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ing a light source, an optical sensor, and a processing device. The light
source directs, during a first time, a probe light into a processing cham-
ber through a window. The light source ceases, during a second time,
directing the probe light into the processing chamber through the win-
dow. The optical sensor detects, during the first time, a first intensity
of a first light. The first light includes a portion of the probe light re-
flected from the window and a light transmitted from an environment
of the processing chamber through the window. The optical sensor de-

tects, during the second time, a second intensity of a second light. The
second light includes the light transmitted from the environment of
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the processing chamber through the window. The processing device
determines, using the first intensity and the second intensity, a trans-
mission coefficient of the window.
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TRANSMISSION CORRECTED PLASMA EMISSION USING IN-SITU OPTICAL
REFLECTOMETRY

TECHNICAL FIELD
[0001] Embodiments of the present disclosure generally relate to processing of samples in
substrate manufacturing systems and, more specifically, to accuracy of optical measurements

performed through a window into a chamber of a processing apparatus.

BACKGROUND

[0002] During manufacturing, wafers, substrates, and various other samples may undergo
processing in specialized environments, such as a plasma environment during an etching
process. Plasma can emit light that can be observed, e.g., through a window in a wall of the
processing apparatus. The observed light can be measured using optical methods, like optical
emission spectroscopy (OES) to monitor the plasma environment and the technological

processes performed therein.

SUMMARY

[0003] Some of the embodiments described herein cover a system that includes a light
source, an optical sensor, and a processing device. The light source may be configured to
direct, during a first time, a probe light into a processing chamber through a window, and
cease, during a second time, directing the probe light into the processing chamber through the
window. In some embodiments, the light source may be enabled or disabled during separate
collection steps. The optical sensor may be configured to detect, during the first time, a first
intensity of a first light and to detect, during the second time, a second intensity of a second
light. The first light may include a portion of the probe light reflected from the window and a
light transmitted from an environment of the processing chamber through the window while
the second light may include the light transmitted from the environment of the processing
chamber through the window. The processing device may be communicatively coupled to the
optical sensor and configured to determine a transmission coefficient of the window using the
first intensity and the second intensity. The processing device may be further configured to
determine an intensity of light incident on the window from the environment of the
processing chamber using the second intensity and the transmission coefficient of the
window.

[0004] Additional or related embodiments described herein cover a system that includes a

processing chamber, an optical sensor, and a processing device. The processing chamber may
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include a window and a plasma gas within an environment of the processing chamber. The
optical sensor may detect a first intensity of a first light which includes 1) a portion of a probe
light reflected from the window and ii) a light transmitted from the environment of the
processing chamber through the window. The optical sensor may be further configured to
detect a second intensity of a second light which includes the light transmitted from the
environment of the processing chamber through the window. The processing device may be
communicatively coupled to the optical sensor. The processing device may be configured to
determine a transmission coefficient of the window using the first intensity and the second
intensity.

[0005] In additional, or related embodiments, the processing device may determine the
transmission coefficient and/or the reflection coefficient of the window by determining a
difference between the first intensity and the second intensity. For example, an intensity of
the light source may be calibrated to a reference intensity, and a ratio of the difference
(between the first intensity and the second intensity) and the reference intensity may be used
by the processing device to determine the reflection coefficient of the window. In some
embodiments the reference intensity may be a predetermined reference intensity value.
Subsequently, the processing device may determine the transmission coefficient of the
window.

[0006] In further embodiments, the processing device may determine an intensity of light
that is incident on the window from the environment of the processing chamber using the
second intensity and the transmission coefficient of the window. In particular, once the
processing device has determined the transmission coefficient, the intensity of light that is
incident on the window may be determined as a ratio between the second intensity and the
transmission coefficient. The environment of the processing chamber may be produced in a
course of a processing operation performed in the processing chamber, and the processing
device may determine a change of the transmission coefficient, caused by the processing
operation, from a reference transmission coefficient of the window. The reference
transmission coefficient may be determined in a similar manner as described above to
determine the transmission coefficient, except that the reference transmission coefficient of
the window may be determined at a stage during which the window is new and has not yet
been subjected to any processing operations. In some embodiments, the environment of the
processing chamber includes a plasma.

[0007] In additional, or related embodiments, the system may further include a light-

coupling device to deliver the probe light from the light source to the window. In some
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embodiments, the light-coupling device may further deliver the first light from the window to
the optical sensor. The probe light may be incident on the window at an angle which is
approximately perpendicular to a surface of the window. In some embodiments, the system
may further include a collimator to direct the light produced from the environment such that
it may be incident approximately perpendicular to a surface of the window. In one
embodiment, the probe light may be a broadband light may include a light source, and optical
sensor, and a processing device communicatively coupled to the optical sensor. The light
source may direct, during a first time a probe light into a processing chamber through a
window of the processing chamber and may cease, during a second time, directing the probe
light into the processing chamber through the window. During the first time, the optical
sensor may detect, a first intensity of a first light. The first light may include a portion of the
probe light reflected from the window and a light transmitted from an environment of the
processing chamber through the window. During the second time, the optical sensor may
detect a second intensity of a second light. The second light may include the light transmitted
from the environment of the processing chamber through the window.

[0008] Numerous other features are provided in accordance with these and other aspects of
the disclosure. Other features and aspects of the present disclosure will become more fully

apparent from the following detailed description, the claims, and the accompanying drawings.

BRIEF DESCRIPTION OF THE DRAWINGS

[0009] The present disclosure is illustrated by way of example, and not by way of
limitation, in the figures of the accompanying drawings in which like references indicate
similar elements. It should be noted that different references to “an” or “one” embodiment in
this disclosure are not necessarily to the same embodiment, and such references mean at least
one.

[0010] FIG. 1 is a top schematic view of an example processing system, according to an
embodiment.

[0011] FIG. 2 illustrates a simplified side view of a system for optical reflectometry
correction, according to an embodiment.

[0012] FIG. 3A is a schematic of a system at an initial time for a reference measurement
for transmission correction of a plasma optical emission signal (OES), according to an
embodiment.

[0013] FIG. 3B is a schematic of the system for transmission correction of a plasma OES,

according to an embodiment.
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[0014] FIG. 4 is a flow diagram of a method for transmission correction of a plasma OES
using an optical reflectometry measurement, according to an embodiment. In some
embodiments, processing logic may be used to perform the method.

[0015] FIG. 5 depicts a block diagram of an example processing device operating in

accordance with one or more aspects of the present disclosure.

DETAILED DESCRIPTION OF EMBODIMENTS

[0016] Intensity, spectral, polarization, and other information measured by OES provides
valuable data about the environment of a manufacturing system. For example, the spectral
composition of light transmitted through a window of a processing chamber can indicate
whether the environment has the proper chemical composition. Accuracy of data provided by
OES may be affected by drift (change) of various parameters, which may convolute the
measured signal. For example, the measured signal may be affected by short timescale
parameter drifts and long timescale parameter drifts. Short timescale parameter drifts may be
caused by a processing operation currently performed within a processing chamber during a
manufacturing process. For example, various particles present in the environment may
accumulate on the inner surface of a window and affect its transparency. Such a change may
be wavelength dependent. Longer timescale parameter drifts may include more permanent
changes to the window of the processing chamber that occur over many manufacturing
processes. Such changes may include roughening on the inner surface of the window due to
particulate impacts, extraneous deposition, chemical etching, and the like. Both types of drifts
may convolute the OES signal, and degrade quality of optical monitoring.

[0017] Inefficiencies and/or inaccuracies may occur due to a lack of in-situ information,
particularly as processing equipment ages. For example, after the process shift in a processing
chamber occurs over time, inaccurately measured signal can lead to substandard
manufacturing output, such as an incorrect deposition amount (e.g., deposition thickness),
incorrect amount of removed material (e.g., via etching), incorrect chemical composition of
the deposition, or the like. Other processing inefficiencies or inaccuracies can also occur and
will be discussed in more detail below.

[0018] Embodiments described herein relate to systems and methods for transmission
corrections of a plasma OES using optical reflectometry and spectroscopy measurements.
The optical reflectometry measurement system may be used in-situ, use an optical wall
process sensor (OWPS), and may be combined into a single hardware package. Optical

reflectometry measurements may be performed on objects that are located within a
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processing chamber where conditions and/or process states may change with time. In general,
optical reflectometry may be sensitive to conditions of the environment within the processing
chamber and to conditions of the window into the processing chamber. Both types of
conditions may be affected by process operations, such as deposition, etching (material
removal), polishing, and the like. Optical reflectometry measurements may be performed
through a transparent window, which may be made of glass, sapphire, quartz, and other
suitable materials, of the processing chamber. Transmission and reflection properties of the
transparent window may be affected (e.g., degraded) over time.

[0019] During process operations, properties of/in the processing chamber, or the
environment hosted therein, may change. For example, the processing chamber may contain a
plasma or chemical gas, whose physical and/or chemical properties may be passively
changing or actively altered during one or more manufacturing processes of a wafer,
substrate, or sample performed in the chamber. These may be considered as short timescale
drifts.

[0020] Such drifts may impact plasma OES, which, if not accurately measured, can affect
performance and yield of processed substrates. Both plasma spectra and optical transmission
may drift as a function of the number of substrates processed. The measured OES signal is a
convolution of these effects. Understanding the root cause of the drift may be difficult due to
this convolution. These drifts may be referred to as condition drifts, as they may affect
various conditions, such as a roughness of an inner surface of a window of a processing
chamber, an environment of the processing chamber, or the like.

[0021] Conventional solutions of the condition drift (parameter drift) problem seek to
minimize conditions that lead to a drift rather than address consequences of the drift for the
accuracy of optical measurements once the drift has developed. However, even though the
condition drift may be reduced, it may not be completely eliminated, and thus there is a need
for measurement techniques that are accurate despite the presence of the condition drift.
Conventionally, an optical sensor measures light that is transmitted from within the
processing chamber. Light passing through the window to the optical sensor travels through
an environment (which may include a plasma, a chemical gas, or the like) within the
processing chamber as well as through the window itself. As the light passes through the
environment, its intensity varies due to scattering, absorption, additional plasma emission, or
the like). When the light reaches the window, a portion of the light is reflected and a portion
of the light is transmitted (e.g., passes) through the window. Thus, the intensity of light that is

sensed or measured by the optical sensor depends both on properties of the plasma and the
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window. Surface properties of the window, such as degradation or roughening, affect the
portion of the intensity of the light that is transmitted. As such, the effect of the plasma (short
timescale condition drift) and the effect of the surface properties of the window (long
timescale condition drift) can be difficult to distinguish.

[0022] Aspects and implementation of the instant disclosure include systems and methods
that provide for correcting of detected optical signals using optical reflectometry
measurements of the properties of the window. Correcting the signal requires understanding
the cause(s) of signal drift. Disclosed systems and methods provide for de-convoluting signal
drift caused by changes in the plasma environment from artifact changes of the properties of
the window.

[0023] Aspects and implementations of the instant disclosure more specifically provide for
de-convoluting contributions slow and long timescale parameter drifts in a measured optical
reflectometry signal. An optical sensor may be located outside of a processing chamber with
a window. Two measurements may be taken by the optical sensor: an “on” measurement and
an “off” measurement. During an “on” measurement, a light source may direct a probe light
with a calibrated reference intensity into the processing chamber through the window of the
processing chamber. A portion of the probe light may be transmitted into the processing
chamber through the window, while another portion of the probe light may be reflected from
the window. The optical sensor located outside the processing chamber measures the
reflected intensity. In addition, light may be transmitted from a plasma gas within the
processing chamber and through the window. Therefore, during an “on” measurement, the
optical sensor measures an “on” intensity corresponding to the sum of the intensity of the
reflected portion of the probe light and an intensity of the light transmitted from the plasma
gas.

[0024] On the other hand, during an “off” measurement, the light source may be turned off,
and the optical sensor directly detects the light transmitted from the plasma gas. The intensity
of the light transmitted from the plasma gas depends on the intensity of the light incident on
the window from the processing chamber as the transmission coefficient of the window.
[0025] By using both the “on” measurement and the “off” measurement, the contribution of
the window conditions and the contribution of the plasma gas condition on the measured OES
signal can be separated. In particular, by subtracting the measured intensity for the “oft”
measurement from the measured intensity for the “on” measurement, the transmission
coefficient of the window can be extracted. Then, the transmission coefficient of the window

can be used on conjunction with the measured intensity for the “off” measurement to



WO 2023/043831 PCT/US2022/043518

determine the intensity of light that is incident on the window from the inside of the
processing chamber.

[0026] Additionally, the same measurements may be performed at various times during the
lifetime of the processing chamber. Tracking the changes of the transmission coefficient with
time may allow for separating the changes of the window properties caused by short-scale
processing occurring in the chamber from long-scale window degradation caused by multiple
processing operations.

[0027] FIG. 1 is a top schematic view of an example processing system 100, according to
one aspect of the disclosure. The processing system 100 includes a transfer chamber robot
101 and a factory interface robot 121 each adapted to pick and place substrates 110

2%

(sometimes referred to as “wafers,” “semiconductor wafers,” or samples) from or to a
destination in an electronic device processing system such as the processing system 100
illustrated in FIG. 1. However, any type of electronic device substrate, mask, or other silica-
containing substrate (generally referred to as “substrates” herein) may be conveyed and
transferred by the disclosed robots. For example, the destination for the substrates 110 may
be one or more processing chambers 103 and/or one or more of the load lock apparatuses
107A, 107B that may be distributed about and coupled to a transfer chamber 114. As shown,
substrate transfers may be through slit valves 111, for example.

[0028] The processing system 100 may further include a mainframe 102 including the
transfer chamber 114 and at least two processing chambers 103. A housing of the mainframe
102 includes the transfer chamber 114 therein. The transfer chamber 114 may include top
wall (not shown), bottom wall (floor) 139, and side walls, and, in some embodiments, may be
maintained in a vacuum, for example. In the depicted embodiment, the transfer chamber robot
101 is mounted to the bottom wall (floor) 139. However, the transfer chamber robot 101
could be mounted elsewhere, such as to the top wall.

[0029] In various embodiments, the processing chambers 103 may be adapted to carry out
any number of processes on the substrates 110. The processes may include deposition,
oxidation, nitration, etching, polishing, cleaning, lithography, metrology, or the like. Other
processes may be carried out as well. The load lock apparatus 107A, 107B may be adapted to
interface with a factory interface 117 or other system component, that may receive substrates
110 from substrate carriers 119 (e.g., Front Opening Unified Pods (FOUPs)) that may be
docked at load ports of the factory interface 117, for example. The factory interface robot 121
(shown dotted) may be used to transfer the substrates 110 between the substrate carriers 119

and each load lock apparatus 107A, 107B. Transfers of the substrates 110 may be carried out
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in any sequence or direction. The factory interface robot 121 may be identical (or similar) to
the transfer chamber robot 101 in some embodiments, but may further include a mechanism
to allow the factory interface robot to move laterally in either lateral direction and indicated
by arrow 123. Any other suitable robot may be used as the factory interface robot 121.

[0030] In embodiments, and by way of exemplified explanation for any robot, the transfer
chamber robot 101 includes at least one arm 113 (e.g., a robot arm) and at least one end
effector 115 coupled to the arm 113. The end effector 115 is controllable by the transfer
chamber robot 101 in order to pick up a substrate 110 from a load lock apparatus 107A or
107B, guide the substrate 110 through one of the slit valves 111 of a processing chamber 103,
and accurately place the substrate 110 onto a substrate support of the processing chamber
103.

[0031] In various embodiments, one or more of the processing chambers 103 may include a
window 120, at least a part of which is embedded in a wall and liner 124 (e.g., inner wall) of
the processing chamber 103. The window 120 may be a transparent crystal that may be made
of a transparent ceramic material, or may be made of a transparent material such as sapphire,
diamond, quartz, or silicon carbide for example. The window 120 may be characterized by a
transmission coefficient, a reflection coefficient, and an absorption coefficient, which may be
collectively referred to as optical coefficients. The optical coefficients may depend on factors
such as the material of the window 120, surface properties of the window 120, and the like.
For example, a brand new window may have a given transmission coefficient (e.g., a
reference transmission coefficient), but over time as the window is exposed to various
processing operations of the processing chamber, its transmission coefficient may be altered.
For example, the transmission coefficient may be changed from the reference transmission
coefticient due to an influence of various physical and chemical agents, which may lead to a
coating layer that is built up on the OWPS, which can subsequently affect its sensor
properties. Additionally, in some embodiments, the window 120 may be pre-coated, e.g.,
permanently, with a first film. The first film may be disposed on the inner surface of the
window 120 and may have a composition that matches chemical properties of the chamber.
During operation of the chamber, e.g., in the course of performance of process operations, a
second film may be deposited and subsequently (e.g., gradually) removed over time. As such,
the transmission coefficient of the second film may vary as a function of time, which changes
the measured light intensity transmitted from the environment of the processing chamber and
changes the measured plasma spectra. In such implementations, as described below with

respect to FIG. 3A, the reference measurements may be performed after the first film is
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deposited on the window 120 (e.g., during manufacturing of the window 120) and before the
window is coated with the second film.

[0032] In various embodiments, an environment of one or more of the processing chambers
103 may contain a plasma. The plasma may be affected by processing operations of the
processing chamber, which may lead to changes in the optical properties of the plasma.
Optical changes of the plasma may affect the intensity of the light that is incident on the
window 120 from the environment of the processing chamber. Changes of the optical
properties of the window 120 as well as the environment of the processing chamber 103 may
be observed by one or more optical sensors, such as optical sensor 125. The environment of
the processing chamber 103 may be produced in a course of the processing operation that
may be performed in the processing chamber. The processing operation may be one factor
that causes the transmission coefficient of the window 120 to change from the reference
transmission coefficient. The systems and methods described allow for transmission
correction of such effects.

[0033] In various embodiments, the processing system 100 may include a light source (not
illustrated in FIG. 1). The light source may be used as a probe light. The intensity of the
probe light may be calibrated to a known and predetermined reference value. During a
detection stage, the optical sensor 125 detects the light coming from the processing chamber
environment. During a testing stage, the light source may direct a probe light into the
processing chamber 103 through window 120. Accordingly, the optical sensor 125 can be
collecting both the light coming from the processing chamber environment and the portion of
the probe light reflected from the window In other embodiments, the probe light may be a
broadband light (e.g., a spectral range of the wavelength is on the order of a center
wavelength, or §4~4). In some embodiments, the light source may be a pulsed light source
that is configured to turn off and on at regular intervals. In some embodiments, the light
source may be controlled (e.g., by a controller device) to turn off and on based on
instructions.

[0034] In some embodiments, light, such as the probe light and/or light used for an optical
reflectometry measurement, may be collimated, partially reflected and partially transmitted
through the window 120, as will be discussed in more detail with reference to FIGs. 2-4. In
some embodiments, the processing system 100 may further include a light-coupling device.
The light-coupling device may be coupled to one or more of the optical sensor 125 or the
light source. The light-coupling device may cause reflected light to be focused into an

opening of a fiber optic cable that may be coupled to an optical sensor 125. The light-
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coupling device may be configured to deliver the probe light from the light source to the
window. The light-coupling device may be further configured to deliver the light reflected
from the window (during the testing stage) and the light transmitted through the window
(during both the detection stage and the testing stage) from the window to the optical sensor
125.

[0035] A controller 109 (e.g., a tool and equipment controller) may control various aspects
of the processing system 100, e.g., gas pressure in the processing chamber 103, individual gas
flows, spatial flow ratios, temperature of various chamber components, and radio frequency
(RF) or electrical state of the processing chamber 103. The controller 109 may receive signals
from and send commands to the factory interface robot 121, the transfer chamber robot 101,
one or more sensors, and/or other processing components of the processing system 100. The
controller 109 may thus control the initiation and cessation of processing, may adjust a
deposition rate, type or mix of deposition composition, and the like. The controller 109 may
further receive and process sensing data from various sensors.

[0036] In various embodiments, processing device 130 and is coupled to the optical sensor
125 and/or a light source (not illustrated in FIG. 1). The processing device 130 may be
configured to receive and process sensing data, such as for optical reflectometry
measurements, including the intensity of the light during detection and testing stages obtained
by the optical sensor 125. The processing device 130 may calculate or determine the
transmission coefficient of the window 120 using the difference of intensities of light
detected during the testing stage and the detection stage. The processing device 130 may then
determine an intensity of the light incident on the window 120 from the environment using
the intensity detected during the detection stage and the determined transmission coefficient
of the window 120.

[0037] The processing device 130 may be and/or include a computing device such as a
personal computer, a server computer, a programmable logic controller (PLC), a
microcontroller, and so on. The processing device 130 may include (or be) one or more
processing devices, which may be general-purpose processing devices such as a
microprocessor, central processing unit, or the like. More particularly, the processing device
may be a complex instruction set computing (CISC) microprocessor, reduced instruction set
computing (RISC) microprocessor, very long instruction word (VLIW) microprocessor, or a
processor implementing other instruction sets or processors implementing a combination of
instruction sets. The processing device may also be one or more special-purpose processing

devices such as an application specific integrated circuit (ASIC), a field programmable gate
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array (FPGA), a digital signal processor (DSP), network processor, or the like. The
processing device 130 may include a data storage device (e.g., one or more disk drives and/or
solid state drives), a main memory, a static memory, a network interface, and/or other
components. The processing device 130 may execute instructions to perform any one or more
of the methodologies and/or embodiments described herein. The instructions may be stored
on a computer readable storage medium, which may include the main memory, static
memory, secondary storage and/or processing device (during execution of the instructions).
[0038] FIG. 2 illustrates a simplified side view of a system 200 for optical reflectometry
correction, according to an embodiment. The system 200 may include, for example, the
processing chamber 103, which has the liner 124, as was illustrated in FIG. 1. The processing
chamber 103 may include a wall 222 to which the liner 124 is attached. The liner 124 may be
specially designed to have high chemical resistance to the process chemistries that minimize
physical or chemical change to the liner in order to maximize lifetime. Furthermore, at least
part of the window 120 may be embedded within the wall 222 and the liner 124, as
illustrated. The window 120 may be made of transparent ceramic material, or may be made of
a durable transparent material such as sapphire, diamond, quartz, silicon carbide, or a
combination thereof.

[0039] In embodiments, the system 200 further includes a light source 201 (e.g., a
broadband light source,), a light-coupling device 204 (e.g., a collimator, a waveguide, an
optical fiber, a mirror, or any combination thereof), an optical sensor 225, the controller 109,
and the processing device 130. The light source 201 and optical sensor 225 may be optically
coupled to the light-coupling device 204 through one or more fiber optic cable 232.

[0040] In an embodiment, the light source 201 is configured to turn on and off. For
example, the light source 201 may be a pulsed light source to turn on and off to selectively
direct a probe light into the processing chamber 103. In some embodiments, light source 201
may be a continuous light source. In some embodiments, the light source 201 may be a flash
lamp, such as a pulsed Xenon source. In other embodiments, the wavelength range may
further vary, for example, and may be set around near infrared wavelengths. Additional or
different embodiments are envisioned for a light source 201 with varying capabilities and
wavelengths. In some embodiments, the light source 201 may generate broadband light.
[0041] In various embodiments, the light-coupling device 204 may be adapted to collimate
or otherwise transmit light in two directions along an optical path. A first direction may
include light from the light source 201 that is to be collimated and transmitted into the

processing chamber 103 through the window 120. A second direction may be a direction of
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reflected light from the window 120 that passes back into the light-coupling device 204. The
reflected light may be focused into the fiber optic cable 232 and thus directed to the optical
sensor 225 in the second direction along the optical path. Further, the fiber optic cable 232
may be coupled between the optical sensor 225 and the light source 201 for efficient transfer
of light between the light source 201, to the window 120, and back to the optical sensor 225.
In some embodiments, the light-coupling device 204 may deliver the probe light from the
light source 201 to the window 120 and similarly to deliver the first light and/or the second
light from the window 120 to the optical sensor 225.

[0042] In some embodiments, the optical sensor may be a spectrometer, a CCD camera, or
the like. The optical sensor 225 may need calibration at the same schedule or longer
compared to the light source 201. The optical sensor 225 may be adapted to detect a spectrum
of the reflected light received from the light-coupling device 204, e.g., the light that has
reflected back from the window 120 and been focused by the light-coupling device 204 into
the fiber optic cable 232 as well as optical emission from the environment of the chamber.
[0043] In various embodiments, the controller 109 includes or is coupled to the processing
device 130 and includes or is coupled to a memory 134 or other computer storage. The
processing device 130 may be coupled to both the light source 201, the optical sensor 225,
and the processing chamber 103. The processing device 130 may direct the light source 201
to flash on and then receive the first spectrum (e.g., a dependence of light intensity on the
wavelength I; (1)) from the optical sensor 225. The processing device 130 may also keep the
light source off and receive a second spectrum (e.g., I,(1)) from the optical sensor 225 when
the light source 201 is off. The second spectrum may represent the OES of the plasma or
chemical process within the processing chamber. The processing device 130 may subtract the
second spectrum from the first spectrum to determine the reflectometry signal (e.g., I; (1) —
1,(4)) for a moment in time. The processing device 130 may then mathematically fit the
reflectometry signal I, (1) — I,(4) to one or more thin film models to determine one or more
optical thin film properties of the process film layer that is deposited on the window 120.
[0044] The processing device 130 may further be configured to determine a transmission
coefticient of the window 120. The processing device 130 may determine the transmission
coefficient by determining a difference between the first spectrum corresponding to an
intensity measured by the optical sensor 225 when the light source 201 is on and the second
spectrum corresponding to an intensity value measured by the optical sensor 225 when the

light source 201 is off.
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[0045] FIG. 3A is a schematic of a system 300 at an initial time for a reference
measurement for transmission correction of a plasma OES, according to an embodiment.
Although not all of the components are shown, the system 300 may be the same as or similar
to the system 100 of FIG. 1 and the system 200 of FIG. 2. The system 300 may include a
window 320a. The window 320a may be a window of a processing chamber for optical
inspection and reflectometry measurements. The window 320a may be a window of a
processing chamber that has not yet been used for any substrate, wafer, or sample
manufacturing, and thus has not yet been exposed to any materials used for processing
operations such as deposition, etching, polishing, or the like. The window 320a may be used
to obtain reference measurements which may be affected by a coating from the OWPS.
[0046] The window 320a may be permanently pre-coated (e.g., during a manufacture of the
window 320a) with a first thin film, which matches the chemical properties of the processing
chamber. The reference measurements that are obtained include optical coefficients of both
the window 320a and the first thin film.

[0047] The system 300 may include a probe light 301 and a chamber light 307. The probe
light 301 may be generated by a light source external to the processing chamber. The probe
light 301 may have an intensity Z that may be known, e.g., via a reference calibration. The
chamber light 307 may be light that is transmitted from an environment of the processing
chamber through the window 320a. The chamber light 307 may have an intensity /; that is
incident on the window 320a from the inside of the processing chamber, and that may depend
on the environment of the processing chamber. For example, properties of plasma 331 within
the processing chamber may depend on whether there is a processing operation, the nature of
the processing operation is (e.g., deposition, etching, polishing, or the like), etc. The chamber
light 307 may travel through the plasma 331 within the processing chamber. Both the probe
light 301 and the chamber light 307 may be incident on the window 320a normal to a surface
of the window 320a.

[0048] In general, it is worth noting that in the absence of absorption (or in a case where
absorption can be neglected), the sum of a reflection coefficient and a transmission
coefficient is unity: R + 7'= /. Further, the transmission and the reflection coefficients are
independent of which side of the window the light is incident from.

At least two reference measurements may be obtained by a sensor that may be located
externally from the processing chamber. A first reference measurement may be obtained

when the probe light 301 is on. The measured intensity is I7g; = LRy + 1 - Ty =L -
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(1—-T,) + I, - T;. A second reference measurement may be obtained when the probe light

301 1s off. The measured intensity is Ifg = I, - T;. A processing device coupled to the sensor

may determine the reference transmission coefficient 77 of the window 320a by determining
a difference between the first measurement and the second measurement:

- I =1 (1-T)

on IOff

I —_
and thus T, = 1 — %

[0049] Subsequently, using the determined reference transmission coefficient T, the
processing device may be capable of inferring the intensity /; of the chamber light 307
incident on the window 320a from the intensity of light transmitted through the window.
More specifically,

Ioff

I, = rT—elf
This formula is accurate provided that the actual transmission coefficient of the window 1s
well approximated by the value T; . In the course of substrate processing, the actual
transmission coefficient of the window T, can become different from T;.

[0050] FIG. 3B is a schematic of the system 300 for transmission correction of a plasma
OES, according to an embodiment. There can be a number of factors that require correction
to obtain an accurate plasma OES. In particular the plasma OES can be affected by changes
in the plasma 33 1b within the environment of the processing chamber as well as surface
degradation of the window 320b. As depicted in FIG. 3B, the window 320b is the same as
the window 320a except the window 320b has been subjected to many processing operations
and an inner surface of the window 320b is roughened by deposition, etching, age, etc.. The
changes to the inner surface of the window 320b may happen on long timescales, such as on
the order of the time it takes for many processing operations to be done. Changes to the inner
surface of the window 320b may cause a surface layer 333 to exist. The surface layer 333 can
be caused by long-term changes to the window 320b, which can include surface roughness,
penetration or particles, cracks in the surface of the window 320b, as well as short-term
changes to the window 320b, which can include short-term matter deposition and the like. In
addition, a second thin film may be present on the window 320b over the first thin film layer

as described with respect to FIG. 3A. The second thin film may have a variable thickness,
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e.g., the second thin film may be added, thickened, thinned, and/or removed by processing
operations within the processing chamber. Because the reference measurement accounts for
optical properties of the window and the first thin film, the results of the measurements, as
described below, can be used to compensate for the variable thickness and optical properties
of the second thin film.

[0051] During a processing operation, the plasma 331b within the environment of the
processing chamber may itself be changing. For example, the sample may undergo various
plasma-based processing. In some cases, the processing chamber may undergo a cleaning
process which may also require a plasma process. These plasma effects affect the light that is
transmitted from the environment of the processing chamber through the window 320b.
[0052] The window effects and the plasma effects both affect the light received by the
sensor compared to the reference case of FIG. 3A. The system and methods described offer a
solution for differentiating between whether the change in intensity of light received by the
sensor is due to a change of the intensity of light incident on the inner surface of the window
(e.g., plasma effects) or is due to a change of the inner surface of the window (window
effects).

[0053] Asin the case of FIG. 3A, at least two measurements may be obtained by the
sensor. A first measurement may be obtained when the probe light 301 is on. A transmitted
portion 317 of the probe light 301 with an intensity of 72 may be transmitted through the
window 320b (into the processing chamber) while a reflected portion 315 of the probe light
301 with an intensity of ZR> may be reflected back by the window 320b and toward the
sensor, where 7> and R> are the transmission and reflection coefficients of the window 320b
respectively. Additionally, a chamber light 319 may be produced from the environment of the
processing chamber and may be incident on the window 320b with an intensity /> from inside
of the processing chamber. (The intensity /> of the chamber light 319 that is incident on the
window 320b in FIG. 3B may differ from the intensity /; of the chamber light 307 that is
incident on the window 320a in FIG. 3A due to the plasma 331b being changed or being

different in the two cases.) In this case, as before, the sensor can obtain a first measurement:

IOTL = L(l - Tz) + 12T2

as well as a second measurement:

Ioff = 12T2
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[0054] The processing device can determine the new transmission coefficient of the

window:

[0055] Subsequently, the processing device may determine the intensity of the chamber
light 319 that is incident on the window 320a using the second measurement and the
transmission coefficient. More specifically,

1°ff
I, = .
2 T,

[0056] By comparing /2 to /1, a change in the chamber light that is incident on the window
320b from the environment of the processing chamber can be determined, providing
information about the changes in the plasma 331b. Subsequently, the change that remains
unaccounted for may be attributed to window effects. Once the transmission coefficient T,
characterizing a current state of the window is determined, the determined transmission
coefficient can be used in conjunction with the reference transmission coeftficient T, for
determining conditions in the environment of the processing chamber. For example, it may be
known (e.g., from empirical testing, physical and/or chemical modeling, or any combination
thereof) that a particular technological process is associated with the environment that
produces a light intensity i;, as detected by the optical sensor, when the window is
characterized by the reference transmission coefficient T; (referred to herein as a reference
window, which may be a new window, a cleaned window, etc.). This means that the intensity
of the light incident on the reference window is i; /T;. If, during performance of the
technological process the sensor detects intensity i, whereas the pulsed reflectometry
measurement detect that the transmission coefficient of the current window is T, the
processing device may determine that the intensity of the light incident from the current
environment of the processing chamber is i, /T,. The processing device may, therefore,

determine an incident intensity mismatch parameter

LTy
i Ty

that indicates how strongly the conditions of the environment deviate from the target

conditions.
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[0057] Similarly, in one embodiment, In further embodiments, the measurements may be
performed over a range of wavelengths of interest, e.g., using broadband light sources and
broadband sensors. For example, during the testing stage the processing device 130 may
detect the intensity of light during (e.g., L(1 — T,) + I, T,)for each wavelength of a set of
wavelengths (e.g., within a wavelength interval [4,, 4,]). During the detection stage, the
processing device 130 may similarly detect the intensity (e.g., I,T,) of the light for each
wavelength of the set of wavelengths. Based on the two intensities, the processing device 130
may determine the transmission coefficients of the window for each respective wavelength.
[0058] The intensity mismatch parameter may then be determined as a function of
wavelength, intensity mismatch parameter, x(4). Such a wavelength-resolved mismatch
parameter may be used to detect a proper composition of the environment of the processing
chamber. For example, a mismatch particular for a specific wavelength (e.g., corresponding
to emission wavelength of a specific chemical A) may indicate that chemical A is present in
too low (too high) concentration in the current environment of the processing chamber.
[0059] In some embodiments, light that is incident from the environment within the
processing chamber may be diffuse (either inherently or due to scattering within the
environment, by gases, plasma, or the like) and a directional light selector such as a
collimator may be used to select for or direct light that is incident substantially
perpendicularly to the inner surface of the window (e.g., between O degrees and 10 degrees
from a normal to the surface of the window). In some embodiments, the first light and the
second light may be incident on the window 320a at a non-normal angle.

[0060] In some embodiments, measurements described above may be performed in a time
domain. For example, the transmission coefficient of the window T, (t) may depend on time
(e.g., as some materials from the processing chamber land on the window) leading to the drift
of the measured intensity with time i, (t). By repeatedly determining the current transmission
coefficient of the window, e.g., at regular time intervals, the processing device 130 may
determine whether the conditions inside the processing chamber remain appropriate (e.g.,
consistent with the specification of the processing operation performed therein).

[0061] FIG. 4 is a flow diagram of a method 400 for transmission correction of a plasma
OES using an optical reflectometry measurement, according to an embodiment. In some
embodiments, processing logic may be used to perform the method 400. The processing logic
may include hardware, software, or any combination thereof. The method 400 may be

performed using systems and components shown in FIG. 1 and FIG. 2 or some combination
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thereof. Some or all blocks of the method 400 may be performed responsive to instructions
from a computing device or a microcontroller, in some embodiments. The microcontroller
may include one or more processing devices, such as central processing units (CPUs),
application-specific integrated circuits (ASICs), field programmable gate arrays (FPGAs),
digital signal processors (DSPs), network processors, or the like. The processing device(s) is
(are) communicatively coupled to one or more memory devices, such as read-only memory
(ROM), flash memory, static memory, dynamic random access memory (DRAM), and the
like. The microcontroller can be a part of a desktop computer, a laptop computer, a
workstation, a wearable device (e.g., a tablet, a smart phone, etc.), a cloud-based computing
service, and the like. In some embodiments, the microcontroller is a part of a larger network
of computing devices. In some embodiments, an outside computing device communicating
with the microcontroller is capable of reconfiguring (e.g., changing settings, updating
memory, or otherwise reprogramming) the microcontroller

[0062] The method 400 may begin with the processing logic detecting a first intensity
(block 402). The first intensity may correspond to a first light, which includes a portion of a
probe light (e.g., with intensity LR = L(1 — T)) that is reflected from a window of a
processing chamber and a light (e.g., with intensity /T') that is transmitted from an
environment of the processing chamber through the window. Accordingly, the intensity of the
first light can be L(1 — T) + IT The processing logic may detect the first intensity during a
first time when the probe light is directed into the processing chamber through the window.
The processing logic may detect a second intensity of a second light (block 404). The second
light may include light transmitted from the environment of the processing chamber through
the window (e.g., with intensity IT)). The processing logic may detect the second intensity
during a second time when probe light is ceased to be directed into the processing chamber
through the window. The processing logic may determine a transmission coefficient of the
window using the first intensity and the second intensity (block 406).

[0063] To determine the transmission coefficient of the window, the processing logic may
determine a difference (e.g., Al') between the first intensity and the second intensity (e.g.,

Al = L(1 —T)). Correspondingly, using the measured difference Al and a known (e.g., from
calibration measurements) intensity L of the probe light, the processing logic performing
method 400 may determine the transmission coefficient of the window in its current state.
The processing logic may further determine an intensity of the light that is incident on the

window from the environment of the processing chamber. The processing logic may
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determine that intensity using the second intensity and the transmission coefficient of the
window. The environment of the processing chamber may include a plasma or other chemical
gas.

[0064] The processing logic may direct the probe light such that it is incident perpendicular
to the surface of the window. Further the processing logic may make measurements of light
produced from the environment that is incident perpendicular to the surface of the window.
[0065] The processing light may determine the transmission coefficient of the window
and/or the intensity of the light transmitted from the environment for a single frequency or
over a range of frequencies, and thus obtain each value as a function of frequency.

[0066] In further embodiments, the processing logic may determine, based on the
transmission coefficient 7 of the window, a state of the processing chamber (block 408). For
example, a large discrepancy between the reference transmission coefficient and a
transmission coefficient at any given time may indicate that the window is subject to surface
roughening, particle impact, changes in the environment of the processing chamber, aging,
etc. Additionally, the processing logic may determine based on the intensity of the light
incident on the window by the environment of the processing chamber, a state of the
environment of the processing chamber. A discrepancy between the reference intensity of the
light incident on the window and the intensity of the light at any given time may provide
information about a processing operation. In either or both of these cases, the processing
logic can adjust the state of the processing chamber based on determined differences between
reference values and values at later times (block 410).

[0067] FIG. 5 depicts a block diagram of an example processing device 500 operating in
accordance with one or more aspects of the present disclosure. The processing device 500
may be the controller 109 of FIG. 1.

[0068] Example processing device 500 may be connected to other processing devices in a
local area network (LAN), an intranet, an extranet, and/or the Internet. The processing device
500 may be a personal computer (PC), a set-top box (STB), a server, a network router, switch
or bridge, or any device capable of executing a set of instructions (sequential or otherwise)
that specify actions to be taken by that device. Further, while only a single example
processing device is illustrated, the term “processing device” shall also be taken to include
any collection of processing devices (e.g., computers) that individually or jointly execute a
set (or multiple sets) of instructions to perform any one or more of the methods discussed

herein.
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[0069] Example processing device 500 may include a processor 502 (e.g., a CPU), a main
memory 504 (e.g., read-only memory (ROM), flash memory, dynamic random access
memory (DRAM) such as synchronous DRAM (SDRAM), etc.), a static memory 506 (e.g.,
flash memory, static random access memory (SRAM), etc.), and a secondary memory (e.g., a
data storage device 518), which may communicate with each other via a bus 530.

[0070] Processor 502 represents one or more general-purpose processing devices such as a
microprocessor, central processing unit, or the like. More particularly, processor 502 may be
a complex instruction set computing (CISC) microprocessor, reduced instruction set
computing (RISC) microprocessor, very long instruction word (VLIW) microprocessor,
processor implementing other instruction sets, or processors implementing a combination of
instruction sets. Processor 502 may also be one or more special-purpose processing devices
such as an application specific integrated circuit (ASIC), a field programmable gate array
(FPGA), a digital signal processor (DSP), network processor, or the like. In accordance with
one or more aspects of the present disclosure, processor 502 may be configured to execute
instructions implementing method 400 of thickness variation mapping.

[0071] Example processing device S00 may further comprise a network interface device
508, which may be communicatively coupled to a network 520. Example processing device
500 may further comprise a video display 510 (e.g., a liquid crystal display (LCD), a touch
screen, or a cathode ray tube (CRT)), an alphanumeric input device 512 (e.g., a keyboard), an
input control device 514 (e.g., a cursor control device, a touch-screen control device, a
mouse), and a signal generation device 516 (e.g., an acoustic speaker).

[0072] Data storage device 518 may include a computer-readable storage medium (or,
more specifically, a non-transitory computer-readable storage medium) 528 on which is
stored one or more sets of executable instructions 522. In accordance with one or more
aspects of the present disclosure, executable instructions 522 may comprise executable
instructions implementing method 400 of thickness variation mapping.

[0073] Executable instructions 522 may also reside, completely or at least partially, within
main memory 504 and/or within processor 502 during execution thereof by example
processing device 500, main memory 504 and processor 502 also constituting computer-
readable storage media. Executable instructions 522 may further be transmitted or received
over a network via network interface device 508.

[0074] While the computer-readable storage medium 528 is shown in FIG. 5 as a single
medium, the term “computer-readable storage medium” should be taken to include a single

medium or multiple media (e.g., a centralized or distributed database, and/or associated
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caches and servers) that store the one or more sets of operating instructions. The term
“computer-readable storage medium” shall also be taken to include any medium that is
capable of storing or encoding a set of instructions for execution by the machine that cause
the machine to perform any one or more of the methods described herein. The term
“computer-readable storage medium” shall accordingly be taken to include, but not be limited
to, solid-state memories, and optical and magnetic media.

[0075] It should be understood that the above description is intended to be illustrative, and
not restrictive. Many other implementation examples will be apparent to those of skill in the
art upon reading and understanding the above description. Although the present disclosure
describes specific examples, it will be recognized that the systems and methods of the present
disclosure are not limited to the examples described herein, but may be practiced with
modifications within the scope of the appended claims. Accordingly, the specification and
drawings are to be regarded in an illustrative sense rather than a restrictive sense. The scope
of the present disclosure should, therefore, be determined with reference to the appended
claims, along with the full scope of equivalents to which such claims are entitled.

[0076] The embodiments of methods, hardware, software, firmware or code set forth above
may be implemented via instructions or code stored on a machine-accessible, machine
readable, computer accessible, or computer readable medium which are executable by a
processing element. “Memory” includes any mechanism that provides (i.e., stores and/or
transmits) information in a form readable by a machine, such as a computer or electronic
system. For example, “memory” includes random-access memory (RAM), such as static
RAM (SRAM) or dynamic RAM (DRAM); ROM; magnetic or optical storage medium; flash
memory devices; electrical storage devices; optical storage devices; acoustical storage
devices, and any type of tangible machine-readable medium suitable for storing or
transmitting electronic instructions or information in a form readable by a machine (e.g., a
computer).

[0077] The preceding description sets forth numerous specific details such as examples of
specific systems, components, methods, and so forth in order to provide a good understanding
of several embodiments of the present disclosure. It will be apparent to one skilled in the art,
however, that at least some embodiments of the present disclosure may be practiced without
these specific details. In other instances, well-known components or methods are not
described in detail or are presented in simple block diagram format in order to avoid

unnecessarily obscuring the present disclosure. Thus, the specific details set forth are merely
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exemplary. Particular implementations may vary from these exemplary details and still be
contemplated to be within the scope of the present disclosure.

[0078] Reference throughout this specification to “one embodiment” or “an embodiment”
means that a particular feature, structure, or characteristic described in connection with the
embodiment is included in at least one embodiment. Thus, the appearances of the phrase “in
one embodiment” or “in an embodiment” in various places throughout this specification are
not necessarily all referring to the same embodiment. In addition, the term “or” is intended to
mean an inclusive “or” rather than an exclusive “or.” When the term “about” or
“approximately” is used herein, this is intended to mean that the nominal value presented is
precise within + 10%.

[0079] Although the operations of the methods herein are shown and described in a
particular order, the order of operations of each method may be altered so that certain
operations may be performed in an inverse order so that certain operations may be performed,
at least in part, concurrently with other operations. In another embodiment, instructions or
sub-operations of distinct operations may be in an intermittent and/or alternating manner.
[0080] It is understood that the above description is intended to be illustrative, and not
restrictive. Many other embodiments will be apparent to those of skill in the art upon reading
and understanding the above description. The scope of the disclosure should, therefore, be
determined with reference to the appended claims, along with the full scope of equivalents to

which such claims are entitled.
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CLAIMS

What is claimed is:

1. A system comprising:
a light source configured to:
direct, during a first time, a probe light into a processing chamber through a
window; and
cease, during a second time, directing the probe light into the processing
chamber through the window;
an optical sensor configured to:
detect, during the first time, a first intensity of a first light, the first light
comprising a portion of the probe light reflected from the window and a light
transmitted from an environment of the processing chamber through the window; and
detect, during the second time, a second intensity of a second light, the second
light comprising the light transmitted from the environment of the processing
chamber through the window; and
a processing device communicatively coupled to the optical sensor, the processing
device configured to:
determine, using the first intensity and the second intensity, a transmission

coefficient of the window.

2. The system of claim 1, wherein to determine the transmission coefficient of the
window, the processing device is to determine a difference between the first intensity and the

second intensity.

3. The system of claim 1, wherein the processing device is further configured to
determine, using the second intensity and the transmission coefficient of the window, an

intensity of light incident on the window from the environment of the processing chamber.

4. The system of claim 1, wherein the environment of the processing chamber is
produced in a course of a processing operation performed in the processing chamber, and
wherein the processing device is further configured to:

determine a change of the transmission coefficient, caused by the processing

operation, from a reference transmission coefficient of the window.
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5. The system of claim 1, further comprising a light-coupling device to deliver the probe

light from the light source to the window.

6. The system of claim 5, wherein the light-coupling device is further to deliver the first

light from the window to the optical sensor.

7. The system of claim 5, wherein the environment of the processing chamber comprises
a plasma.
8. The system of claim 5, further comprising a collimator to direct the light transmitted

from the environment perpendicularly to a surface of the window.

9. The system of claim 1, wherein the probe light is incident on the window substantially

perpendicularly to a surface of the window.

10. The system of claim 1, wherein an intensity of the probe light is calibrated to a

predetermined reference intensity value.

11. The system of claim 1, wherein the probe light is a broadband light.

12. A system comprising:

a processing chamber comprising:

a window; and

a plasma gas within an environment of the processing chamber;
an optical sensor configured to:

detect a first intensity of a first light, the first light comprising 1) a portion of a
probe light reflected from the window and i1) a light transmitted from the environment
of the processing chamber through the window; and

detect a second intensity of a second light, the second light comprising the
light transmitted from the environment of the processing chamber through the
window; and
a processing device communicatively coupled to the optical sensor, the processing

device configured to:
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determine a transmission coefficient of the window using the first intensity

and the second intensity.

13. The system of claim 12, further comprising a light source configured to:

direct, during a first time, a probe light into the processing chamber through the
window; and

cease, during a second time, directing the probe light into the processing chamber
through the window, wherein the first intensity of the first light is detected during the first

time and the second intensity of the second light is detected during the second time.

14. The system of claim 12, wherein the processing device is further configured to
determine, using the second intensity and the transmission coefficient of the window, an

intensity of light incident on the window from the environment of the processing chamber.

15. The system of claim 12, wherein an intensity of the probe light is calibrated to a

predetermined reference intensity value.

16. A method comprising:

detecting a first intensity of a first light, the first light comprising 1) a portion of a
probe light reflected from a window of a processing chamber and i1) a light transmitted from
an environment of the processing chamber through the window;

detecting a second intensity of a second light, the second light comprising the light
transmitted from the environment of the processing chamber through the window; and

determining a transmission coefficient of the window using the first intensity and the

second intensity.

17. The method of claim 16, further comprising:

during a first time, directing the probe light into the processing chamber through the
window; and

during a second time, ceasing to direct the probe light into the processing chamber
through the window, wherein the first intensity of the first light is detected during the first

time and the second intensity of the second light is detected during the second time.
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18.  The method of claim 16, wherein determining the transmission coefficient of the
window comprises determining a difference between the first intensity and the second

intensity.

19. The method of claim 16, further comprising determining, using the second intensity
and the transmission coefficient of the window, an intensity of light incident on the window

from the environment of the processing chamber.

20.  The method of claim 16, wherein the probe light is incident on the window
substantially perpendicularly to a surface of the window and the light transmitted from the
environment is directed by a collimator to be incident on the window perpendicularly to the

surface of the window.

21. The method of claim 16, further comprising:

detecting the first intensity of the first light for each a plurality of frequencies;

detecting the second intensity of the second light for each the plurality of frequencies;
and

determining the transmission coefficient of the window for each of the plurality of
frequencies using the first intensity and the second intensity detected for a respective

frequency.
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