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METHOD FOR REJECTING TUNING DISTURBANCES TO IMPROVE LAMP
FAILURE PREDICTION QUALITY IN THERMAL PROCESSES

BACKGROUND
Field

[0001] Embodiments of the present disclosure generally relate to apparatus and
methods for predicting lamp failure in a thermal processing chamber.

Description of the Related Art

[0002] With the on-going pressures of lowering cost, improving quality and
reducing variability in the face of larger wafer and smaller fealure sizes, the nano-
manufacturing industry has begun to embrace a move to augmenting reactive
operation with prediction. Predictive capabilities such as predictive maintenance
(PdM) are ciled by the ITRS as critical technologies o incorporate into production
over the next five years, with PdM identified as a key component to reduce
unscheduled downtime, maintain high quality, and reduce cost.

[0003] Many thermal process chambers use lamps to perform various processes
such as film deposition, annealing, dopant activation, rapid thermal oxidation, or
silicidation etc. Lamp failure is g critical downtime svent type in thermal processes,
and can resull in costly downtime, loss of yield and possibly wafer scrap. Predicting
tamp failure results in a lowering of the associated unscheduled downtime and/or

extending uptime.

[0004] As lamps change properties over time, including degrading, there is a
need o maintain consistent and correct temperature profiles in the process chamber
s0 that acceptable yields are maintained right up uniil the point at which the
aquipment is brought down and the lamp is replaced. This is achieved by making
"lunings” which adjusiments {0 the equipment seltings such as power levels to the
lamps and gas flows. These adjustments and adjustment magnitudes are not
always recorded or accessible by PdM models. However, these adjustments
provide a significant source of noise fo the prediction models, lowering their
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gifectiveness {e.q., by incressing false positive o reducing rue positive prediction

fevals )

[OU0S] coovdingly, thers 8 8 need for improved methods 1o reduce the impact of

tuing disturbances so that prediction of lamp failure can be perfommed sifentively.

SUMMARY

[HO08] Embodiments disclosad hereln inclide mathods oo reducing the impact of
funing disturbances dwing pradiction of lamp fallure. I one ambodiment, the
method comprises creating virtual sensors by monfioning and collecting data
coraprising current and resistance related 1o an upper lamp and a bwer lamp of 8
famp module for 3 process chamber, wheraeln the virtual senacrs are rapresented as

aquations selected from one or mare of the follewing:
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sharain TH is “Top nney Curent,” BH is "Bottom Inner Current,” TOH is "Top Culs
Current,” BOL is “Boltorn Ouder Carrend,)” TR s "Top Inner Resisfance,” BIR is
"Bottom nner Resisiance,” TOR s "Top Culer Resizlance,” BOR s "Boltom Outer

»

Resistanne” and the expression “log” in equations is natural logarithim, and where



WO 2016/048622 PCT/US2015/048481

factors k1, k2, k3, kd are constanis exiracted from the data, and providing a lamp
failure prediction for the lamp module using the virtual sensors as inputs.

[0067] in another embodiment, the method comprises monitoring data of a lamp
madule for a process chamber using one or more physical sensors disposed at
different locations within the lamp module, creating virtual sensors based on
monitoring data of the lamp module, and providing a prediction model for the lamp

module using the virtual sensors as inputs.

[0008] In yet ancther embodiment, the method comprises identifying components
of a principal factor within a first scatler plot presented in a two-axis coordinate
system showing a trend line of a first variable and a second variable plolted against
gach other, wherein the rend line has one or more discrete value changes, and the
first and second variables are associated with one or more physical sensors
disposed at different locations within a lamp meodule for a process chamber,
identifying a main direction of a cloud of plotted points within the first scatter plot
having the largest variance, rolating the scatter plot until no discrete value changes
in the trend line can be seen when viewing from one axis of the coordinate system o
obtain at least one or more rotated veclor equations, wherein the one or more
rotated vector equations are a function of the first and second variables, and
gstablishing a predictive maintenance {PdM) model for the lamp module using a

specific rotated vector equation containing information of pure nature lamp decay.

BRIEF DESCRIPTION OF THE DRAWINGS

[0008] So that the manner in which the above recited features of the present
disclosure can be understood in detal, a more particular description of the
disclosure, briefly summarized above, may be had by reference (o embodiments,
some of which are Hlustrated in the appended drawings. it is {0 be noted, however,
that the appended drawings Hlustrate only typical embodiments of this disclosure
and are therefore not 10 be considered limiting of its scope, for the disclosure may
admit to other equally effective embodiments.
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[060140] Figure 1 is a schemalic cross-sectional view of an exemplary process
chamber configured for epitaxial deposition.

[00141] Figure 2A and 2B depict PdM modeling results before and afier tuning
removal according to embodiments of the present disclosure.

[0013] Figure 3A is a diagram illustrating PdM curve is unstable due o power
ratio funing effect.

[0013] Figure 3B is a diagram iilustrating a PdM example after using PCA
approach.

[0014] Figure 4A is a diagram Hlustrating a trend plot showing the trend of one
variable plotted on the y-axis against another variable on the x-axis in accordance

with embodiments of the present disclosure.

[0015] Figure 4B is a diagram Hiustrating a trend plot showing the trend of one
variable plotted on the y-axis against another variable on the x-axis in accordance
with other embodiments of the present disclosure.

[0016] Figure 4C is a diagram illustraling a scatter plot showing the trend of fwo
variables plotted against each other in accordance with embodiments of the present

disclosure.

[0017] Figure 5 is a flow diagram depicting a method for eliminating power ratio

tuning effect according to embodiments of the present disclosure,

[0018] Figure BA is an exemplary scatter plot in which one variable is plotted on
the vy axis against ancther variable on the x axis according o embodimenis of the
present disclosure.

[0018] Figure 6B is a new scatter plot established after rotation of the scatter plot
in Figure BA.
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[06020] To faciiitate understanding, identical reference numerals have been used,
wherever possible, to designate identical elements that are common to the Figures.
Additionally, elements of one embodiment may be advantageously adapted for
utilization in other embodiments described herein.

BDETAILED DESCRIPTION

[0021] Embodiments  disclosed  herein  include methods  for reducing or
aliminating the impact of tuning disturbances during prediction of lamp failure. In
one embodiment, one or more virtual sensors, which are mathematical combinations
of physical sensors thal are measurable, are used o monitor current drawn at a
given resistance of a lamp module, and provide inputs o prediction models for lamp
health. In another embodiment, a pair-wise technigue using mathematics is adapted
o extract information of pure nature lamp decay while eliminating power ralio tuning
gifect that would cause PdM curve unstable. Embodiments and the concept of the
present disclosure can be applied to any thermal process chamber thal uses healing
lamps to generate the heat. Embodiments of the devices and sysiems are more
clearly described with reference 1o the figures below.

Exemplary Chamber Hardware

[6022] Figure 1 Is a schematic cross-sectional view of a process chamber 100
configured for epitaxial deposition, which may be part of a CENTURA® integrated
processing system available from Applied Materials, Inc., of Santa Clara, California.
it is contemplated that the process chamber for epitaxial process is described as an
axample since the concept of the present disclosure is also applicable o other
thermal process chambers thal is capable of providing a controlled thermal cycle
that heats the substrate for processes such as, for example, thermal annealing,
thermal cleaning, thermal chemical vapor deposition, thermal oxidation and thermal
nitridation, regardiess of whether the heating elements are provided at the top,
bottom, or both of the process chamber,
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[0023] The process chamber 100 includes housing structure 101 made of a8
process resistant material, such as aluminum or stainiess steel, for example 316L
stainless steel. The housing structure 101 encloses various functioning elements of
the process chamber 100, such as a quartz chamber 130, which includes an upper
chamber 105, and a lower chamber 124, in which a processing volume 118 is
contained. Reactive species are provided to the guartz chamber 130 by a gas
distribution assembly 150, and processing byproducts arg removed from processing
volume 118 by an outlet 138, which is typically in communication with a vacuum

source {not shown).

[0024] A substrate support 117 is adapled o receive a substrate 114 that is
transferred {o the processing volume 118 on a surface 116 of the substrate support
117. The subsirate support 117 may be made of a ceramic material or a graphite
material coated with a silicon material, such as silicon carbide, or other process
resistant material. Reaclive species from precursor reactant materials are applied to
the exposed surface of the subsirate 114, and byproducts may be subseguently
removed from the surface of the substrate 114. Heating of the substrate 114 and/or
the processing volume 118 may be provided by radiation sources, such as upper
lamp modules 110A and lower lamp modules 110B. The substrate support 117 may
rotate about a central axis 102 of the substrate support while moving in a direction
parallel to the central axis 102 by displacement of support shaft 140, Ll pins 170
are provided that penetrate the surface 116 of the substrate support 117 and {ift the
subsirate 114 above the subsirate support 117 for transporiation inte and out of the
processing chamber. The lift pins 170 are coupled to the support shaft 140 by a lift
pin collar 174.

[0025] In one embodiment, the upper lamp modules 110A and lower lamp
modules 110B are infrared (IR) lamps. The upper lamp modules 110A and lower
tamp modules 110B may have a filament 180, which produces energy or radiation.
The energy or radiation from upper lamp modules 110A travels through upper quartz
window 104 of upper guariz chamber 105, Respectively, energy or radiation from
lower lamp modules 110B travels through the lower quartz portion 103 of lower

6
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guartz chamber 124. Cooling gases for upper quartz chamber 105, if needed, enter
through an inlet port 112 and exit through an outlet port 113, Precursor reactant
materials, as well as diluent, purge and vent gases for the chamber 100, enter
through gas distribution assembly 150 and exit through the outlet 138. The upper
lamp maodules are held by an adjustable mounting bracket 111, The adjustable
mounting bracket 111 can pivot with relation to the chamber such that the upper
famp modules 110A can change position within the upper guartz chamber 105. The
possible embodiments for the adjustable mounting bracket 111 are explained in

more detail with reference to Figures 2 - 6.

[0026] The low wavelength radiation in the processing volume 118, which is used
to energize reactive species and assist in adsorption of reactants and desorption of
process byproducts from the surface 116 of substrate 114, typically ranges from
about 0.8 um o sbout 1.2 um, for example, batween about 0.95 um o asbout 1.05
um, with combinations of various wavelengths being provided, depending, for
example, on the composition of the film which is being epitaxially grown. In another
embodiment, the lamp modules 110A and 110B may be ultraviolet (UV) light
sources. In one embodiment, the UV light source is an excimer lamp. In another
embodiment, UV light sources may be used in combination with IR light sources in

one or both of the upper quartz chamber 105 and lower quartz chamber 124,

[0027] The component gases enter the processing volume 118 via gas
distribution assembly 150 through port 158, which may have a portal liner 154, and
through passage 152N, The portal liner 154 may be a nozzle in some
embodiments.  The gas distribution assembly 150 includes a tubular heating
element 156, disposed in a conduit 224N, thatl heats the processes gases o a pre-
determined temperature before they enter the processing chamber. Gas flows from
the gas distribution assembly 150 and exits through the ocutlet 138 as shown
generally at 122,  Combinations of component gases, which are used o
clean/passivate a substrate surface, or to form the silicon andior germanium-
containing film that is being epitaxially grown, are typically mixed prior to entry into
the processing volume. The overall pressure in the processing volume 118 may be

7
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adjusted by a vaive {not shown) on the outlet 138. Al least a portion of the interior
surface of the processing volume 118 is covered by a liner 131, In one embodiment,
the liner 131 comprises a guariz malerial that is opaque. In this manner, the
chamber wall is insulated from the heat in the processing volume 118.

[5028] The temperature of surfaces in the processing volume 118 may be
controlied within 2 temperature range of about 200°C to about 800°C, or greater, by
the flow of a cooling gas, which enters through the inlet port 112 and exils through
the outlet port 113, in combination with radiation from upper lamp modules 110A
positioned above upper quartz window 104, The temperature in the lower quariz
chamber 124 may be controlled within a temperature range of about 200°C to about
g00°C or greater, by adjusting the speead of a blower unit which is not shown, and by
radiation from the lower lamp modules 1108 disposed below lower quartz chamber
124, The pressure in the processing volume 118 may be between about 0.1 Torr to
about 600 Torr, such as between gbout & Torr to about 30 Torr.

[0028] The temperafure on a surface of the substrate 114 may be controlied by
power adjustment o the lower lamp modules 1108 in lower quartz chamber 124, or
by power adjustment to both the upper lamp modules 1104 overlying upper quartz
chamber 105, and the lower lamp modules 1108 in lower quartz chamber 124, The
power density in the processing volume 118 may be between about 40 Wiem? to
about 400 W/em?, such as about 80 W/em? to about 120 Wiem®.

[0030] in one aspect, the gas distribution assembly 150 is disposed normal to, or
in a radial direction 106 relative to, the central axis 102 of the chamber 100 or
substrate 114. In this orientation, the gas distribution assembly 150 is adapted {o
flow process gases in a radial direction 108 across, or parallel 1o, a surface of the
subsirate 114. In one application, the process gases are preheated at the point of
infroduction o the chamber 100 to initiate prehealing of the gases prior o
introduction to the processing volume 118, and/or to break specific bonds in the
gases. In this manner, surface reaction kinetics may be modified independently
from the thermal lemperature of the substirate 114,
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Lamp Fallure Prediction

[06031] The term “lamp failure” may refer {0 a short circuit belween adjacent turns
of the filament used in a lamp, a short circuit between a helical filament and a
support pillar, or sagging of the filament foward g substrate disposed within the
process chamber {(which negatively affects the amount of radiation delivered to the
substrate} after a certain number of processing cycles, efc.  In current industrial
process, when the required temperature profile on a substrate is devigting, one or
mare following procedures may be performed: (1) adjusting the power ratios o help
maintain or achieve the desired temperature distribution across the surface of the
substrate; (2} in case the power ratio could not support or resolve the issue,
adjusting the physical location of the lamp or tilting the angle of the lamp to help
maintain or achieve the desired temperature distribution across the surface of the
subsirate; and {3} replacing the lamps if the above approaches do not resull in an
acceptable healing profile on the subsirate.

[0032] Typically, advanced siatistical methods are used for building high fidelity
{(high quality) prediction models of performance indicators, for example, for virtual
metrology (VM), vield, defects, and predictive maintenance (PdM). PdM procedure
may include one or more following steps: (1) data aggregation, which merges
multiple data sources; (2) data treatment, which determines correct data treaiment
by merging recipes and/or normalizing data; {3} feature selection, which selects
critical sensor statistics for model building; (4} model building, which builds model
bhased on training data of critical independent variables and therefore provides
predictive algorithms; {(5) model analysis, which determines prediclion accuracy
{e.g., true positive, false positive, or false negative); and (8) cost benefit analysis,

which determines annual cost and benefit based on the model analysis.

[0033] While PdM can be used for monitoring lamp health, developing high
fidelity prediction models is challenging because of noise in current and resistance in
a lamp module due 1o wning by process engineers. For example, the lamp may

experience a sudden increase or decrease of current and/or resistance due to power

9



WO 2016/048622 PCT/US2015/048481

ratic tuning correlated o input andior process data, which makes it difficult o
accurately identity the cause of failure in data. These noises will have a negative
impact on PdM, causing the prediction resuits o fluctuate. Developing a robust PdM

model requires noise reduction or elimination from input signals.

[0034] in addition, heating of the subsirate 114 and/or the processing volume 118
may be provided by radiation sources, such as upper lamp modules 110A and lower
lamp modules 1108, as discussed previously in Figure 1. In some thermal
processes, ong or more lamp modules may be used to contrad the temperature
profile distribution across the surface of the substrate. Each lamp modules may
consist of various numbers of lamps, in muitiples of four. In ong embodiment, four
lamps may be arranged in paraligl to form a sub-lamp module, and sub-lamp
modules are connected in serigs. To maintain the profile of temperature across the
substrate, power ratios of the various lamp modules may be adjusted. However,
these adjustmenis cause disturbances in the univariate (UVA) signals that are used
in predictive maintenance {FdM) models, making it difficult {o use these signails
effectively. For example, a change in power may cause a corresponding change in
current that is going through the filament of the lamp. As lamp gets heated dug o its
resisiance and heat is generated into the process. Heat generated by four lamp
modules is adjusted according 1o desired temperature profile that is previously
determined. While changing the power ratio, there will be change in current as well
as resistance of the lamp modules. Therefore, it is very difficult o monitor the
current and resistance alone as those are affected by power ratio tunings. In
addition, as lamp ages, depending on the intensily of usage of lamps at four
modules, degradation of the lamp begins. When this happens the subsirate does
not receive the same amount of heat from the same lamp even if the same power is
applied. The same heat levels cannot be accomplished by simply increasing or
decreasing the power of the lamp since tuning of power ratios between modules is
also needed (o achieve a desired temperature profile on the surface of the substrate.

[0035] To address the problems discussed above, the inventors of the present
disclosure have proposed various approaches to reduce the impact of power ratio

10
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tuning disturbances, thereby improving fealure selection on the PdM procedure. In
one embodiment, a virtual sensor approach is adapted to improve feature selection
on the PdM procedure.  When monitoring current and resistance separately,
disturbance io both current and resistance related features have been observed.
Variation of both makes the PdM chart fluctuating and hard to track the lamp health.
it is also difficult to decouple and/or reject the tuning effect on selected features.
Therefore, in some aspects, ong or more features may be selecled and developed
to eliminate the impact of power ratio tunings on prediction models.

[00386] For a process chamber using upper and lower lamp modules, selected
features may include one or more of the following: (1) top inner current; {2) bottom
nner current; (3) top outer current; (4} boltom outer current; (8) top inner resistance;
(8) bottom inner resistance; (7} fop ouler resistance; and (8) boltom outer
resistance.  Selected fealures may be physically (directly} or not physically
{indirectly} associated with one or more physical sensors disposed at different
locations within a lamp module.  Selected festures may be identified through
experiments {o generate a number of virfual sensors, which can be mathematical
combinations of physical sensors that are measurable. For example, a modeler may
monitor and collect data of a lamp module using any one or more of the selected
features {(plus any additional custom features desired by the operator) associated
with one or more physical sensors of the lamp module to create virtual sensors. In
some embodiments, the data may include, but are notf limiled to current and
resisiance related to an upper lamp module and/or a lower lamp module. The data
i3 summarized into a series of metrics, and then a PdM software may be used to
analysis correlations between the summary metrics and the system maintenance

log. These virtual sensors can be used as inputs to prediction models.

[0037] in one embodiment, five virtual sensors are created based on the selected
features described above, and each of the virtual sensors can be represented as an

gquation as follows:

I
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[0039] in another embodiment, a principal components analysis (PCA) approach
is adapted to improve the PdM procedure. PCAIs mathematically defined as a
inear transformation that transforms the data 10 a new coordinate system such that
the greatest variance by any projection of the data comes to lie on the first
coordinate {called the first principal component}, the second greatest variance on
the second coordinate, and so on. 1o observe PdM model building resuits for lamp
replacement, it has been observed by the present inventors that the power ratio
tuning effect {including power, temperature, and gas) will seriously impact the PdM
results and cause PdM curve unstable. Figure 3A is a diagram Hlustrating PdM
curve is unstable due to power ratio tuning effect. Figure 3B is a diagram illustrating
a PdM exampie after using PCA approach. The description below will discuss how
a PCA approach is used to eliminate tuning effect and exiract real lamp decayed

information to obiain a smooth PdM curve.

[0040] Figure 4A is a diagram illustrating a trend plot showing the trend of one
variable {e.g., a selected feature) plotted on the y-axis against another variable (e.g.,
process run} on the x-axis in accordance with embodiments of the present
disclosure. The selected feature may be any features discussed above with respect
to Figures 2A and 2B. In one embodiment #lustrated in Figure 4A, the selecied
feature is top inner current (TIC). The TIC trend plot shows discrete value changes
{gaps) due to power ratio tuning effect. It is noled that power ratic tuning creates
noise spikes in the multivariate prediction model. Investigation done by the present
inventors reveals that these spikes are correlated o gaps in the value signature of

specific sensors from run-to-run {i.e., stepped changes in value).

[0041] Figure 48 is a diagram illustrating a trend plot showing the trend of one
variable {&.g., a selecled feature) plotied on the y-axis against another variable (g.g.,
process run} on the x-axis in accordance with embodiments of the present
disclosure. Again, the selecled feature may be any features discussed above with
respect to Figures 2A and 2B. In one embodiment illusirated in Figure 4B, the
selected feature is top inner resistance (TIR). Similarly, the TIR trend plot shows
discrete value changes (gaps) due to power ratio luning effect.

13
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[0042] Figure 4C is a diagram illustrating a scatler plot presented in an
orthogonal coordinate system {(g.g., the x and y axes in a fwo-axis coordinate
system) showing the trend of two variables {g.g., two different selected features)
plotted against each other in accordance with embodiments of the present
disclosure. The selected features may be any features discussed sbove with
respect (o Figures 2A and 2B. In one embodiment diustrated in Figure 4C, the
selected features are fop inner current {TIC) and fop inner resistance (TIR). The
scatter plot shows discrete value changes (gaps) due o power ratio tuning effect.

The "trend down” in the scatler plot represents nature lamp decay information.

[0043] Figure 5 is a flow diagram depicting a method 500 for eliminating power
ratio tuning effect according to embodiments of the present disclosure. it should be
noted that the sequence of steps illustrated in Figure 5 are not intended to be
imiting as to the scope of the disclosure described herein, since ong or more steps
may be added, deleted and/or reordered without deviating from the basic scope of
the disclosure. The method 500 begins at block 502 by identifving components of a
principal factor within a scatter plot. The components of the principal facior may be
identified by centering the variables {e.g., two different selected features) and then
plotling them against each other.

[0044] Figure BA is an exemplary scatier plot presented in an orthogonal
coordinate system {(e.g., the x and y axas in a two-axis coordinate system)} in which
one variable {e.g., TIC) is plotted on the y axis against another variable {(e.g., TIR)
on the x axis according to embodiments of the present disclosure. More or less
variables are contemplated. As can been seen in Figure BA, many discrele valug
changes {gaps) exist in the frend line of the scatler plot when viewing from x axis
(TIR) and y axis {TIC) of the scatier piot.

[3045] Al block 504, PCA is used o identify a main direction of the cloud of
plotted points such that it has the minimum of the sum of the squared distances from
the plotied points 1o the main direction. That is, the plotied points along the main

direction have the largest variance.
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[0046] At block 806, once the main direction has been found, PCA is used o
rotate the scatter plot {in clockwise direction, for example} until the gaps are vertical
umps {or horizontal jumps). That is, the frend line is represented geometrically in a
new two-axis coordinate system by the rotation of the original scatter plot of Figure
8A. Although the “trend down” in the scatter plot remains unchanged, no discrete
value changes (gaps) can be seen when viewing from the x axis of the new
coordinate system, and the gaps are enhanced {/.e., bacome higger} when viewing
from the y axis of the new coordinate system, as shown in Figure 6B. This new
coordinate system assigns “Ti-Score 17 to the horizontal {or x) axis, and "Th-Scorg 27
to the vertical (or y) axis. The Ti-Score 1 and Ti-Score 2 define rotated vector
equations that are functions of TIR and TIC. These rotated vector eguations are
therefore a funclion of the variables used in the original scatter plot and can be
thought of as virtual sensors. Ti-Score 1 in Figure 6B is a trend chart of continuous
data containing the information of pure “nature lamp decay” and Ti-Score 2 is 8
trend chart of stepped data containing the information of “power ratio tuning effect’
related to sudden increase or decrease of current andfor resistance in a lamp. With
this rotation, the tuning component is eliminated from one vector and completely
captured in a second vector. Therefore, the information of pure nature lamp decay
can be separated from the information of luning effect. This PCA approach exiracts
real lamp decayed information {i.e., TI-Score 1} which then can be used as an input

set of PdM mode! building to provide a smooth PdM curve.

[B047] Al block 508, processes described in blocks 502 to 506 can be repeated
on other sensor pairs, such as top cuter current (TOC) and top ouler resistance
(TOR), bottom inner current (BIC)Y and bottom inner resistance (BIR), botlom outer
current (BOC) and bottom outer resistance (BOR), as discussed previously. Again,
the rotated vector equations can ailso be thought of as virtual sensors. TOC and
TOR can be used to oblain TO-Score 1 and TO-Score 2, respectively, in a way as
discussed in blocks 502 and 504. BIC and BIR can be used to obtain Bl-Score 1
and Bl-Score 2, respectively, while BOC and BOR can be used to obtain BO-Score
1 and BO-Score 2, respectively. Similarly, certain sensors such as TO-Score 2, Bl-

Score 2, and BO-Score 2 are eliminated since they represent the information of
15
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tuning effect.  As a result, the information of pure nature lamp decay can be
separated from the information of tuning effect. This PCA approach exiracts real
lamp decayed information {ie., TO-Score 1, Bl-Score 1, and BO-Score 1), which
again can be used as an input set of PdM model building to provide a smooth PdM
curve. [t is contemplated that other custom sensors desired by the operator may
also be used in place of, or in addition o the sensors discussed herein.

[6048] At block 510, the vector equations that do not have the tuning component,
such as Ti-Seore 1, TO-Score 1, Bi-Score 1, and BO-Score 1, are used {o build high
fidelity prediction models. These prediclion models are then used to provide a
smooth, meaningful, and robust PdM curve that can be used o better predict lamp
health, or improve lamp failure prediction quality in thermal processes. Accordingly,
unscheduled downtime and cost are reduced, and high gquality of substrate
processing is achieved.

[0049] Embodiments of the present disclosure effectively identify the importance
of feature inputs for predictive maintenance (PdM), demonstrate feature
engineering, and construct new features from existing ones with the aim of achieving
prediction stability by using virtual sensors as inputs {o prediction models while
alleviating the negative impact of power ralic tuning on prediction models, or by
using mathematics o extract information of pure nature lamp decay while
eliminating power ratio tuning effect that would cause PdM curve unstable,
Embodiments of the present disclosure have been proved (o be able to achieve at
least 90% true positives of lamp failure prediction accuracy with no false positives.
The prediction results are smooth due to elimination of the vector eguations that do
not have the tuning component. Therefore, the information of pure nature lamp
decay can be separated from the information of tuning effect.  Although the
embodiments described herein are described with reference to the upper and lower
tamp modules, it is undersicod that these embodiments are egually applicable to
other lamps which may be used within or adjacent 1o a processing chamber. The

aforementioned advantages are illustrative and not limiting.
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[0050] While the foregoing is directed o embodiments of the disclosed devices,
methods and systems, other and further embodiments of the disclosed devices,
methods and systems may be devised without departing from the hasic scope
thereof, and the scope thereof is determined by the claims that foliow.
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What is clalmed is:

1. A msthod for lamp fallure pradiclion, comprising:
creating virlual serams by‘ moniioring and collecting dala comprising current
and resistancs related 1o an upper lamp and 8 fower larnp of a lamp module for a

procass chamber, whergin th virjual sensors are repressniad as equations selected
frayy one o mare of the following:
;o

THE = {oglabs i,
& % &L

f ?t’}; \3 ' \§
Ui

anal
pi2 e tonl ahef T T Bl BOJ -
FEE ixﬁ‘é?{ﬁ }}.‘§ e e tetnd ML M prgetweeodl I S
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T

wheraln TH s “Top inner Current,” B is "Sotiom {nner Current,” TO is "Top CGuter
Q4

o
§

Currant,” BOL s "Roftom Outer Currant” TIR i3 "Top iner Reslstance,” BIR is

‘Faostom inner Regigtanos,” TOR is “Top Cuder Rasistances,” BOR i3 "Bottom Cutler
Resistance,” and the expression “log” in aquations 18 natural logarithm, and where

factors k1, &2, kK3, k4 are constants exiracied from the dats; and

SSNSOS 8% nputs,

2. The method of olaim 1. wherain the upper lamp is disposed relatively above
an upper guans window of he process chambsr and the lower tamp is dispossed

redativaly below a lower quanz portion of the process chambar

3. & method, comprising
monitoring date of 8 lamp module for & process chambsr using ong or mors

ohvsical sensors disposed at differant locations within the lamp moaude;

cresting vidual sensors based on manitoring dats of the lamp moduds; and
18
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providing a prediction mode! for the lamp moduls using the virtual sensorg

0
w0

4, The mathod of olaim 3, whersin the dafa comprises currsnt and resistance
ralated fo an upper lamp module andior & lower lamp modude

8. The method of daim &, wherein the data comprises a current drawn at a
given resistancs of the lamp module,

3, The method of olaim 3, whersin monitoring date of the lamp module usss ang
or more of selected features assoniated with the one or more physical sensors

7. The method of olaim 8, whareln the selecled features comprisas lop inner
ocwrrent, bolfom inner curvent, 0P outer currerd, holiom culsy current, Wp new

asistance, bottom Inner resistancs, fop oulsr resisfance, and bollom  ouler

23
Fol
o

8. The mothod of daim 3, wharain the virlual gsensors are repraseniad

pruations ssleciad from one or more of the following:

.
TR = loglabs i 31
TIR = o ga\ws* e SR
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HOIR = logiabs

_—_— (o f H T 8if Bar o 1\
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) Wl sTIR B2 TOR kX« BIR k4« BORS

", where TH s "Top
frigr Current,” BH i "Bottom nner Current,” TOY 18 "Top Outer Cuwrent” BOH s

"Sottom Chuter Currenl” TIR i "Top loner Resistanes,” BIR i3 "Bollom inner
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Resistance,” TOR is “Top Cuter Resistance,” BOR is "Botiom Outer Resistance,”
and the expression “log” in equations is natural logarithm, and where faciors k1, k2,
k3, k4 are constants exiracted from the data.

a. The methad of claim 8, wherein the lamp module comprises an upper lamp
module disposed relatively above an upper quariz window of the process chamber
and/or a lower lamp module disposed relatively below a lower quartz portion of the
process chamber.

10. A method, comprising:

identifying components of a principal factor within a first scatter plot presented
in & two-axis coordinate system showing a trend line of a first variable and a second
varigble plotted against each other, wherein the frend line has one or more discrete
value changes, and the first and second variables are associated with one or more
physical sensors disposed at different locations within a lamp module for a process
chamber;

identifying a main direction of a cloud of plotted points within the first scatter
plot having the largest variance;

rotating the scatter plot until no discrete value changes in the trend line can
be seen when viewing from one axis of the coordinate system to obtgin at least one
or more rotated vector equations, wherein the one or more rotated vector eguations
are a function of the first and second variables; and

establishing a predictive maintenance (PdM) model for the lamp module
using a specific rotated vector equation containing information of pure nature lamp

decay.
11.  The method of claim 10, wherein the first and second variables comprises top

inner current, botlom inner current, tep outer current, bottom outer current, top inner

resistance, bottom inner resistance, top outer resistance, or botiom outer resistance.

20



WO 2016/048622 PCT/US2015/048481

12. The method of claim 11, wherein rotating the scatter plot geometrically
represents the trend line in a new two-axis coordinate systemn such that discrete
value changes in the trend ling are enhanced when viewing from one axis of the new

coordinate system.

13. The method of claim 10, wherein the specific rotated vector equalion

reprasents a trend chart of continuous data.

14.  The method of claim 10, further comprising:
after the rotating the scatter plot, eliminating rotated vector equations
cordaining information of power ratio tuning effect related o sudden increase or

decrease of current and/or resistance in a lamp of the lamp maoedule.

15, The method of ¢laim 10, further comprising:

before establishing a predictive maintenance {PdM)} model, creating a second
scatter plot presented in a two-axis coordinate system showing a trend line of a third
variable and a fourth variable plotted against sach other, wherein the trend line has
one or more discrele value changes, and the third and fourth variables are
associated with one or more physical sensors disposed at different locations within
the lamp module for the process chamber; and

obtaining rotated vector equations for the third and fourth variables by
repeating the identifying a main direction of a cloud of plotted points and the rotating

the scatter plot,
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