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COMPOSITIONAL OPTICAL EMISSION SPECTROSCOPY FOR
DETECTION OF PARTICLE INDUCED ARCS IN A FABRICATION PROCESS

RELATED APPLICATIONS

[0001] This application is based on and claims priority to U.S. Provisional Patent
Application No. 62/424,153 entitled “COMPOSITIONAL OPTICAL EMISSION SPECTROSCOPY
FOR THE CHARACTERIZATION OF AN ETCH PROCESS” (Ref No. TEA-138US1-PR0Q), filed on
November 18, 2016.

BACKGROUND

[ooo2] Plasma fabrication processes including etch processes may be subject to many
problems affecting wafer yield, productivity, reliability, and cost. Such problems include
arcing in a plasma chamber, where the arcing may be particle induced. It can be very
difficult to diagnose such problems. In particular, diagnosis of such problems may involve
opening the plasma or process chamber to the atmosphere. Once a chamber is opened
to the atmosphere, the chamber is pumped down, purged, seasoned with as many
wafers, and the etch process is requalified on production wafers. This cycle can be very

costly in terms of tool utilization and fabrication productivity.

BRIEF DESCRIPTION OF THE DRAWINGS

{0003] The detailed description is described with reference to accompanying figures.
In the figures, the left-most digit{s} of a reference number identifies the figure in which
the reference number first appears. The same numbers are used throughout the

drawings to reference like features and components.
{6004] FiG. 1is a cross-sectional view showing an example schematic configuration of
a capacitively coupled plasma {CCP) processing systemn as described in accordance with

embodiments herein,
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[6005] FIG. 2 is an example schematic block diagram of an example plasma processing
system that implements spectra and plasma monitoring as described in accordance with

embodiments herein.

[0006] FiG. 3 is an example illustration of pre-identified chemical — imprint
identifications chart for different chemical species used in a wafer fabrication process as

described herein.

{0007] FIG. 4 is an example illustration of after-the-fact evaluation of an anomalous

event composition from spectral data as described herein.

{0008] FIG. 5 is an example spectral data that may be utilized to analyze sources

of anomalous events as described herein.

{ooog] FIG. 6 shows an example process for establishing chemical — imprint
identifications for identifying different chemical specie during a wafer fabrication process

in a plasma processing system.

{0010] FIG. 7 shows an example process for monitoring and detecting anomalous

events during a wafer fabrication process in a plasma processing system.

DETAILED DESCRIPTION

[0011] Described herein are architectures, platforms and methods for detecting and
analyzing anomalous events (i.e., arcing events} from a spectral data gathered during a
wafer fabrication process. For example, a spectrometer is utilized to gather the spectral
data from a plasma chamber during the wafer fabrication process. After a detection of
occurrence of the anomalous event, an after-the-fact analysis of the gathered spectral
data may be implemented to determine chemical specie(s} that may have caused the

anomalous events or the arcing events.

{0012] In an embodiment, the determination of the chemical specie{s) may be
implemented by initially establishing a distinct spectral characteristic {i.e., chemical -
imprint identification) for each chemical specie utilized on each process step in the wafer
fabrication process. For example, silicon or silicon-containing materials may be

2
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performed using a halogen-containing chemistry. Detectible optical  emission
spactroscopy {OES) species may include halides of silicon, and the halogen species itself
{e.g. Cl, F, Br). Furthermore, for example etching of silicon oxide may be performed using
a fluorine-containing chemistry, such as a fluorocarbon or hydrofluorocarbon gas.
Detectable species may include halides of silicon, and the halogen species (F) that is
released by the decomposition of the fluorocarbon or hydrofluorocarbon gas. Other
detectable byproducts may include carbon monoxide {CO), and carbon dioxide (C0O2},
formed by reaction of oxygen (O} from a film or gas mixture with carbon {C} from the

fluorocarbon or hydrofluorocarbon gas.

{0013] For the after-the-fact analysis of the spectral data, a manual determination of
a particular time instant {of occurrence) of the anomalous event may be implemented.
For example, a visual observation of the occurrence of the arcing event during the wafer
production process may facilitate a manual observance of the particular time instant {i.e.,
reference point} in a data acquisition cycle, and a particular process step that is currently
being performed when the arcing event occurred. in this example, the analysis of the
spectral data and particularly, the analysis of the anomalous events, may be based upon
spectra acquired within the particular time instant and/or the corresponding process step
on that particular time instant. That is, for chemical specie(s} with substantially high
intensities {i.e., above threshold} during that particular time instant, the stored spectral
characteristics {i.e., chemical — imprint identifications) as mentioned above may be used

to identify the culprit chemical specie(s}.

{0014} In another embodiment, regarding the after-the-fact analysis of the spectral
data, a photodiode installed in the plasma chamber may be utilized to detect the
occurrence of the arcing events and this detection may trigger analysis of the anomalous
events from the spectral data. For example, the photodiode detects the arcing events
such as a substantial spike in light intensity at a particular time “t” during a particular
process step in the wafer fabrication process. Similar to the discussion above regarding
the manual observance of the particular time instant, the after-the-fact analysis of the

spectral data may be focused upon the spectra acguired during the particular time “t”
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and/or the corresponding process step on the particular time “t,” which may include a

few micro seconds before and/or after the particular time “t” of the data acquisition cycle.

[0015] As described herein, the spectral data may include spectrally — resolved light
emission signals from the plasma chamber. By spectrally — resolved light emission signals
may indicate the light emission signals that were previously pre-identified, stored, and
used for reference in the analysis of the anomalous events to identify the chemical
species that caused the arcing events. Similarly, the spectral data may include non-
spectrally — resolved light emission signals which may include generated particles that
further enhance or increase the arcing events. In this case, the spectrometer may be
utilized to determine the spectral characteristics of the non-spectrally — resolved light

emission signals based on their distinct light intensities over a range of wavelength.

{8016] FiG. 1 shows a schematic cross-sectional view of an example of a
capacitively coupled plasma {CCP) processing apparatus or plasma processing system
100 in accordance with embodiments herein. It is to be understood that other
processing systems can be implemented, such as radial line slot antenna (RLSA} and
inductively coupled plasma (ICP} processing systems may be implemented. In
particular implementations, the plasma processing system 100 is used for wafer
fabrication process, which may implement analysis of spectral data that includes
spectrally — resolved light emission signals. By spectrally — resolved light emission
signals means light emission signals or chemical species (e.g., Carbon (C}, Carbon
Dioxide {C02), Silicon (Si}, etc.) that were pre-identified through their distinct
chemical imprint — identifications. At least one of these chemical species may cause
an anomalous event (i.e., arcing event) during the wafer fabrication process and as
such, the analysis of the anomalous event may help identify the chemical specie to

be controlled and/or a process step to be modified for example.

{0017} The plasma processing system 100 may be used for multiple operations
including ashing, etching, deposition, cleaning, plasma polymerization, plasma-
enhanced chemical vapor deposition {PECVD}, plasma-enhanced atomic layer

deposition {(PEALD} and so forth. Plasma processing can be executed within plasma
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processing chamber 102, which can be a vacuum chamber made of a metal such as
aluminum or stainless steel. The plasma processing chamber 102 is grounded such
to ground{s} 104. The plasma processing chamber 102 defines a processing vessel
providing a process space PS 106 for plasma generation. An inner wall of the plasma
processing chamber 102 can be coated with alumina, yttria, or other protectant. The
plasma processing chamber 102 can be cylindrical in shape or have other geometric

configurations.

o018} At a lower, central area within the plasma processing chamber 102, a subsirate
holder or susceptor 108 {which can be disc-shaped)} can serve as a mounting table on
which, for example, a substrate W 110 to be processed {such as a semiconductor wafer)
can be mounted. Substrate W 110 can be moved into the plasma processing chamber
102 through loading/unloading port 112 and gate valve 114, Susceptor 108 forms part of
a lower electrode 116 {lower electrode assembly) as an example of a second electrode
acting as a mounting table for mounting substrate W 110 thereon. Specifically, the
susceptor 108 is supported on a susceptor support 118, which is provided at substantially
a center of the bottom of plasma processing chamber 102 via an insulating plate 120. The
susceptor support 118 can be cylindrical. The susceptor 108 can be formed of e.g., an
aluminum alloy. Susceptor 108 is provided thereon with an electrostatic chuck 122 {as
part of the lower electrode assembly 116} for holding the substrate W 110. The
electrostatic chuck 122 is provided with an electrode 124, Electrode 124 is electrically
connected to DC power source 126 {direct current power source}. The electrostatic chuck
122 attracts the substrate W 110 thereto via an electrostatic force generated when DC

voltage from the DC power source 126 is applied to the electrode 124,

{0019] The susceptor 108 can be electrically connected with a high-frequency power
source 130 via a matching unit 132. This high-frequency power source 130 {a second
power source} can output a high-freguency voltage in a range from, for example, 2 MHz
to 20 MHz. Applying high frequency bias power causes ions, in the plasma, generated in
the plasma processing chamber 102, to be attracted to substrate W 110. Afocusring 134

is provided on an upper surface of the susceptor 108 to surround the electrostatic chuck
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122. In addition, RF or microwave power {not shown} may be provided to the plasma
processing chamber 102, RF or microwave power supplied to the plasma processing
chamber; RF or microwave power pulse frequency; RF or microwave pulse duty cycle; and
RF power supplied to a substrate holder or susceptor 108, in the plasma processing
chamber 102 can be parameters that may be optimized to control the anomalous
events when an after-the-fact analysis of the spectral data is implemented. By after-
the-fact analysis means, the spectral data and particularly, the anomalous event is

analyzed over a particular time instant of occurrence as further discussed below.

{0020] An inner wall member 136, which can be cylindrical and formed of, e.g.,
quartz, is attached to the cuter peripheral side of the electrostatic chuck 122 and
the susceptor support 118. The susceptor support 118 includes a coolant flow path
138. The coolant flow path 138 communicates with a chiller unit {not shown),
installed outside the plasma processing chamber 102, Coolant flow path 138 is
supplied with coolant {cooling liguid or ceoling water} circulating through
corresponding lines. Accordingly, a temperature of the substrate W 110 mounted
on/above the susceptor 108 can be accurately controlled. A gas supply line 140,
which passes through the susceptor 108 and the susceptor support 118, is configured
to supply heat transfer gas to an upper surface of the electrostatic chuck 122. A heat
transfer gas {also known as backside gas) such as helium {He) can be supplied
between the substrate W 110 and the slectrostatic chuck 122 via the gas supply line

140 to assist in heating substrate W 110,

{00211  An exhaust path 142 can be formed along an outer periphery of inner wall
member 136 and an inner sidewall surface of the plasma processing chamber 102.
An exhaust port 144 {or multiple exhaust ports} is provided in a bottom portion of
the exhaust path 142. A gas exhaust unit 146 is connected to each exhaust port via
gas exhaust line 148. The gas exhaust unit 146 can include a vacuum pump such as
a turbo molecular pump configured to decompress the plasma processing space

within the plasma processing chamber 102 to a desired vacuum condition. The gas
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exhaust unit 146 evacuates the inside of the plasma processing chamber 102 to

thereby depressurize an inner pressure thereof up to a desired degree of vacuum.

[0022] An upper electrode 150 {that is, an upper electrode assembly}, is an
example of a first electrode and is positioned vertically above the lower electrode
116 to face the lower electrode 116 in parallel. The plasma generation space or
process space PS 106 is defined between the lower electrode 116 and the upper
electrode 150. The upper electrode 150 includes an inner upper electrode 152
having a disk shape, and an outer upper electrode 154 can be annular and
surrounding a periphery of the inner upper electrode 152. The inner upper electrode
152 also functions as a processing gas inlet for injecting a specific amount of
processing gas into the process space PS 106 above substrate W 110 mounted on the

lower electrode 116.

{0023] More specifically, the inner upper electrode 152 includes electrode plate
156 {which is typically circular} having gas injection openings 158. Inner upper
electrode 152 also includes an electrode support 160 detachably supporting an
upper side of the electrode plate 156. The electrode support 160 can be formed in
the shape of a disk having substantially a same diameter as the electrode plate 156
{when electrode plate 156 is embodied as circular in shape}. In alternative
embodiments, electrode plate 156 can be square, rectangular, polygonal, etc. The
electrode plate 156 can be formed of a conductor or semiconductor material, such
as Si, SiC, doped 5i, Aluminum, and so forth. The electrode plate 156 can be integral
with upper electrode 150 or detachably supported by electrode support 160 for
convenience in replacing a given plate after surface erosion. The upper electrode
150 can also include a cooling plate or cooling mechanism (not shown) to control

temperature of the electrode plate 156.

{0024] The electrode support 160 can be formed of, e.g., aluminum, and can include
a buffer chamber 162. Buffer chamber 162 is used for diffusing process gas and can define
a disk-shaped space. Processing gas from a process gas supply system 164 supplies gas

to the upper electrode 150. The process gas supply system 164 can be configured to
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supply a processing gas for performing specific processes, such as film-forming, etching,
and the like, on the substrate W 110. The process gas supply system 154 is connected
with a gas supply line 166 forming a processing gas supply path. The gas supply line 166
is connected to the buffer chamber 162 of the inner upper electrode 152. The processing
gas can then move from the buffer chamber 162 to the gas injection openings 158 at a
lower surface thereof. A flow rate of processing gas introduced into the buffer chamber
162 can be adjusted by, e.g., by using a mass flow controller. Further, the processing gas
introduced is uniformly discharged from the gas injection openings 158 of the electrode
plate 156 {showerhead electrode) to the process space PS 106, The inner upper electrode

152 then functions in part to provide a showerhead electrode assembly.

[0025]  Adielectric 168, having a ring shape, can be interposed between the inner
upper electrode 152 and the outer upper electrode 154. Aninsulator 170, which can
be a shield member having a ring shape and being formed of, e.g., alumina, is
interposed between the outer upper electrode 154 and an inner peripheral wall of

the plasma processing chamber 102 in an air tight manner.

[0026] The outer upper electrode 154 is electrically connected with a high-
frequency power source 172 (first high-frequency power source} via a power feeder
174, an upper power feed rod 176, and a matching unit 178. The high-frequency
power scurce 172 can output a high-frequency voitage having a frequency of 13 MHz
{megahertz} or higher {e.g. 60 MHz)}, or can cutput a very high frequency {VHF}
voltage having a frequency of 30-300 MHz. This power source 172 can be referred
to as the main power supply as compared to a bias power supply. The power feeder
174 can be formed into, e.g., a substantially cylindrical shape having an open lower
surface. The power feeder 174 can be connected to the outer upper electrode 154
at the lower end portion thereof. The power feader 174 is electrically connected
with the lower end portion of the upper power feed rod 176 at the center portion of
an upper surface thereof. The upper power feed rod 176 is connected to the output
side of the matching unit 178 at the upper end portion thereof. The matching unit

178 is connected to the high-frequency power source 172 and can match load
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impedance with the internal impedance of the high-frequency power source 172.
Note, however, that outer upper electrode 154 is optional and embodiments can

function with a single upper electrode.

{00271 Power feeder 174 can be cylindrical having a sidewall whose diameter is
substantially the same as that of the plasma processing chamber 102. The ground
conductor 180 is connected to the upper portion of a sidewall of the plasma
processing chamber 102 at the lower end portion thereof. The upper power feed
rod 176 passes through a center portion of the upper surface of the ground
conductor 180. An insulating member 182 is interposed at the contact portion

between the ground conductor 180 and the upper power feed rod 176.

{0028] The electrode support 160 is electrically connected with a lower power
feed rod 184 on the upper surface thereof. The lower power feed rod 184 is
connected to the upper power feed rod 176 via a connector. The upper power feed
rod 176 and the lower power feed rod 184 form a power feed rod for supplying high-
frequency electric power from the high-frequency power source 172 to the upper
electrode 150. A variable condenser 186 is provided in the lower power feed rod
184. By adjusting the capacitance of the variable condenser 186, when the high-
frequency electric power is applied from the high-frequency power source 160, the
reiative ratio of an electric field strength formed directly under the ocuter upper
electrode 154 to an electric field strength formed directly under the inner upper
electrode 172 can be adjusted. The inner upper electrode 152 of the upper electrode
150 is electrically connected with a low pass filter (LPF} 188. The LPF 188 blocks high
frequencies from the high-frequency power source 172 while passing low
freguencies from the high-frequency power source 130 to ground. A lower portion
of the system, the susceptor 108, forming part of the lower electrode 120, is
electrically connected with a high pass filter {HPF} 190. The HPF 180 passes high

frequencies from the high-frequency power source 172 to ground.

[0029] High-frequency electric power in a range from about 3 MHz to 150 MHz,

is applied from the high-frequency power source 172 to the upper electrode 150,

O
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This results in a high-frequency electric field being generated between the upper
electrode 150 and the susceptor 108 or lower electrode 116. Processing gas
delivered to process space PS5 106 can then be dissociated and converted into a
plasma. A low frequency electric power in a range from about 0.2 MHz to 20 MHz
can be applied from the high-frequency power source 130 to the susceptor 108
forming the lower electrode 116, In other words, a dual freguency system can be
used. As a result, ions in the plasma are attracted toward the susceptor 108, and
thus anisctropy of etching is increased by ion assistance. Note that for convenience,
FIG. 1 shows the high-frequency power source 172 supplying power to the upper
electrode 150. In alternative embodiments, the high-frequency power source 172
can be supplied to the lower electrode 116. Thus, both main power {energizing
power) and the bias power {ion acceleration power) can be supplied to the lower

electrode.

{0030] Components of the plasma processing system 100 can be connected to,
and controlled by, a control unit 192, which in turn can be connected to a
corresponding storage unit 184 and user interface 196. Various plasma processing
operations can be executed via the user interface 196, and various plasma processing
recipes and operations can be stored in storage unit 194. Accordingly, & given
substrate can be processed within the plasma processing chamber with various
microfabrication technigues. In operation, the plasma processing apparatus uses the
upper and lower electrodes to generate a plasma in the processing space PS 106.
This generated plasma can then be used for processing a target substrate {such as
substrate W 110 or any material to be processed) in various types of treatments such
as plasma etching, chemical vapor deposition, treatment of glass material and
treatment of large panels such as thin-film solar cells, other photovoltaic cells, and

ogrganic/inorganic plates for flat panel displays, etc.

{0031} The control unit 192 may Iinclude one or more processors,
microcomputers, computing units and the like. The storage unit 194 may include

memaory, and is an example of non-transitory computer-readable storage media for
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storing instructions which are executed by the control unit 192, to perform the
various functions described herein. For example, the storage unit 194 may generally
include both volatile memory and non-volatile memaory {e.g., RAM, ROM, or the like).
Memory may be referred to as memory or computer-readable storage media herein.
Memory is capable of storing computer-readable, processor-executable program
instructions as computer program code that may be executed by the control unit 190
as a particular machine configured for carrying out the operations and functions

described in the implementations herein.

{0032] Memory may further store one or more applications {not shown). The
applications may include preconfigured/installed and downloadable applications. In
addition, memory may store the spectrally — resolved light emission signals or
spectral data used that are analyzed to generate the chemical — imprint identification

of chemical species as described herein.

{0033] The plasma processing system 100 can further include a spectrometer 198
and a window 199. The spectrometer 198 is used for gathering spectral data that
includes spectrally — resolved light emission signals from the plasma chamber. That
is, different chemical specie or species may be gathered as spectrally — resolved light
emission signals from the plasma chamber and at least one of these chemical species
may be the source of anomalous events as described herein. The spectrometer 198

may be connected to control unit 192, or other controllers/systems.

{0034] The plasma processing system 100 can further include a photodiode {not
shown)} or any photo detector {not shown} that may be separately installed in
addition to the spectrometer 198. For example, the photodiode may be used to
detect the occurrence of the arcing event and as a conseguence, this detection
triggers spectral data analysis to determine chemical — imprint identifications of
chemical specie{s) that may be the source of the arcing event. The photodiode may

be connected to control unit 192, or other controllers/systems.

{6035] FIG. 2 is an example schematic block diagram of an example plasma processing
system that implements spectra and plasma monitoring. In an embodiment, the example

il
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plasma processing system may be used initially to manually define spectral characteristics
of different chemical species utilized for each process step during the wafer fabrication
process as further discussed below. Thereafter, the example plasma processing system
may be used to gather spectral data during the actual wafer fabrication process and
facilitate occurrence detection of the arcing events. The after-the-fact analysis of the
gathered spectral data may be based upon observed time of occurrence of the arcing
events and/or focused upon chemical specie(s) utilized in the process step corresponding

to the observed time of occurrence.

[{0036] As shown, a monitoring system 202 may be part of the spectrometer 198,
which is a component of the plasma processing system 100. The monitoring system 202
may be used during the initial pre-identification of the spectral characteristics of each
chemical specie for each process step in the wafer fabrication process. Thereafter, the
monitoring system 202 may be used to gather spectra during a data acquisition cycle to
generate the spectral data used for after-the-fact analysis of the anomalous event as

described herein.

[0037] Components of the monitoring system 202 may inciude, but not limited to, an
optical emission spectroscopy systermn 204, laser induced fluorescence systemn 2086,
laser interferometer 208, mass specirometer 210, and Fourier transform infrared

{FTIR) system 212.

[6038] In an embodiment, the optical emission speciroscopy system 204 may be used
to obtain a spectrum or spectral data by analyzing light emission signals from a light
volume 200, For example, with regard to the initial pre-identification of the spectral
characteristics of each chemical specie for each process step in the wafer fabrication
process, the optical emission spectroscopy system 204 may use the light volume 200 to
establish distinct spectral characteristics of chemical specie(s) involved in the process
step. inthis example, the optical emission spectroscopy system 204 may utilize the other

components such as the laser induced fluorescence system 206, etc.

{6039] For example, the optical emission spectroscopy system 204 utilizes the laser
induced fluorescence system 206 that facilitates collection of spectra over a range of

i2
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wavelengths when processing the light volume 200. Furthermore, the optical emission
spectroscopy system 204 utilizes the laser interferometer 208 for a measurement method
that uses a phenomenon of interference of waves. Furthermore still, the optical emission
spectroscopy system 204 utilizes the mass spectrometer 210 to measure masses within a
sample of the spectra during the data acquisition cycle. Furthermore still, the optical
emission spectroscopy system 204 utilizes the FTIR system 212 in order to obtain infrared
spectrum of absorption or emission of gas of the light volume 200 during the wafer

fabrication process.

[0040] fn an embodiment, and after the manual pre-identification of the spectra
characteristics of each chemical specie for each process step in the wafer fabrication
process, the chemical — imprint identifications may be stored in the storage unit 194 for

future reference with regard to plasma monitoring.

{0041] During the plasma monitoring, the emission spectroscopy system 204 may be
used to obtain the spectral data by similarly analyzing light emission signals from the light
volume 200 during the actual wafer fabrication process. The obtained spectral data may
include the spectrally-resolved light emission signals that may include chemical species
that were pre-identified and whose spectral characteristics were stored at the storage
unit 194. Upon detection of the occurrence of the anomalous event, an after-the-fact
analysis of the obtained spectral data is implemented to determine which chemical

specie{s} may have caused the anomalous event.

[0042] FIG. 3 is an example illustration of pre-identified chemical — imprint
identifications chart 300 for different chemical species used in the wafer fabrication
process as described herein. The spectrometer 198 and particularly, the emission
spectroscopy system 204 above may facilitate manual or machine based pre-
identification of chemical specie{s) 302 for each process step on the wafer fabrication
process. For example, a light intensity for a chemical specie (e.g., chemical specie 302-2)
may be analyzed on a particular wavelength (e.g., wavelength 304-2). In this example,
the light intensity of the chemical specie 302-2 over the particular wavelength 302-2 may

facilitate establishment of its distinct spectral characteristics as opposed to other

i3
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chemical species 302-4, 302-6, etc. In another example, the spectrometer 1898 may be
locked on the light intensity of the chemical specie 302-2 and the locked light intensity is

analyzed on a range of wavelengths to establish its distinct spectral characteristics.

[0043] During the plasma monitoring, and for each process step, all of the chemical
species 302 may not be visible at all through the spectrometer 198. For example, for the
process step of oxidation of silicon, a Silicon (8i) 302-40 reacts with an oxygen gas (Oy) at
an elevated temperature during dry oxidation. The oxygen gas may be fed through the
inner upper electrode 152 that also functions as the processing gas inlet for injecting
a specific amount of processing gas into the process space PS 106. in this example,
the spectrometer 188 may detect the chemical species Si and O, while light intensities

from other chemical species 302 may not be visible or barely visible.

[0044] Referencing the chart 300, the different wavelengths 304 may correspond to
the light intensities of different chemical species 302. In the example process step above
{i.e., oxidation of silicon}, the spectrometer 198 may be dialed to scan wavelengths
213.9nm {i.e., wavelength 304-2) to 798.6nmn {i.e., wavelength 304-n) and the spectral
data may generate light intensities for the chemical species Si and O, while the light
intensities corresponding to the rest of the chemical species 302 may not be visible or

barely visible.

[0045] FIG. 4 is an example illustration of after-the-fact evaluation of an anomalous
event composition 400 from the spectral data as described herein. As shown, the
anomalous event composition 400 includes particles 402 and 404, an arcing event 406, a
spectral data 408, particular time instant 410 representing time of occurrence of the
arcing event 406, the wavelengths 412 of the spectral data 408, PS 106, wafer 110, and

chemical specie 302.

{6046] The arcing event 406, which may be a sudden spike of voltage and/or current
resulting to a high transient signal, may generally occur and observed from the PS 106,
which may be defined by the space in between electrodes {i.e., anode and cathode
electrodes). For example, when the particles 402 from the chemical specie 302 produce
an electric field that is greater than a plasma breakdown voltage, the arcing event 406

i4
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may be generated all the way from the cathode electrode to the anode electrode. As a
result, additional particles 404 may be generated and the particles 404 may further
enhance or exaggerate the sudden spike of voltage and/or current resulting to the

transient signal - arcing event 406.

{0047] The spectral data 408 may include the spectra during a particular instant {i.e.,
particular time instant 410) of occurrence of the arcing event 406. That is, the spectral
data 408 may include a targeted portion of the spectrum or total spectral data gathered
by the spectrometer 198 from the PS 106. As discussed above, the particular instant 410
may be based through manual and visual observation of actual occurrence of the arcing
events 406, For the example anomalous event composition 400, the manually observed
visual occurrence of the arcing event 406 may be represented by the particular time

instants 410-2 to 410-12.

{6048] In another scenario, the photodiede may be utilized to detect the time of
occurrence of the arcing event 406. For example, the detection by the photodiode may
utilize the threshold value and the detection may trigger a point of reference as to how
the spectral data is analyzed le., after-the-fact. In the example anomalous event
composition 400 above, the point of reference may be represented by the particular time
instants 410-2 to 410-12. In this case, the analysis of the spectral data may focus on the

spactra acquired during these particular time instants 410-2 to 410-12.

[0049] As shown, the arcing event 406 starts at around 57s (i.e., particular time
instant 410-2} and peaks at arcund 81.7seconds {i.e., particular time instant 410-12) of

the spectral data 408.

[0050] Referencing back FIG. 3, the spectrometer 198 gathers the spectral data 408
by scanning the wavelengths 304-2 (i.e., 213.9nm} to 304-n (i.e., 789.6nm)}. For the
particular time instants 410-2 to 410-12, few chemical species 302 may be observed for
the wavelengths 412 (i.e., 430nm to 520nm) of the spectral data 408. Thus, the light
intensities for the wavelengths 412 {i.e., 490nm to 520nm) are identified with regard to

their distinct chemical — imprint identifications.



10

15

20

25

WO 2018/094219 PCT/US2017/062316

{0051] For exampie, as shown in the Chart 300, the wavelengths 412 {i.e., 480nm to
520nm) may possibly include chemical species H {for Hydrogen), He {for Helium}, O {for
Oxygen), C2 {for two carbon alkene} and CO {for Carbon Oxide)}. In relation to the spectral
data 408, the chemical specie for the particular instant time 410-12 may either be H, He,
0, C2 and/or CO. The rest of the chemical species may not be visible with the wavelengths

412.

{0052] In an embodiment, the arcing event 406 {i.e., anomalous event} may be
classified based on the spectral signature of the at least one or more chemical species.
Furthermore, a source or surface of the arcing event is determined and identified,
respectively, as to where it evolved in the plasma processing chamber In other words,
whether the arcing event 406 has affected surfaces of aluminum support of electrodes,
alumina inner wall of the plasma processing chamber, the wafer 110, the conductor or
semiconductor material of the electrode plate 156, and the like. With this, identifying
a location from which the at least one chemical species associated with the identified
spectral signature have evolved into the plasma processing chamber may be

implemented as weil.

{8053] In another embodiment, plasma electrical characteristics (i.e., electrical
characteristics of the arcing event 406} may be measured and this measurement may be
associated with behavior of the plasma electrical parameter during the anomalous event.
The plasma electrical parameter may include the parameter of RF power, substrate holder

RF power, and a plasma potential.

{0054] In anocther embodiment, a dedicated arc detector controller such as the
photodiode may be utilized to process the spectrally-resolved light emission signal of the
gathered spectrum from the PS 106. in this embodiment, the arc detector controller may
be configured to detect the arcing event 406 using both the acquired spectrally-resolvad
light emission signal and acquired non-spectrally resolved light emission signal {i.e.,
chemical species that may not have been identified through their distinct spectral
characteristics). The processing of the spectrally-resolved light emission signal may be

performed in a plasma endpoint detector controller.
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[0055] FIG. 5 is an example spectral data 500 that may be utilized to analyze the

source of the anomalous events as described herein,

[00586] After the detection of the occurrence of the anomalous event through
visual observation or through the use of the photodiode detector, the portions of
the spectral data such as the spectral data 500 may be analyzed to determine the

chemical specie{s) that may have generated the anomalous events.

{0057]  As shown, the spectral data 500 includes wavelengths 502 that defines
measurements along horizontal x-axis, light emission signal intensities 504 that
defines measurements for vertical y-axis, a threshold 506, and the particular time
instants 410-2 to 410-12. Furthermore, the spectral data 500 shows the spectral
data 408 similar to the spectral data generated by the arcing event 406 of FIG. 4.
Furthermore still, the spectral data 500 shows a threshold 506 that may be used to
determine the chemical specie{s} that may be present or may be the sources of the

anomalous event.

[0058] In an embodiment, the threshold 506 may include a pre-configured value
that may be used to determine presence of the arcing event 406. As shown, the
particular time instants 410-10 {i.e., 59 seconds and 410-12 (i.e., 61.7 seconds} may
be the focus of spectral data analysis with regard to sources of the arcing event 406.
The reason being, the particular time instants 410-10 and 410-12 are above the

threshold 506.

[0058]  The wavelengths 504 that correspond to the particular time instants 410-
10 and 410-12 (i.e., which are above the threshold 506) may be determined to

include the wavelengths 515-518nm as shown.

{0060] Referencing back FIG. 3, the wavelengths 515-518nm may correspond to
include the chemical species Helium (He) and Carbon Oxide. Accordingly, the
anomalous events may be determined to have generated by at least the chemical

species He and CO.

17



10

15

20

25

WO 2018/094219 PCT/US2017/062316

[6061] FIG. 6 shows an example process 600 for establishing chemical — imprint
identifications for identifying different chemical specie during a wafer fabrication process
in a plasma processing system. The pre-identification of the different chemical specie
may be performed manually for each chemical specie that may be used on a particular
process step during the wafer fabrication process. The order in which the method is
described is not intended to be construed as a limitation, and any number of the
described method blocks can be combined in any order to implement the method, or
alternate method. Additionally, individual blocks may be deleted from the method
without departing from the spirit and scope of the subject matter described herein.
Furthermore, the method may be implemented in any sultable hardware, software,

firmware, or a combination thereof, without departing from the scope of the invention.

{0062] At block 602, identifying chemical species that are used in a process step for a
wafer fabrication process is performed. There are multiple process steps performed on a
wafer from an initial oxidation to electrical testing. For example, the initial oxidation may
utilize molecular oxygen as oxidant during thermal oxidation. In this example, the
molecular oxygen may be identified to be one of the chemical species used in this initial

oxidation process step.

[0063] At block 604, defining spectral characteristics of the identified chemical
species is performed. For example, for the molecular oxygen chemical specie, the
spectrometer 198 may be used to detect and acquire distinct light intensity characteristics
of the molecular oxygen over a particular wavelength or over a range of wavelengths. In
this example, the distinct light intensity characteristics of the molecular oxygen over the
particular wavelength or range of wavelengths may define its chemical — imprint

signature.

{0064] Referencing the pre-identified chemical — imprint identifications chart 300 for
different chemical species as discussed above in FIG. 4, each wavelength 304 setting of
the spectrometer 198 may be configured to receive corresponding light intensity signal

for each chemical specie 302. That is, the spectrometer 188 may be configured to

i8



10

15

20

25

WO 2018/094219 PCT/US2017/062316

measure each chemical specie for each wavelength from wavelengths 213.9 nm {i.e,,

wavelength 304-2} to 789.6 nm {i.e., wavelength 304-n}.

{0065] At block 806, storing the defined spectral characteristics of the identified
chernical species is performed. For example, the chemical — imprint signatures {i.e,,
defined spectral characteristics) of each identified chemical specie may be store in the
storage unit 194. In this example, the stored chemical — imprint signatures may be used
as reference for identifying the spectrally-resolved light emission signals during the after-

the-fact analysis of the spectral data.

[0066] FIG. 7 shows an example process 700 for monitoring and detecting anomalous
events during a wafer fabrication process in a plasma processing system.  In an
embodiment, the analysis of the spectral data is implemented after the cccurrence of the
arcing event. The order in which the method is described is not intended to be construed
as a Hmitation, and any number of the described method blocks can be combined in any
order to impiement the method, or alternate method. Additionally, individual blocks may
be deleted from the method without departing from the spirit and scope of the subject
matter described herein. Furthermore, the method may be implemented in any suitable
hardware, software, firmware, or a combination thereof, without departing from the

scope of the invention.

[0067] At block 702, igniting a plasma in a plasma processing chamber during a wafer
fabrication process is performed. For example, the igniting may involve artificial
production of plasmas during reactive-ion etching, sputtering, plasma-enhanced
chemical vapor deposition, and the like, in the wafer fabrication process. Referencing FIG.
1 above, the ignited plasma may be introduced in the plasma generation space PS 1086,
which is in between the lower electrode 116 and the upper electrode 150. The inner
upper electrode 152 may function as the processing gas inlet for injecting the specific
amount of processing gas (as required by the current process step) into the PS 1086,

which is above the substrate W 110 and mounted on the lower electrode 116.

{6068] At block 704, detecting and acquiring a2 spectrally-resolved light emission
signal is performed. For example, the spectrometer 198 collects the light volume 200
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as shown in FIG. 2 above. The light volume 200 may be taken from the PS 106, which
is above the substrate W 110. In this example, the light volume 200 may include the
spectrally-resoived light emission signals and other light emissions or spectra from
the plasma processing chamber as well. The other light emissions or spectra may be
treated as non-spectrally-resolved light emission signals to be identified through the

spectrometer 198.

{0069] At block 706, processing the spectrally-resolved light emission signal is
performed. For example, the spectrometer 198 may forward the gathered spectral
data to the control unit 192, which may include one or more processors,
microcomputers, computing units and the like, for the processing of the spectral
data. The processing, in this example, may involve identification of the light intensity
signals that are above the threshold 506. For the light intensity signals that are above
the threshold 506, the corresponding wavelength 304 may be utilized by the control
unit 192 to identify the chemical species using the chemical-imprint signatures

stored at the storage unit 194.

[0070] At block 708, determining a signature of an anomalous event from the
processed spectrally-resolved light emission signal is performed. For example, and
after the occurrence of the anomalous event {i.e., arcing event}, the spectral data is
analyzed to determine the chemical — imprint signature(s) of the chemical specie(s)
that may have generated the arcing events or plasma instability. In this example, a

manual reference point for the analysis of the spectral data may be implemeanted.

[0071] For example, the anomalous event was visually observed to have occurred at
a particular time instants 410-2 to 410-12 (i.e., reference point) of the data acquisition
cycle. In this example, the analysis of the spectral data and particularly, the determining
of the chemical imprint — identifications may be based from the spectra acquired within
the particular time instants 410-2 to 410-12. Typically, the chemical specie(s) with light
intensities that are above threshold 506 may be considered to be sources of the

anomalous events.
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[0072] In another embodiment, the photediode may detect the occurrence of the
anomalous events and this detection may trigger analysis of the spectral data similar to
the implementation of the manual reference above. That is, the reference point is based
from the time that the photodiode detected the occurrence of the anomalous event. The
spectral data acquired within a few micro seconds before and/or after the reference point
may then be analyzed to determine the chemical — imprint signature of the chemical

species that caused the arcing events.

[0073]  With the analyzed anomalous event, a recording of the anomalous event for
fault detection and/or notification plasma processing system Operator may be
implemented. Furthermore, setting the controller unit to prevent operation of the
plasma processing system at conditions identified to be associated with the anomalous

event may further be implemented.
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CLAIMS

What is claimed is;

1. A method for detection of anomalous events in a plasma processing system,
comprising:

igniting a plasma in a plasma processing chamber;

detecting a spectrally-resolved light emission signal from the plasma in the plasma
processing chamber, the spectrally-resolved light emission signal including light
emissions from an anomalous event;

processing the spectrally-rasolved light emission signal; and

detecting a signature of the anomalous event from the processed spectrally-

resolved light emission signal.

2. The method of claim 1, wherein the anomalous event comprises an arcing

event or a plasma instability.

3. The method of claim 1, further comprising:
recording the anomalous event for fault detection or notifying the plasma

processing system operator, or both.

4.  The method of claim 1, further comprising,
identifying the spectral signature of at least one chemical species from the

processed spectrally-resolved light emission signal.

5.  The method of claim 4, further comprising:
classifying the anomalous event based on the identified spectral signature of the

at least one chemical species.



WO 2018/094219 PCT/US2017/062316

6.  The method of claim 4, further comprising:
determining a source from where the at least one chemical species associated
with the identified spectral signature have evolved, into the plasma processing chamber,

during the anomalous event.

7.  The method of claim 4, further comprising:
identifying a surface from which the at least one chemical species associated with
the identified spectral signature have evolved, into the plasma processing chamber,

during the anomalous event.

8.  The method of claim 4, further comprising:
identifying a location from which the at least one chemical species associated with
the identified spectral signature have evolved, into the plasma processing chamber,

during the anomalous event.

9. The method of claim 1, further comprising: measuring a plasma electrical
parameter; associating the behavior of the plasma electrical parameter during the

anomalous event, with the anomalous event.

10. The method of claim 3, wherein the plasma electrical parameter comprises
a parameter selected from the group including radio frequency (RF} power, substrate

holder RF power, and plasma potential.

il. The method of claim 9, further comprising:
setting the controller to prevent operation of the plasma processing system at

conditions identified to he associated with the anomalous event.

12. The method of claim 1, wherein the spectraily-resolved light emission signal

is detected using a spectrometer.
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13. The method of claim 1, wherein the processing the spectrally-resolved light

emission signal is performed in a dedicated arc detector controller,

14. The method of claim 13, wherein the arc detector controller is configured to
receive a non-spectrally resolved light emission signal from a high-speed non-spectrally

resolved arc detector.

15. The method of claim 14, wherein the arc detector controller is configured to
detect an arcing event using both the detected spectrally-resolved light emission signal

and the detected non-spectrally resolved light emission signal.

16. The method of claim 1, wherein the processing the spectrally-resolved light

emission signal is performead in a plasma endpoint detector controller.

17.  An apparatus for detection of anomalous events in a plasma processing
system, comprising:

a window disposed on a plasma processing chamber of the plasma processing
systern, for providing optical access to the plasma processing chamber;

a spectrometer for detecting a spectrally-resolved light emission signals inside the
plasma processing chamber, through the window; and

a controller configured to process and determine chemical species that caused the

anomalous event.

18. The apparatus of claim 17 further comprising a store of spectrally-resolved
light emission signals comprising previously pre-identified, stored, and used for reference
in an after-the-fact analysis of spectral data to identify the chemical species that caused

anomalous events.
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18. The apparatus of claim 18 further comprising a photodiode detector
configured to detect occurrence of arcing events and particular time instant of the

occurrence of the arcing events.

20. The apparatus of claim 17, wherein the determination of the chemical

species is based upon their corresponding chemical — imprint identifications.

et
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