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(57) Abstract: Described herein are technologies to facilitate computed tomographic techniques to help identifying chemical species
during plasma processing of a substrate (e.g., semiconductor wafer) using optical emission spectroscopy (OES). More particularly, the
technology described herein uses topographic techniques to spatially resolves emissions and absorptions in at least two-dimension space
above the substrate during the plasma processing (e.g., etching) of the substrate. With some implementations utilize optical detectors
positioned along multiple axes (e.g., two or more) to receive incident incoming optical spectra from the plasma chamber during the
plasma processing (e.g., etching) of the substrate. Because of the multi-axes arrangement, the incident incoming optical spectra form
an intersecting grid.
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COMPUTED TOMOGRAPHY USING INTERSECTING VIEWS OF PLASMA USING
OPTICAL EMISSION SPECTROSCOPY DURING PLASMA PROCESSING

CROSS REFERENCE TO RELATED APPLICATIONS

10001} The present application claims the benefit of U.S. Nonprovisional Patent
Application No. 15/448 069, filed on March 2, 2017, entitled “COMPUTED
TOMOGRAPHY USING INTERSECTING VIEWS OF PLASMA USING OPTICAL
EMISSION SPECTROSCOPY DURING PLASMA PROCESSING” which is

incorporated herein by reference in ifs entirety.

BACKGROUND OF THE INVENTION

10002} Often, the production of semiconductor devices, displays, photovoliaics,
etc. involves, for example, plasma etching. Plasma etching is a form of plasma
processing of semiconductor material and is often used to fabricate integrated circuits.
Plasma etching typically involves the generation of a glow discharge {i.e., plasma) by
application of radio-frequency or microwave power in means familiar to one skilled in
the art. lons, neutral and exited atoms from the plasma are applied to the wafer.
10003 During the process, the plasma generates volatile efch products from the
chemical reactions between the elements of the material eiched and the reactive
species generated by the plasma.

10004} in plasma processing, the chemistry of the plasma strongly affects the
processing rate. This is particularly true about the local chamistry of the plasma. The
local chemisiry of the plasma is the local concentrations of various chemical species
int the plasma environment proximate the substrate being processed. Certain species,
particularly transient chemical species, such as radicals have a great influence on the
plasma processing cutcome. it is known that elevated local concentrations of these
species can produce areas of faster or slower processing, which may lead to
inconsistencies in the production and ultimately in the devices being produced.
[0005] The chemistry of a plasma process is controlled in a direct or indirect
manner through the control of a large number of process variables. Examples of such

variables includes one or more RF or microwave powers supplied to excite the plasma,
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the gas flows and kinds of gases supplied o the plasma processing chamber, the
pressure in the plasma processing chamber, the type of substrate being processed,
the pumping speed delivered {o the plasma processing chamber, and many more.
106006} Optical emission spectroscopy (OES) has proven itself as a useful tool for
proceass development and monitoring in plasma processing. In OES, the presence and
concentrations of certain chemical species of particular interest, such as radicals, is
deduced from acquired optical (i.e. light) emission spectra of the plasma, wherein the
intensities of certain spectral lines and ratios thereof correlate o the concentrations of
chemical species.

10007} OES is usually done by acquiring optical emission spectra from a single
elongated volume (i.e., “ray’) within the plasma that is inside the plasma processing
chamber. The collaction of the optical emission signals inherently results in averaging
of the plasma optical emission specira along the length of this elongated volume and
thus all the information about local variations of the plasma optical emission spectra.

As a result, all local variations of chemical species concentrations are generally lost.

BRIEF DESCRIPTION OF THE DRAWINGS

106008} FiGs. 1A and 1B Hllustrate two views of an example plasma processing
system in accordance with the technology described herein.

16009} FiG. 2 illustrates a simplified depiction of ancther example plasma
procassing system in accordance with the technology described herain.

10010} FiGs. 3-5 illustrate three different examples of plasma processing systems
in accordance with the technology described herein.

10011} FIG. 6 is a flowchart of a methodological implementation of computed
tomographic reconstruction in accordance with implementations described herein.
10012} FIG. 7 lllustrates additional details related (o example implementations in
accordance with implementations described herein.

10013} The Detailed Description references the 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.
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DETAILED DESCRIPTION

10014} Described herein are technologies to facilitate computed tomographic
technigues to help identifying chemical species during plasma processing of a
substrate (e.g., semiconductor wafer) using optical emission spectroscopy {(OES).
More particularly, the technology described herein spatially resolves emissions and
absorptions in at least two-dimension space above the substrate during the plasma
processing {e.9., etching) of the substrate.

10015} More particularly still, the technology described herein utilizes optical
detactors positioned along multiple axes (e.g., two or more) o receive incident
incoming optical spectra from the plasma chamber during the plasma processing {(e.qg.,
gtching) of the substrate. Because of the multi-axes arrangement, the incident
ncoming optical spectra form an intersecting grid (e.g., “detector grid”).

10016} The detector grid establishes zones of interaction within the etch chamber
and immediately above the surface of the substrate. Using these zones, embodiments
of the technology described herein may determine chemical species within each zone.
Herein, this is called localized determination, determining localized chemical specias,
or the like.

10017} Using input from the optical detectors that are arranged along multiple axes
to form the detection grid, an embodiment described herein monitors zones of
interaction within the OES spectra being observed in the etch chamber during the
plasma processing (e.9., etching) of the substrate. With these zones, the embodiment
localizes and pinpoints locations for the found chemical compositions within the etch
chamber.

10018} One or more of the embodiments described herein utilize computed
tomographic techniques o localize and pinpoint locations of the found chemical
compositions. Generally, computed tomography techniques include those that
facilifate imaging, mapping, or tracking of a volume by sections through the use of
penetrating or emerging energy (e.g., X-ray, ultrasound, and the like} Often, it is based

on the mathematical procedure called computed tomographic reconstruction.
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EXAMPLE PLASMA PROCESSING SYSTEMS

(0013} in the development of plasma processes, it is useful to know the two-
dimensional distribution of chemical species of interest above the surface of the
substrate being processed. With this knowladge, changes in the system design and/or
proceass parameters can be made to minimize variations of the processing outcome
across the substrate.

(0020} In addition, a detection of an abrupt change in particular chemical species
in the plasma can signal the end of a plasma processing step {(i.e., endpoint). For
example, a detaction of a chemical speacies than the one that was being stched on the
substrate may indicate that the etching process is complete. Ability to determine the
plasma processing step endpoint across the entire surface of the substrate leads to
improved device yields. This is because the processing step does not end prematurely.
106021} FiGs. 1A and 1B show an example of a plasma processing system 10
suitable for use with an embodiment of the technology described herein. The plasma
processing system 10 is equipped with a plasma optical emission spectroscopy (OES)
system 15, Plasma processing system 10 includes plasma processing chamber 20,
inside which a substrate holder 30 is disposed for receiving a substrate 40 to be
processed. An electrostatic chuck is an exampie of the substrate holder 30.

10022} Although not shown, radio frequency (RF) andfor microwave power is
supplied to the plasma processing chamber 20 {0 ignite and sustain a plasma 50
proximate the substrate 40. The energetlic chemical species from the plasma 50 are
used to perform a plasma processing siep on substrate 40. Processing gasses are
flowed into the plasma processing chamber 20 and a pumping system (not shown)
maintains a vacuum in the plasma processing chamber 20, at the desired process
pressure. Examples of plasma processing steps include plasma etching, plasma-
gnhanced chemical vapor deposition (PECVD), plasma-enhanced atomic layer
deposition (PEALD), efc. The technology described herein are applicable to any kind
of plasma processing.

10023} The plasma OES system 15 is used to acquire plasma optical emission
spectra via at least one optlical detector 80. This optical detector has at least one
spectrometer (not shown) to actually acquire the optical emission spectra from the

plasma in the plasma processing chamber 20. The optical detector 60 communicates
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the acquired optical emission spectra o and is controlied by controller 80, Controller
80 may be a special-purpose computer or a specially programmed general-purpose
computer. That computer may be located proximate to plasma processing system 10
or may be located remotely, and connected via an intranet or internet connection to
the optical detector 80.

(0024} The spectrometer of the optical detector 60 has optics configured in such a
way that it collects plasma optical emissions from a shallow volume 65 of space within
the plasma 50 and immediately above the surface of the substrate 40. Herein, this
volume may also be called a “ray” 65.

(0025} With the cross-section view of FIG. 1A, only one ray 65 is seen traversing
the plasma 50 located within the plasma processing chamber 20, proximate subsirate
40 being processed. The ray is a pencil-shaped portion of space from which the optical
emission spectra are collected. The collected spectra represent an integral of
contributions to the collected plasma optical emission spectrum from all points located
along and within the ray 65.

10026} in a typical configuration, the ray 65 is orienied substantially parallel with
the surface of the substrate 40 and is maintained at a small distance from the surface
of substraie 40, 50 as {0 reduce optical interference from the substrate surface, yet is
kept close enough o the subsirate 40 {0 sampie the plasma chemistry proximate the
substrate surface.

106027} Optical access to the plasma processing chamber 20is typically provided
by optical window 70. Optical window 70 includes a translucent or transparent material
such as glass, guartz, fused silica, sapphirg, or the like. The specific material is chosen
depending on the application and how aggressive the chemistry of the plasma 50 is.
(0028} As it names implies, controller 80 controls the plasma optical emission
spectroscopy (OES) system 15, Controller 80 also computes the plasma optical
distribution as a function of spatial location, wavelength, and intensity. Controller 80
aiso computes the spatial distribution of chemical species of interest from the
computed plasma optical distribution. This information can then be used for proceass
development, plasma processing tool development, in-sifu plasma process
monitoring, plasma proceass fault detection, plasma process endpoint detection, etc.
(0029} FIG. 1B shows the top schematic view of the plasma processing system

10. As depicted, system 10 has multiple rays 100 being used to sample the plasma
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emission spectra, which is in accordance with at least one embodiment of the
technology described herein.

10030} The plasma processing system 10 of FIG. 18 has two optical detectors 60
that positioned in multi-axes arrangement so that their rays intersect. As depicied,
gach optical detector 60 has seven spectrometers (not shown) matching seven rays
100, as depicted. Of course, other implementations have more spectrometers (e.g.,
50, 100, 128, 256, 1048, 2000, or more).

(0031} The spectrometers of each optical detector are arranged and positioned so
that their rays (or rays 100) are non-coincident to the other spectrometers of that same
optical detector. The spectrometers of each optical detector arranged so that the
largest amount of spatial information is acquired from the plasma 50 above substrate
40. The number spectrometers (and thus rays) per optical detector 60 depends on the
implementations particulars. In some implementations, there may be 128 rays (and
spectromeiers) or more per optical spectrometer.

(0032} The angle of each ray 100 is defined with respect to the centerline of iis
optical detector 60, as 8i. Every point within the plasma processing chamber 20can be
defined by its polar coordinates, i.e. (r, 8), as shown in FIG. 1B.

10033 Each optical detector has a central axis, which represents the line-of-sight
view for that optical detector. Arrow 101a represents a first line-of-sight view for the
optical detector facing the plasma processing chamber 20, Arrow 101b represents a
second line-of-sight view for the other optical detector facing the plasma processing
chamber 20.

10034} FiG. 2 shows a simplified depiction of an example of @ plasma processing
system 200 suitable for use with an embodiment of the technology described herein.
Plasma processing system 200 includes a plasma processing chamber 210 with two
small translucent windows 212a, 212b providing views therein the chamber A
substrate holder 220 is disposed inside the plasma processing chamber 210for
receiving a substrate 222 {0 be processed. An elecirostatic chuck is an example of the
substrate holder 220.

10035} Although not shown fully, the plasma processing system 200 is eguipped
with a plasma OES system with similar components and operation as the system 15
described above. Differences between that system 15 and the plasma OES system of

this embodiment are depicted in Fig. 2 and described herein.
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(0036} The plasma OES system includes two optical detectors 230a, 230b, one
optical detector per window (e.g., 212a, 212b). An optical detector inciudes multiple
spectrometers. For example, optical detector 230a includas an example spectrometer
240. Depending upon the embodiment, light may be transmitied to the specirometers
LUsing a waveguide 248 from the window {e.¢., window 2123} or direct connaction to
the plasma processing chamber 210

106037} The example spectrometer 240 includes & single high sensitivity
photodiode 242 with lens 244, and optical filters 246. This example spectrometer 240
{and other embodiments) may include or uiilize a photodiode array 254, an
interferometer using a grating or a prism, a photomultiplier tube {(PMT), and/or an array
of PMTs.

10038} In some implementations, the spectra 252 (e.g., light) travels down the
waveguide 248 and passes through a filter 246 that separates the incoming spectra
into particular bands of wavelengths. This is depicted by graphs 250. The light may
also pass through an interferometer (i.e., a beam sphitter or light dispersion umit) or
PMTs. Examples of suitable interferometers include prisms and tightly spaced grating.
The light is focused by a lens 244 and detacted by a photodiode 242 {or photodiode
array 254} or other photodetectors. The wavegquide 248 may utilize fiber optics.
10039} By separating the incoming spectra into particular bands of wavelengths
{e.q., see 250}, the system can identify particular colors and associate those colors
with individual chemical species in the plasma. In other implementations, a charge
coupled device (CCD) may be employed to filter and/or detect the incoming spectra of
various particular wavelength bands. In other implemeniations, an array of
photodetectors may be employed with each spaced to receive a split beam of the
spectrum of incoming hght.

10040} The spectrometers of each optical detector 230a, 230b are arranged and
positionad in a manner so that thair rays, 232b form a fan the encompasses the largest
amount of spatial information that can be acguired from the plasma 50 above substrate
40. The spectrometers of each optical detector.

10041} in some implementations, the spectrometers are arranged with an equal
amount of angular separation between each ray. Also, in some implementations, the
range of the fan of the rays includes at least the volume/area above the surface of the

substrate. In some implementations, the angular separation may not be egual. In some
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implementations, the range of the fan of rays may include volume oulside the
perimeter of the substrate.

10042} As depicted, the optical detectors 230a, 230b are positioned orthogonally
relative to each other. That is, the central axis of each optlical detector is orthogonal
relative to the central axis of the other. More generally, this and other embodiments
may be described as intersecting multi-axis optical detectors. That is, the central axes
of the optical detectors are arranged and positioned 30 that their associated rays
intersect each other. Alternatively, still, this arrangement may be described as multiple
optical detectors where each detector has spectrometers with rays that intersect the
rays of one or more spectrometers of other optical detectors.

106043} The number spectrometers (and thus rays) per optical detector 230a, 230b
depends on the implementation particulars. In some implementations, there may be
128 rays (and spectrometers) or more per optical specitrometer. In some
implementations, there may be over a thousand rays (and spectrometers) or more per
optical spectrometer. The greater the number of spectrometers the greater the spatial
rasolution.

(0044} Using the example plasma processing system 200, computed tomographic
technigues may generate a determination of the chemical species in each zone. The
particulars of the computed tomographic technigues are discussed later.

(0045} in short, the plasma OES system maps a shallow volume immediately
above the substrate 222 as a computed tomographic volume 260. Based on OES
information obtained from the appropriate spectrometers of optical detector 230b, the
system identifies the chemical species in slice 262 of computed tomographic volume
280 based upon spectra input. Similarly, based on OES information obtained from the
appropriate spectrometers of optical detector 230a, the system identifies the chemical
species in slice 264 of computed tomographic volume 260 based upon specira input.
Armed with the knowledge of the physical arrangement of the spectrometers that
ohtained the spectra input, the system uses computed tomographic technigues to
calculate/determine/specify a spatial zone (e.g., zone 2606) where the chemical
species occur in the plasma.

(0046} Based on the optical emissions within the plasma processing chamber 210,
a system can determine a chemical species in the plasma by utilizing optical emission

spectra (OES) where the light colliected from the plasma processing chamber 210is
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broken down into individual wavelengths. These wavelengths represent the various
chemical species found within the plasma and the plasma processing chamber 210.
Cornventionally, OES observes the complete plasma processing chamber 210as a
single eniity, averaging all collected light representing averaged chemical
compositions

10047} Each optical detector has a central axis, which represents the line-of-sight
view for that optical detector. Arrow 231a represents a first light-of-sight view for the
optical detector 230a facing the plasma processing chamber 210, Arrow 231b
represenis a second light-of-sight view for the optical detector 230b facing the plasma
proceassing chamber 210.

106048} FiG. 3 shows another example of plasma optical emission spectrographic
(OES) system 300 that represents another embodiment of the technology described
herein. For the sake of simplicity, only portions of the overall system are depicted.
10048} As shown, the system 300 includes an etch chamber 310 with a substrate
312 therein. The system 300 also includes at least two arrays of multiple mutually
parailel OES optical detectors.

10050} A first array 330 of multiple mutually parallel OES optical detectors is
positioned to receive optical input through window 332 The first array 330 is
configured {0 have a first line-of-sight view 334 of the plasma over the substrate 312
on a substrate holder in the etch chamber 310 of a plasma processing system. Each
optical detector of the first array 330 has at least one ray (e.q., 336) that is co-axial
with its optical detector.

10051} A second array 340 of multiple mutually parallel OES optical deteclors is
positioned to receive optical input through window 342, The second array 340 is
configured to have a second line-of-sight view 344 of the plasma over the substrate
312 on the substrate holder in the efch chamber 310 of the plasma processing system.
Each optical detector of the second array 340 has at least one ray (e.q., 346) that is
co-axial with its optical detector.

10052} The OES optical deteciors of each array are described as “mutually
parallel.” Herein, optical detectors are mutually parallel when a central axis of each
OES optical detector of a particular array is configured in parallel alignment with the

other optical detectors of the same array. That is, a ray along the central axis of each
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optical detector of each array does not intersect the central-axis ray of another detector
of that array.

10053} Relative 1o each other, the first line-of-sight view 334 and second line-of-
sight view 344 intersect within the etch chamber. Indeed, they intersect within the
plasma and over the substrate 312. The line-of-sight views are non-coextensive. That
is, they are not co-axial to each other. Since the line-of-sight views intersect, they are
non-parailel.  The rays of these line-of-sight views also intersect. Point 360 is an
example intersection point of ray 336 and ray 346.

10054} in addition, the first line-of-sight view 334 and second line-of-sight view 344
are non-orthogonal relative {o each other. That is, thay are not at right angles to each
other. As depicted in Fig. 3, with some implementations, the angle 362 between the
fine-of-sight views is acute (between 0 and S0 degreas). In some implementations, the
angle 362 between the line-of-sight views is obtuse (between 90 and 180 degrees).
10055] The system 300 has a first viewport (e.g., window 332) that is designed ic
provide the first line-of-sight view 334 to the etch chamber for the first array 330 of
multiple OES optical deteclors. Similarly, the system 300 has a second viewport (e.g.,
window 342} designed to provide the second line-of-sight view 344 {o the eich
chamber for the second array 340 of multiple OES optical detectors. Since the optical
detectors are mounted outside the etch chamber 310, the viewports must necessarily
be at least translucent (i.e., allowing at least some light to pass therethrough). In some
implementations, the viewports are transparent or clear.

[0056] Unlike that windows/viewports shown with systems 10 and 200, the
windows/viewporis are significantly wider. Indeed, with some implementations, at least
one of the viewports has a width at least as wide (W) as a width of the substrate holder
and/or of the substrate 312 itself.

100571 in the alternative, there may be one contigucus window shared by both
arrays (330 and 340) of optical detectors in a manner that allows for intersecting line-
of-sight views of the plasma in the etch chamber 310. In another alternative, the arrays
of optical detectors may be mounted inside the elch chamber. In this scenario, no
viewport is needed. A window 352 is shown, but it has no accompanying array of
optical detectors.

10058} FIG. 4 shows another example of plasma oplical emission specirographic

(OES) system 400 that represents ancther embodiment of the technology described

10
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herein. For the sake of simplicity, only portions of the overall system are depicted.
Systemn 400 is much like system 300. The key difference is that an additional {i.e,,
third) array of optical detectors is added. So, there are three arrays of optical detectors
being used with this system.

10059} As shown, the system 400 includes an etch chamber 410 with a substrate
412 therein. The system 400 also includes at least three arrays of multiple mutually
parailel OES optical detectors.

(0060} A first array 430 of multiple mutually parallel CES optical detactors is
positioned to receive optical input through window 432. The first array 430 is
configured to have a first line-of-sight view 434 of the plasma over the substrate 412
on a substraie holder in the etch chamber 410 of a plasma processing system. Each
optical detector of the first array 430 has at least one ray (e.q., 436) that 1s co-axial
with its optical detector.

106061} A second array 440 of multiple mutually paraliel OES optical detectors is
positioned to receive optical input through window 442, The second array 440 is
configured 1o have a second line-of-sight view 444 of the plasma over the substrate
412 on the substrate holder in the etch chamber 410 of the plasma processing system.
Each optical detector of the second array 440 has at least one ray {e.g., 446) that is
co-axial with its optical detector.

10062} A third array 450 of multiple mutually parallel OES optical detectors is
positioned to receive optlical input through window 452, The third array 450 is
configurad 1o have a third line-of-sight view 454 of the plasma over the substrate 412
on the substrate holder in the etch chamber 410 of the plasma processing system.
Each optical detector of the third array 450 has at least one ray {e.g., 456) that is co-
axial with its optical detector.

10063} Relative to each other, the first line-of-sight view 434, second line-of-sight
view 444 and third line-of-sight view 454 intersect within the elch chamber. Indeed,
they intersect within the plasma and over the substrate 412. The line-of-sight views
are non-coextensive. That is, they are not co-axial to each other. Since the line-of-
sight views intersect, they are non-parallel. The rays of these line-of-sight views aiso
intarsect. Point 460 is an example intersection point of ray 436 and ray 446, And point

482 is an example intersection point of ray 446 and ray 456.
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10064} in addition, the first line-of-sight view 434, second line-of-sight view 444,
and third line-of-sight view 454 are non-orthogonal relative to each other. That is, they
are not at right angles to each other. As depicted in Fig. 4, with some implementations,
the angle (e.g., 462 and 464} between a pair of the line-of-sight views is acule
(between 0 and 80 degrees). In some implementations, the angle 462 between a pair
of the line-of-sight view is obtuse (between S0 and 180 degrees).

10065} The system 400 has a first viewport (e.g., window 432) that is designed ic
provide the first line-of-sight view 434 to the etch chamber for the first array 430 of
multiple OES optical deteclors. Similarly, the system 400 has a second viewport (e.g.,
window 442} designed to provide the second line-of-sight view 444 {o the eich
chamber for the second array 440 of multiple OES optical detectors. A third viewport
(e.g., window 452} designed to provide the third line-of-sight view 454 {0 the eich
chamber for the second array 450 of multiple OES optical detectors.

106066} FIG. 5 shows another example of plasma optical emission spectrographic
(OES) system 500 that represents another embodiment of the technology described
herein. For the sake of simplicity, only portions of the overall sysiem are depicted.
System 500 is much like system 400. The key difference is that one of the three arrays
of optical detectors is removed. So, there are only two arrays of optical detectors being
used with this system.

10067} As shown, the system 500 includes an stch chamber 510 with a substrate
512 therein. The system 500 also includes at least three arrays of multiple mutually
parallel OES oplical detectors.

10068} A first array 530 of multiple mutually parallel OES optical detectors is
positioned to receive optical input through window 532, The first array 530 is
configured to have a first line-of-sight view 534 of the plasma over the substrate 512
on a substrate holder in the etch chamber 510 of a plasma processing system. Each
optical detector of the first array 530 has at least one ray {e.g., 536) that is co-axal
with its oplical detector.

10069} For the sake of consistency in terms, the second of two arrays is called the
“third array.” This is only to aid in readability. it is not intended to limit claim
interpretation.

100701 The third array 550 of multiple mutually parallel CES optical detectors is

positioned to receive oplical input through window 552. The third array 550 is
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configured to have a third line-of-sight view 554 of the plasma over the substrate 512
on the substrate holder in the etch chamber 510 of the plasma processing system.
Each optical detector of the third array 550 has at least one ray (e.g., 556) that is co-
axial with its optical detector.

0071} Relative to each other, the first line-of-sight view 534 and third line-of-sight
view 554 intersect within the eich chamber. Indeed, they intersect within the plasma
and over the substrate 512. The line-of-sight views are non-coextensive. That is, they
are not co-axial to each other. Since the line-of-sight views intersect, they are non-
parallel. The rays of these line-of-sight views also intersect. Point 560 is an example
intersection point of ray 536 and ray 558.

106072} in addition, the first line-of-sight view 534 and third line-of-sight view 554
are non-orthogonal relative to each other. That is, they are not at right angles to each
other. As depicted in Fig. 5, with some implementations, the angle (e.¢., 562) betwesn
a pair of the ling-of-sight views is obtuse (between 80 and 180 degrees).

(0073} The system 500 has a first viewport (e.g., window 532) that is designed {o
provide the first line-of-sight view 534 {o the elch chamber for the first array 530 of
muitiple OES optical detectors. Similarly, the system 500 has a third viewport (e.q.,
window 552} designed to provide the third line-of-sight view 554 to the efch chamber
for the second array 550 of multiple OES optical detectors. Notice that the first and
third windows (532 and 552) are direcily across from each cther. That is, they are
facing each other. They are approximately 180 degrees from each other. As depicted,
the angles of the line-of-sight views are not in alignment with the windows. Rather than
being 180 degrees apart, the line-of-sight views are obtuse from each other. Because
of this, the line-of-sight views intersect.

106074} As depicted, each of the OES optical detectors of the systems 400, 400,
and 500 includes one spectrometer. That spectrometer is configured {o observe one
ray from the etch chamber and that ray shares a common central axis with its optical
detector. In other implementations, one or more of the optical detectors may have
multiple spectrometers. Each specirometer of each multi-spectrometer OES optical
detector is configured o observe one ray from the etch chamber, and the rays do not
intersect. In some implementations, the spectrometers of each multi-spectrometer

OES optical detector collectively observe a fan of rays from the eich chamber.
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COMPUTED TOMOGRAPHY

10075} The embodiments described herein utilize computed {omographic
reconstruction technigues to localize and pinpoint locations of the found chemical
compositions. Generally, computed tomography technigques include those that
facilitate imaging, mapping, or tracking of a volume by sections using penetrating or
emerging energy (e.q., X-ray, ultrasound, and the like) Often, it is based on the
mathematical procedure called computed tomographic reconstruction.

10076} With the embodiments described herein, a computed tomographic
reconstruction of the plasma in the efch chamber of a plasma processing system is
produced. Given the chemical species identified by the plasma OES system, the
computed tomographic system determines the spatial locations of those identified
chemical species.

106077} Generally speaking, exampiles of the computed tomographic reconstruction
techniques employ one or more main approaches (e, “CT reconstruction
algorithms”). Those approaches use 1) using simultaneous linear equations, iteration,
filtered backprojection, and/or Fourier reconstruction.

10078} More particularly, other examples of computed tomographic reconstruction
techniques that are employed include Masamum Likelihood Expectation Maximization
(MLEM), Ordered Subsets Expectation Maximization (OSEM), One Siep Late

Maximum a Posteriori Expectation Maximization (OSL-MAPEM), Bayesian

H

Reconstructions, and/or Abel Inversions. In some implementations, a Savitzky-Golay

filter is applied to reduce the number of data points during processing.

EXAMPLE METHODOLOGICAL IMPLEMENTATION

10073} FIG. 8 shows an example process 600 illustrating the technology as
described herein. The example process 600 may be implemented as part of computed
tomographic reconstruction {TR) system. That system is part of or works in
cooperation with a plasma OES system.

10080} At block 610, a TR system obtains light measurements from the detection
grid in the plasma. The detection grid is formed by the intersecting rays of a collection

of optical detectors configured 1o receive incoming rays from plasma over a substrate
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on a substrate holder in an etch chamber of a plasma processing system. These
measurements includes intensity of particular wavelengths and for particular bands of
wavelengths.

106081} At block 620, the TR system generates a computed {omographic
reconstruction of chemical species of the plasma. The computed tomographic
reconstruction includes chemical species dentification (822), spatial location
determination (624}, and the association between the two (628). More specifically, the
TR system identifies (622) the chemical species in the plasma based on the obtained
ight measuremenis. it also determines (624} the spatial iocations of the identified
chemical species in the plasma based on the obtained light measurements. With that
information, the TR system associates (626) the determined locations in the plasma
for one or more of the identified chemical species.

10082} At block 830, the TR system siores the generated tomographic
reconstruction. In addition or in the alternative, the TR system may display the
generated tomographic reconstruction as cross-sections of the chemical species of
the plasma. Other display options may be employed as well For example, the
computed tomographic reconstruction may be displayed as an isometric or other
three-dimensional representation. In still another option, the computed tomographic

representation may be presented in a virtual reality (VR) scenario.

ANALYTIC AND DISCRETE (PIXEL-BASED) APPROACH

10083} Examples of the technology described herein may employ discrele
approaches. That is, it may represent the measured data in a pixelized form.

106084} Fig. 7 Hlustrates how a discrete approach may be accomplished. As
Hustrated:

s the geometry matrix (W), wy is the contribuiion of the jth pixel to the ith delector;

&

fiis the line-integrated data from ith detector;

e ¢ is intensily of ith pixel

e the inverse of W does not exist since the number of detectors is much smaller
than that of pixels

e circular grids can be used for azimuthally symmetric plasma
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ADDITIONAL AND ALTERNATIVE IMPLEMENTATION DETAILS

(0085} To facilitate a thorough understanding of the technology described herain
and for purposes of explanation and not limitation, specific details are set forth, such
as particular geometries of a plasma optical emission spectroscopy (OES) system,
and descriptions of varicus components and processeas. However, the invention may
be practiced in other embodiments that depart from these specific details.

(0086} Herein, the term substrate represents the workpiece being processed.
Unless the coniext indicates otherwise, examples of a substrate may include
semiconductor wafer, liquid crystal display (LCD) panel, light-emitting diode (LED),
photovoltaic (PV) device panel, etc.

100871 Depending upon the embodiment, data collection may be continuous wave
or pulsed. The results may be stored in a computer memory or discarded.

10088} Depending upon the embodiment, specirometers may include a single high
sensitivity photodiode with optical filters, a photodiode array, an interferometer using
a grating or a prism, a photomultiplier tube (PMT), or an array of PMTs.

10089} Depending upon the embodiment, light may be transmitied using a
waveguide or direct connaction toffrom the plasma eich chamber.

10080} Depending upon the embodiment, signal processing could occur on a
single computer, on an array of compuies from a laptop 1o a computing cluster
{supercomputer).

10091} in some implementations, the light or spectra refer to only visible light. In
othar implementations, the light or spectra include non-visible light (e.q., infrared and
ultraviolet). In still other implementations, the light or spectra include other
glectromagnetic waves or energy that is consistent with those emitied by chemical
species being present in the plasma.

10092} Reference herein {0 “one embodiment” or "an embodiment” refers to one
or more features, structures, materials, or characteristics describad at least one
example embodiment of the technology described herein. it does not denote or imply
that the features, structures, materials, or charactenstics are present in every
embodiment. Thus, the appearances of the phrases “in one embodiment” or “in an
embodiment” in various places throughout this document are not necessarily referring

to the same embodiment of the technology. Furthermore, the features, structures,
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materials, or characteristics may be combined in any suitable manner in one or more
embodiments.

(0093} in the above description of example implementations, for purposes of
explanation, specific numbers, materials configurations, and other details are set forth
to explain better the present invention, as claimed. However, it will be apparent {0 one
skilled in the art that the claimed invention may be practiced using different details
than the example ones described herein. In other instances, well-known features are
omitted or simplified to clarify the description of the example implementations.

10084} The inventors intend the described example implementations o be
primarily examples. The inventors do not intend these example implementations to
imit the scope of the appended claims. Rather, the inventors have contemplated that
the claimed invention might also be embodied and implemented in other ways, in
conjunction with other present or future technologies.

106095} Moreover, the word "example” i85 used herein to mean serving as an
example, instance, or Hlustration. Any aspect or design described herein as "example”
is not necessarily 1o be construed as preferred or advantageous over other aspects or
designs. Rather, use of the word example is intended {0 present concepts and
technigues in a concrete fashion. The term "technigues,” for instance, may refer to one
or more devices, apparatuses, systems, methods, articles of manufacture, and
computer-readable instructions as indicated by the context described herein.

106096} As used in this application, the term "or" is intended to mean an inclusive
"or" rather than an exclusive "or.” That is unless specified otherwise or clear from
context, "X employs A or B" is intended to mean any of the natural inclusive
parmutations. That is if X employs A, X employs B, or X employs both A and B, then
"X employs Aor B" is satisfied under any of the preceding instances. Also, the articles
"an' and "an” as used in this application and the appended claims should be construed
to mean "one or more,” unless specified otherwise or clear from context to be directed
to a singular form.

10087} These processes are illustrated as a collection of blocks in a logical flow
graph, which represents a sequence of operations that can be implemented in
mechanics alone or a combination of hardware, software, and firmware. In the contaxt

of softwareffirmware, the blocks represent instructions stored on one or more
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computer-readable storage media that, when executed by one or more processors,
perform the recited operations.

10098} Note that the order in which the processes are described is not intended o
be construed as a limitation and any number of the described process blocks can be
combined in any order to implement the processes or an alternate process.
Additionally, individual blocks may be deleted from the processes without departing
from the spirit and scope of the subject matter described herein.

(00399} The term "computer-readable medig” s non-transitory computer-storage
media. For example, non-transitory computer-storage media may include, but are not
imited to, magnetic storage devices {e.¢., hard disk, floppy disk, and magnetic strips),
optical disks (e.g., compact disk (CD) and digital versatile disk (DVD}}, smart cards,
flash memory devices (e.q., thumb drive, stick, kay drive, and SD cards), and volatile
and non-volatile memory (e.¢., random access memory (RAM), read-only memory
(ROM)). Similarly, the term "machine-readable media" is non-transitory machine-
storage media. Likewise, the term "processor-readable media" is non-transitory
processor-storage media.

1001001 A non-transitory machine-readable storage medium can cause a machine
to perform the functions or operations described, and includes any mechanism that
stores information in a form accessible by a maching {e.g., computing device,
glectronic system, etc.), such as recordable/non-recordable media (e.g., read-only
memory (ROM), random access memory (RAM), magnetic disk storage media, optical
storage media, flash memory devices, efc.). A communication interface includes any
mechanism that interfaces o any of a hardwired, wireless, oplical, etc., medium o
communicate to anocther device, such as a memory bus interface, a processor bus
interface, an Internet connection, a disk controller, etc. The communication interface
is configurad by providing configuration parameters or sending signals to prepare the
communication interface to provide a data signal describing the software content. The
communication interface can be accessed via one or more commands or signals sent
to the communication interface.

1060101] Inthe claims appended herein, the inventors invoke 35 U.5.C. § 112(f) only
when the words "means for” or "steps for" are used in the claim. If such words are not

used in a claim, then the inventors do not intend for the claim to be construed to cover
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the corresponding structure, material, or acls described herein {(and equivalents
thereof) in accordance with 35 U.5.C. 112(f).

100102] A non-transitory machine-readable storage medium can cause a machine
to perform the functions or operations described, and includes any mechanism that
stores information in a form accessible by a machine (e.g., computing device,
glectronic system, etc.), such as recordable/non-recordable media (e.g., read-only
memory (ROM), random access memory (RAM), magnetic disk storage media, optical
storage media, flash memory devices, efc.). A communication interface includes any
mechanism that interfaces to any of a hardwired, wireless, optical, etc., medium to
communicate to anocther device, such as a memory bus interface, a processor bus
interface, an Internet connection, a disk controller, etc. The communication interface
is configurad by providing configuration parameters or sending signails to prepare the
communication interface to provide a data signal describing the software content. The
communication interface can be accessed via one or more commands or signals sent

to the communication interface.
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CLAIMS

1. A plasma optical emission spectrographic (OES) system comprising:

a first array of multiple OES optical detectors configured to have a first line-of-
sight view of plasma over a substrate on a substrate holder in an etch chamber of a
plasma processing system;

a second array of multiple CES optical detectors configured to have a second
line-of-sight view of plasma in the etch chamber,

wherein, relative 1o each other, the first line-of-sight view and second line-of-
sight view intersect within the etch chamber and are non-coexiensive, non-paraliel,

and non~orthogonal.

2. A plasma OES system as recited in claim 1, wherein a central axis of
each OES optical detector of a particular array is configured in parallel alignment with

the other optical detectors of the same array.

3. Aplasma OES system as recited in claim 1, wherein the first and second

ine-of-sight views are separated by an acute or an obtuse angle.

4. A plasma OES system as recited in claim 1, further comprising:

a first viewport configured {o provide the first line-of-sight view to the elch
chamber for the first array of multiple OES optical detectors;

a second viewport configured to provide the second line-of-sight view {0 the

gtch chamber for the second array of multiple OES optical detectors.

5. A plasma OES system as recited in claim 1, further comprising:

a first viewport configured 1o provide the first line-of-sight view to the eich
chamber for the first array of multiple OES optical detectors;

a second viewport configured to provide the second line-of-sight view to the
etch chamber for the second array of multiple OES optical dstectors,

wherein the first and second viewport have a width at least as wide as a width

of the substrate holder.
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8. A plasma OES system as recited in claim 1, wherein each OES optical
detector includes one spectrometer that is configured to observe one ray from the eich

chamber, wherein the ray shares a common central axis with its optical detector.

7. A plasma CES system as recited in claim 1, wherein each OES optical
detector includes muitiple spectrometers, each spectrometer of each OES optical

detector is configured to observe one ray from the etch chamber.

8. A plasma OES system as recited in claim 1, wherein each OES optical
detector includaes muitiple spectrometers, wherein the specirometers of each OES

optical detector collectively observe a fan of rays from the etch chamber.

8. A plasma OES system as recited in claim 1, further comprising a third
array of multiple OES optical detectors configured {o have a third line-of-sight view of
plasma in the stch chamber, wherein the third line-of-sight view intersects the first and
second line-of-sight views within the etch chamber and the third line-of-sight view is
non-coextensive, non-parallel, and non-orthogonal with either the first or second line-

of-sight views.

10.  Aplasma OES system as recited in claim 1, further comprising:

a third array of multiple OES optical deteclors configured to have a third line-
of-sight view of plasma in the eich chamber, wherein the third line-of-sight view
intersects the first and second line-~of-sight views within the elch chamber and the third
fine-of-sight view s non-coextensive, non-parailel, and non-orthogonal with either the
first or second line-of-sight views;

a third viewport configured to provide the third line-of-sight view to the eich

chamber for the third array of multiple OES optical detectors.

11. A plasma QES system as recited in claim 1, wherein the substrate is a

semiconductor wafer.
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12.  Aplasma OES system as recited in claim 1, wherein at least one of the
arrays includes at least one-hundred twenty-eight (128) OES optical detectors and/or
wherein at least one of the OES optical detector includes at least one-hundred twenty-

eight (128) OES spectrometers.

13. A computed tomography system comprising:

a plasma OES system as recited in claim 1;

a computed tomographic reconstruction system configured to generate a
computed tomographic reconstruction of chemical species of the plasma, wherein the
generation of the computed tomographic reconstruction includes:

obtaining light measurements from light received from intersecting views
of the first and second line-of-sight views;

identifying chemical species in the plasma based on the obtained light
measurements;

determining spatial locations of the identified chemical species in the
plasma based on the obtained light measurements;

associating the determined locations in the plasma for ong or more of

the identified chemical species.

14. A computed tomography system for a piasma optical emission
spactrography {OES), the system comprising:
a plasma OES subsystem that includes:
one or more first OES optical detectors configured to have a first ling-of-
sight view of plasma over a substirate on a substrate holder in an etch chamber
of a plasma processing system;
one or more second OES optical detectors configured to have a second
line-of-sight view of plasma in the etch chamber, wherein, relative 10 each other,
the first line-of-sight view and second line-of-sight view intersect within the etch
chamber;
a computed tomographic reconstruction system configured to generate a
computed tomographic reconstruction of chemical species of the plasma, wherein the
generation of the computed tomographic reconstruction includas:

obtaining light measurements from light received from intersecting views
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of the first and second line-of-sight views;

identifying chemical species in the plasma based on the obtained light
measurements;

determining spatial locations of the identified chemical species in the
plasma based on the obtained light measurements;

associaiing the determined locations in the plasma for one or more of

the identified chemical spacies.

18. A plasma OES system as recited in claim 14, wherein, relative {0 each
other, the first line-of-sight view and second line-of-sight view are non-coextensive,

non-parailel, and non-orthogonal.

16. A plasma OES system as reciled in claim 14, wherein the light

measurements obtained includes intensity of light.

17. A plasma QOES system as recited in claim 14, wherein the light
measurements obtained includes light measurements for particular wavelengths of
light or wherein the light measurements obtained includes light measurements for a

particular band of wavelengths of light.

18.  Aplasma OES system as recited in claim 14, wherein:

multiple first OES optical detectors form a first array, wherein a central axis of
each OES optical detector of the first array is configured in paraliel alignment with the
other optical detectors of the first array;

multiple second OES optical detectors form a second array, wherein a ceniral
axis of each OES optical deteclor of the second array is configured in parallel

alignment with the other optical detectors of the second array.

18. A plasma OES system as recited in claim 14, wherein the first and

second line-of-sight views are separated by an acute or an obtuse angle.
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20.  Avplasma OES system as recited in claim 14 further comprising:

a first viewport configured 1o provide the first line-of-sight view to the eich
chamber for the one or more first OES optical detectors; and

a second viewport configured to provide the second line-of-sight view to the

etch chamber for the one or more second OES optical detactors.

21.  Aplasma OES system as recited in claim 14 further comprising:

a first viewport configured to provide the first line-of-sight view to the etch
chamber for the one or more first OES optical detectors; and

a second viewport configured to provide the second line-of-sight view {o the
etch chamber for the one or more second OES optical detectors;

wherein the first and second viewport have a width at least as wide as a width

of the substrate holder.

22. Avplasma OES system as recited in claim 14, wherein each OES optical
detector includes one spectrometer that is configured {o observe one ray from the etch
chamber, wherein the ray shares a common central axis with iis optical detector; or
wherein each OES optical detector includes multiple spectrometers, each
spectrometer of each OES optical detector is configured o observe one ray from the
atch chamber; or

wherein each OES optical detector includes multiple spectrometers,
wherein the spectromsters of each OES optical detector collectively observe a fan of

rays from the etch chamber.

23. Avplasma CES system as recited in claim 14, further comprising one or
more third OES optical detectors configured to have a third line-cf-sight view of plasma
in the etch chamber, wherein the third line-of-sight view intersects the first and second
ine-of-sight views within the eich chamber and the third line-of-sight view is non-
coextensive, non-parailel, and non-orthogonal with either the first or second line-of-

sight views.
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24. Avplasma OES system as recited in claim 14, further comprising:

one or more third OES optical detectors configured to have a third line-of-sight
view of plasma in the etch chamber, wherein the third line-of-sight view intersects the
first and second line-of-sight views within the efch chamber and the third ling-of-sight
view I8 non-coextensive, non-parailel, and non-orthogonal with either the first or
second line~-of-sight views; and

a third viewport configured to provide the third line-of-sight view to the eich

chamber for the one or more third OES optical detectors.

25. A method that facilitates computed tomographic reconstruction of
plasma during plasma processing of a substrate in a plasma etch chamber of a plasma
proceassing system, the method comprising:

obtaining light measurements from a collection of optical detectors configured
to receive incoming rays from plasma over a substrate on a substrate holder in an etch
chamber of a plasma processing system, wherein the rays form an intersecting grid
within the plasma;

generating a computed tomographic reconstruction of chemical species of the
plasma, wherein the generating includes:

identifying chemical species in the plasma based on the obtained light
measurements;

determining spatial locations of the identified chemical species in the
plasma based on the obtained light measurements; and

associating the determined locations in the plasma for ong or more of

the identified chemical species.
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