A of the
radiation, transmitied radiation T, and the material (which can include doping level) of
the substrate. Reflected radigtion R can be calculated as a function of wavslength A
of the radiation, transmitted radiation T, and the material (which can include doping
level} of the substrate. A first order of the reflected radiation R is consiant, and can
be assumed 1o be zero. In one embodiment, which can be combined with other
embodiments, the absorbed radiation A can be presumed {o be equal to a negative

valug of the transmitted radiation T, in according with the present disclosure.

[6673] Each of the lines 511-516 show the absorbed power values (the absorbed
radiation A} across the plurality of wavelengths for each respective temperature. In
the graph 500, line 511 corresponds to 350 °C, line 512 corresponds to 400 °C, line
513 corresponds o 450 °C, line 514 corresponds to 500 °C, line 515 corresponds to
550 °C, and line 516 comresponds 1o 800 °C. The present disclosure contemplates
that lines corresponding to 20 °C, 50 °C, 100 °C, 1580 °C, 200 °C, 250 °C, 300 °C, 850
°C, 700 *C, andfor 750 °C can also be plotted in the graph 500,

[0074) Figure © is a schematic graphical view of a graph 600 showing absorbed
integral versus temperature, according o one implemeniation. The graph 800
includes a plurality of absorbed integrals 611-626. Each absorbed integral 611-626
corresponds 1o a temperature of the plurality of iemperatures. Each absorbed integral
6511-626 is determined by taking an integral of the respactive line 511-516 (shown in

Figure &) that corresponds 1o the same temperature.

[0075] The vertical axis of the graph 600 plots the value of the absorbed integral
6811-6826 (in Wicm?). The horizontal axis of the graph 800 plots the temperature (in
*C) corresponding to each absorbed integral 611-826.

[0078] An emitted integral (not shown) is determined by faking an integral of &

respective incident radiation curve 310-313 shown in Figure 3. The incident radiation
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curves 310-313 are across the same range of wavelengths shown for Figures 4 and
5.

100771 Figure 7 is a schematic graphical view of a graph 700 showing corrective
absorption factor versus temperature, according to ona implementation. The graph
700 includes a plurality of corrective absorption factors 711-721. Each corrective
absorption factor 711-721 corresponds (o a temperature of the plurality of
temperatures. Each corrective absorption factor 711-721 is determined by dividing
the absorbed integral 811-626 (shown in Figure 6} by the emitted integral for each

temperature of the plurality of temperatures.

[0078] The vertical axis of the graph 700 plots the value of the corrective absorption
factor 711-721. The horizontal axis of the graph 700 plots the temperature {in °C)
corresponding {0 each corrective absorption factor 711-721. The plurality of carrective
absorption factors 711-721 are plotted as part of a corrective absorption factor curve

730. The corrective absorption factor curve 730 is defined by a polynomial function.

[0o79] A reflectivity of the substrate can be accounted for when determining the
corrective absorption factors 711-721.  The reflectivity can be known or can be
measured. The corrective absorption factors 711-721 and the corrective absorption
factor curve 730 are normalized using the reflectivity.  For purposes of clarity, the

reflectivity is assumed to be zero to generate the graph 700

[0080] Figure 8 is a schematic graphical view of a graph 800 showing detected
signal versus doping level, according to one implementation. The vertical axis plots
the detected signal of oneg or more radiation detectors that are detecting transmitted
radiation transmitted through a substrate during thermal processing of the substrate.
The deiscted signal can be delected by one or more photodetectors of the one or more
radiation detactors. The horizontal axis, plots the doping level of the substrate being

thermally processed,

[oe81} As shown by the line 810 in the graph 800, subsirates having a doping level
of 1E18 or more transmit less radiation and absorb more radiation than substrates
having lesser doping levels. As shiown by the line 810 in the graph 800, substrates

absorb more radiation at a higher rate as the doping level increases.
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[0082] Aspects of the present disclosure faciiitate heating substrates quickly and
uniformiy while facilitating substrate opacity to quickly absorb heat. Aspects of the
prasent disclosure account for variances in different substrates, which can vary in
doping and can vary as the substrates are healed. Benefits of the present disclosure
include correcting non-uniformities in annealing, reduced probability of substrate
movement and misalignment {such as becoming out-of-pocket), enhanced substrate
uniformity, reduced substrate warpage, reducing costs and delays, reducing substrate
defacts, and increased throughput. Benefils also include efficiently, accurately, and
uniformiy heating a variety of different substrates {0 a target anneal temperature in a
target time, such as to 400 °C in 25 seconds or less. Benefils also include using lower
radiation wavelengths (such as less than 1 micron) and higher heat lamp powers for

thermal processing.

{0083} Other attempts to address substrate non-uniformities for thermal processing
are unpredictable andfor slow, causing operational delays. The method 200 is
conducted in an open ioop manner, which faciliiates accuracy and reduced delays in

thermal processing of substrates.

[0084] it is contemplated that one or more aspects disclosed herein may be
combined. As an example, one or more aspects, features, components, andfor
properties of the system having the chamber 100, the method 200, the graph 300, the
graph 400, the graph 500, the graph 600, and/or the graph 700 may be combinad.
Moreover, it is contemplated that one or more aspects disclosad herein may include

some or ali of the aforementioned benefits.

[0085] While the foregoing is directed to embodiments of the present disclosure,
other and further embodimeants of the disclosure may be devised without departing
from the basic scope thereof. The present disclosure also contermnplates that one or
mare aspects of the embodiments described herein may be substituted in for one or
more of the other aspects described. The scope of the disclosure is determined by

the claims that follow.
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What is claimed is:

1. A system for processing substrates, comprising:
a chamber comprising an internal volums;
a substrate support;
a plurality of heat lamps;
ona or more radiation detectors disposed on an opposing side of the
substrate support relative to the plurality of heat lamps; and
a controller comprising instructions that, when executed, cause a
plurality of operations to be conducted, the plurality of operations comprising:
heating a substrate across a plurality of temperatures using the
plurality of heat lamps, the heating comprising diracting an incident
radiation to a receiving surface of the subsirate across a plurality of
wavelengths for each temperature of the plurality of temperatures,
detecting a pluraiity of transmitled radiation values transmitted
from a transmitting surface of the substrate across the plurality of
wavelengths for each temperature of the plurality of temperatures,
determining a plurality of absorplive factors across the plurality of
wavelengths for each temperature of the plurality of temperatures,
determining a plurality of absorbed power values across the
plurality of wavelengths for each temperature of the plurality of
i{emperatures;
generating an absorbed power curve across the plurality of
wavelengths for each temperature of the plurality of temperatures.
generating a corrective absorption factor curve comprising a
plurality of corrective absorption factors,
identifying a classification of the substrate, and
transforming the corrective  absorption  factor curve, the
transforming comprising:
comparing the corrective absormption factor curve with a
stored corrective factor curve comprising a piurality of stored

corrective factors, and

el
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merging the corrective absorption factor curve with the
stored corrective factor curve {0 generate a transformed

corractive factor curve.

2. The system of claim 1, wherein the generating the corrective absorption
factor curve comprises:

datermining an absorbed integral of the absorbed power curve for each
temperature of the piurality of temperatures;

determining an emitted integral of an incident radiation curve of the
incident radiation;

dividing the absorbed integral by the emitled integral for each
temperature of the plurality of temperatures {0 determine the plurality of
corrective absorption factors; and

plotting the plurality of corrective absorption factors as part of the

corrective absorption factor curve,

3. The system of claim 2, wherein the plurality of operations further
comprise thermally processing the substrate or a second substrate, the
thermally processing the subsirate or the second substrate comprising:

selecting a processing temperature and a radiation power corresponding
to the processing temperature;

determining a corrected radiation power by dividing the radiation power
by a corrective absorption factor disposed along the carrective absorption factor
curve at the processing temperature; and

heating the substrate or the second substrate to the processing
termperature by emitling the corrected radiation power from the plurality of heat

lamps.

4, The system of claim 1, wherein the corrective absorption factor curve is

defined by a polynomial function.

5. The system of claim 1, wherein the substrate is positioned at a distance
relative to an upper suface of the internal volume during the heating of the
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substrate and the detecting of the plurality of fransmitted radiation values, and

the distance is 1 mm or less.

6. A method of correcting thermal processing of substrates, comprising:
heating a substrate across a plurality of temperatures, the heating
comprising directing an incident radiation to a receiving surface of the subsirate
across a plurality of wavelengths for sach temperature of the plurality of
temperatures;
detecting a plurality of transmitted radiation values transmitted from a
transmitting surface of the substrate across the plurality of wavelengths for each
temperature of the plurality of temperatures;
daetermining a plurality of absorptive faclors across the plurality of
wavelengths for each temperature of the pluralily of temperatures;
generating a corrective absorption factor curve comprising a plurality of
corrective absorplion factors; and
fransforming the corractive absorption factor curve, the transforming
comprising:
comparing the corrective absorption factor curve with a stored
corrective factor curve comprising a plurality of stored corrective factors,
and
merging the corrective absorption factor curve with the stored

correclive factor curve 1o generale a transformed corrective factor curve.

7. The method of claim 6, further comprising:
datermining a plurality of absorbed power values across the plurality of
wavelengths for each temperature of the plurality of temperatures; and
generating an absorbed power curve across the plurality of wavelengths

for each temperature of the plurality of temperatures.

8. The method of claim 7, wherein the generating the corrective absorption
factor curve comprises.

determining an absorbed infegral of the absorbed power curve for each
temperature of the plurality of temperatures;
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determining an emitted integral of an incident radiation curve of the
incident radistion;

dividing the absorbed integral by the emitted integral for each
temperature of the pluralily of temperatures o determine the plurality of
corractive absorption factors; and

plotting the plurality of corrective absorption Tactors as part of the

corrective absorption faclor curve,

g. The method of claim 8, further comprising thermally processing the
substrate or a second substrate, comprising:

selecting a processing temperature and a radiation power corresponding
to the processing temperaiure;

determining a corrected radiation power by dividing the radiation power
by a corrective absorption factor disposed along the carrective absorption factor
curve at the processing temperature; and

heating the substrate or the second substrate to the procassing
temperature by emitting the corrected radiation power from a plurality of heat

lamps.

10, The method of claim 8, wherain the corrected radiation power has a
wavelength that is less than 1 micron and a power that is 0.02 Wiem®-nm or

mare.

11, The method of claim 6, wherein the corrective absorption facior curve is

defined by a polynomial function.

12. The method of claim &, wherein the subsirate is a transparent or
semitransparent substrate that is formed of oneg or more of silicon, carbon,

germanium, phosphorus, polysilicon, oxide, nitride, metal film, or boron.

13, The method of claim 6, wherein an upper end of the plurality of

tamperatures is an opacity temperature for the substrate.
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14, The method of claim 6, wherein the transforming the corrective
absorption factor curve further comprises, for each corrective absorption factor
of the plurality of corrective absorption factors:

determining a ratio of the corrective absorption factor relative o the
stored corractive factor curve at the same lemperature; and

ignoring the respective corrective absorption factor if the ratio is outside
of a first acceptance range or within a second acceptance range that is narrower

than the first acceptance range.

15, The method of claim 8, wherein the merging of the corrective absorption
factor curve with the stored corrective factor curve comprises exscuting a
machine leaming model {0 generate the transformed corrective factor curve,

and the machine learning model is a regression model.

168. A non-transitory computer readable medium for correcting thermal
processing of substrates, the non-fransitory computer readable medium
comprising instructions that, when executed, cause a plurality of operations {o
be conducted, the plurality of operations comprising:

heating a substrate across a plurality of temperatures, the heating
comprising directing an incident radiation 10 a receiving surface of the substrate
across a plurality of wavelengths for each temperature of the plurality of
temperatures,

detecting a plurality of transmitted radiation values transmitied from a
transmitting surface of the substrate across the plurality of wavelengths for each
temperatura of the piurality of temperaturas;

determining a plurality of absorplive factors across the plurality of
wavelengths for each temperature of the plurality of temperatures;

generating a corrective absorption factor curve comprising a plurality of
corrective absorption factors; and

transforming the corrective absorption factor curve, the transforming

comprising:
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comparing the corrective absorption factor curve with a stored
corrective factor curve comprising a piurality of stored corrective factors,
and

merging the corrective absorption factor curve with the stored

corrective factor curve (o generate a transformed corrective factor curve.

17. The non-transitory computer readable medium of claim 16, wherein the
plurality of operations further comprise:
determining a plurslity of absorbed power values across the plurality of
wavelengths for each temperature of the plurality of temperatures; and
generating an absorbed power curve across the plurality of wavelengths

for each temperature of the plurality of temperatures.

18.  The nontransitory computer readable medium of claim 17, wherein the
generating the corrective absorption factor curve comprises:

determining an absorbed integral of the absorbed power curve for each
temperature of the piurality of temperaturas;

determining an emitted integral of an incident radiation curve of the
incident radiation;

dividing the absorbed integral by the emitted integral for each
temperature of the plurality of temperatures {0 determine the pluraiity of
corrective absorption factors; and

plotting the plurality of corrective absorption factors as part of the

corrective absorption factor curve.

19, The non-transitory computer readable medium of claim 18, wherein the
plurality of operations further comprise thermally processing the substrate or a
second substrate, comprising:

selecting a processing temperature and a radiation power corresponding
to the processing temperature;

determining a corrected radiation power by dividing the radiation power
by a corrective absorption factor disposead along the corrective absorption factor
curve at the processing temperature; and
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heating the subsirate or the second subsirate {o the processing
temperature by emitling the comrecied radiation power from a plurality of heat

lamps.

20, The non-transitory computer readabie madium of claim 18, wherein the

corrective absorption factor curve is defined by a polynomial function.
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