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Monitoring Radical Particle Concentration Using Mass Spectrometry

RELATED APPLICATION

[0001] This application claims the benefit of U.S. Provisional Application No. 63/130,257,
filed on December 23, 2020. The entire teachings of the above application is incorporated herein

by reference.

BACKGROUND

[0002] Remote plasma sources (RPS) have been widely used in semiconductor processing
for the generation of radical particles. Recently, radical particles have been widely applied to
semiconductor device fabrication, particularly in sub-20nm process nodes, due to their
advantages of avoiding charging or sputtering damages in etching and deposition processes.
RPS systems, when implemented in semiconductor processing, can be operated consistently
under the same parameters, including gas flow rates, powers, and pressures. However, even
under common parameters, performance in deposition rate, etch rate and cleaning efficiency can
vary significantly between operations due to a change in the concentration of radical particles.
This change can occur following a maintenance cycle or during an extended operational cycle.

As aresult, performance in semiconductor processing can become unpredictable.

SUMMARY

[0003] Example embodiments include a system for monitoring radical particles, including a
test chamber, an ionizer, and a mass spectrometer. The test chamber may be configured to be
coupled to a flow channel adapted to transmit a gas. The test chamber may define an aperture
connecting the test chamber and the flow channel, and the aperture may be configured to permit
a subset of the gas to enter the test chamber from the flow channel. The ionizer may be
positioned within the test chamber and may be configured to generate radical ions from radical
particles of the subset of the gas. The mass spectrometer may be configured to measure a
quantity of the radical ions.

[0004] The mass spectrometer may be a residual gas analyzer (RGA). The test chamber may
be configured to maintain a gas pressure lower than a gas pressure at the flow channel. The gas
pressure in the test chamber may be less than 1e-2 Torr, and the gas pressure in the flow channel
may be greater than 0.01 Torr. The ionizer may be positioned within 4 inches of the aperture.

The ionizer may be configured to operate at a low-energy state to generate the radical ions and
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minimize generation of non-radical ions, the low-energy state being lower than an energy state
associated with the generation of the non-radical ions. The ionizer may be configured to operate
at a plurality of low-energy states, each of the plurality of low-energy states corresponding to a
respective radical particle. The ionizer may be configured to operate at a high-energy state to
enable acquisition of a reference signal based on non-radical particles of the subset of the gas.
The aperture may have a diameter of less than 1 millimeter. The aperture may permit passage, to
the test chamber, a ratio of radical particles to non-radical particles that is greater than 0.1% of
the ratio present in the gas within the flow channel.

[0005] A protrusion of the test chamber may extend into the flow channel and encompass a
volume of the test chamber, the aperture being positioned at the protrusion. The protrusion may
exhibit a substantially conical shape, the aperture being positioned at a point of the conical
shape. The ionizer may be positioned to generate radical ions within a volume defined by the
conical shape. The conical shape may be configured as an electrostatic element of the ionizer.
An electrostatic lens may be configured to direct the radical ions as a beam towards the mass
spectrometer.

[0006] A controller may be configured to control operation of a radical particle source based
on the quantity of the radical ions measured by the mass spectrometer. This control may include
controlling at least one of 1) quantity of radical particle generation over a given time and 2) a
time period in which the radical particles are generated. This control may also include
controlling at least one of power, gas flow, gas pressure, and temperature of a wetted path of the
flow channel of the radical source. This control may also include controlling the tool process.
[0007] A stopper may be configured to selectively seal the aperture. A surface
encompassing the aperture may be non-metal and exhibit a reactivity and recombination
coefficient for the radical particles that is lower than that of a metal surface. Alternatively, a
surface encompassing the aperture may be metallic and exhibit low reactivity with the radical
particles. The flow channel may be a conduit extending from a radical source to a process
chamber, a region down-stream of a reaction zone in a process chamber, or a conduit down-
stream of a process chamber.

[0008] Further embodiments include a method of monitoring radical particles. A subset of a
gas from a flow channel may be directed to a test chamber via an aperture connecting the test
chamber and the flow channel. Via an ionizer, radical ions may be generated from radical
particles of the subset of the gas. Via a mass spectrometer, a quantity of the radical ions may

then be measured.
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[0009] The mass spectrometer may be a residual gas analyzer (RGA). The test chamber may
be controlled to maintain a gas pressure lower than a gas pressure at the flow channel. The gas
pressure in the test chamber may be less than 1e-2 Torr, and the gas pressure in the flow channel
may be greater than 0.01 Torr. The ionizer may be positioned within 4 inches of the aperture.
The ionizer may be operated at a low-energy state to generate the radical ions and minimize
generation of non-radical ions, the low-energy state being lower than an energy state associated
with the generation of the non-radical ions. The ionizer may be operated at a plurality of low-
energy states, each of the plurality of low-energy states corresponding to a respective radical
particle. The ionizer may be operated at a high-energy state to enable acquisition of a reference
signal based on non-radical particles of the subset of the gas. The aperture may have a diameter
of less than 1 millimeter. Via the aperture, passage may be permitted, to the test chamber, a ratio
of radical particles to non-radical particles that is greater than 0.1% of the ratio present in the gas
within the flow channel.

[0010] A protrusion of the test chamber may extend into the flow channel and encompass a
volume of the test chamber, the aperture being positioned at the protrusion. The protrusion may
exhibit a substantially conical shape, the aperture being positioned at a point of the conical
shape. Via the ionizer, radical ions may be generated within a volume defined by the conical
shape. The conical shape may be configured as an electrostatic element of the ionizer. Via an
electrostatic lens, the radical ions may be directed as a beam towards the mass spectrometer.
[0011] Via a controller, operation of a radical particle source may be controlled based on the
quantity of the radical ions measured by the mass spectrometer. This control may include
controlling at least one of 1) quantity of radical particle generation over a given time and 2) a
time period in which the radical particles are generated. This control may also include
controlling at least one of power, gas flow, gas pressure, and temperature of a wetted path of the
flow channel of the radical source. This control may also include the tool process control.

[0012] The aperture may be selectively sealed via a stopper. A surface encompassing the
aperture may be non-metal and exhibit a reactivity and recombination coefficient for the radical
particles that is lower than that of a metal surface. Alternatively, a surface encompassing the
aperture may be metallic and exhibit low reactivity with the radical particles. The flow channel
may be a conduit extending from a radical source to a process chamber, a region down-stream of

a reaction zone in a process chamber, or a conduit down-stream of a process chamber.

BRIEF DESCRIPTION OF THE DRAWINGS
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[0013] The foregoing will be apparent from the following more particular description of
example embodiments, as illustrated in the accompanying drawings in which like reference
characters refer to the same parts throughout the different views. The drawings are not
necessarily to scale, emphasis instead being placed upon illustrating embodiments.

[0014] Figs. 1A-F are diagrams of semiconductor processing systems implementing a radical
particle monitor in example embodiments.

[0015] Figs. 2A-C are diagrams of semiconductor processing systems implementing a radical
particle monitor in further embodiments.

[0016] Figs. 3A-F are diagrams of a subset of a radical particle monitor in example
embodiments.

[0017] Figs. 4A-C are diagrams of inlet ports that can be implemented with a radical particle
monitor.

[0018] Figs. SA-B are diagrams of inlet ports configured for a bias voltage or temperature
control.

[0019] Figs. 6A-C illustrate example configurations implementing an aperture stopper.
[0020] Fig. 7is a diagram of a subset of a radical particle monitor in a further configuration.
[0021] Fig. 8 is a flow diagram of a process of monitoring radical particle concentration in

an example embodiment.

DETAILED DESCRIPTION

[0022] A description of example embodiments follows.

[0023] Residual gas analyzers (RGAS) are a type of mass spectrometer that is typically
designed for process control and contamination monitoring in vacuum systems. An RGA
operates by ionizing separate components of the gas to create various ions, and then detects and
determines the mass-to-charge ratios of those ions. A typical RGA is designed to detect stable
chemical compounds. Radical particles, in contrast, typically undergo reactions before reaching
the particle sampler of an RGA. Thus, such an RGA would fail to detect the presence of
significant numbers of radical particles due to excessive loss.

[0024] Previous RGAs have implemented various techniques for ion sampling, including a
pole bias mid-axis potential and negative ion capability. However, such RGAs do not provide a
solution for radical detection in a semiconductor process chamber, especially for sampling
radicals with the short lifetime and high recombination rate. Beyond mass spectrometers,
various measurement methods of radicals have been developed, such as infrared diode laser

absorption, spectroscopy, laser induced fluorescence spectroscopy, cavity ring down, and
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spectroscopy. Recently, atomic radicals have also been measured using compact vacuum
ultraviolet absorption spectroscopy.

[0025] However, the above approaches suffer various drawbacks, including poor sensitivity
to detect trace radicals, interference from other gas species, difficulty to achieve a stable baseline
due to process condition changes, and the inability to quantify the radicals in the system. Thus,
prior approaches are unable to monitor radical concentration accurately and reliably.
Semiconductor processes therefore have a need for precise and accurate monitoring of radical
concentrations in real-time in a process chamber. Such monitoring would be particularly
advantageous for process control when applying radical on-wafer processes for advanced
technology nodes.

[0026] Fig. 1A depicts a semiconductor processing system 100 implementing a radical
particle monitor 120 in an example embodiment. The system 100 includes a process chamber
110 in which a semiconductor wafer 112 is processed, such as in etching and/or deposition
processes. To facilitate this processing, a radical source 115, such as a remote plasma source
(RPS), a capacitively coupled plasma source (CCP), or an inductively coupled plasma source
(ICP), can emit a gas into the process chamber 110 via a supply channel 105, which may be
straight, curved, or angled, such as an elbow. Depending on the desired process, the gas may
have one of a number of different compositions of stable particles, radical particles, and ions
(e.g., a plasma gas). A throttle valve 190 can be selectively opened to pass the gas from the
process chamber 110 to a foreline 192, wherein the gas may then be exhausted from the system
100 or collected for further use.

[0027] A racial particle monitor (RPM) 120 operates to monitor the presence of radical
particles in the gas. The RPM 120 may include a test chamber 130, an ionizer 132, and a mass
spectrometer 122. The test chamber 130 may be coupled to a gas flow channel, such as the
supply channel 105, to receive a subset of the gas to the test chamber 130. The point of coupling
may be on a straight, curved, or angled portion of the flow channel 105. The ionizer 132,
positioned within the test chamber 130, may be configured to ionize the radical particles of the
subset of the gas to generate radical ions within the test chamber 130. The mass spectrometer
122 may be a residual gas analyzer (RGA) or comparable system, and may include a mass
analyzer 124, a controller 126, and a pump 128. The mass analyzer 124 may receive the radical
ions from the ionizer 132 and perform mass filtering and ion detection on the radical ions to
measure the presence of the radical ions. The controller 126 may then process the measurements
from the mass analyzer 124 to generate further results, such as a mass spectrum of the gas, and

may be further configured to control operation of the radical source 115 or other parameters of
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the system 100 based on the results. The pump 128 (e.g., a vacuum or turbo pump) can operate
to pump gas from the mass analyzer 124 and test chamber 130 to maintain the chambers at an
appropriate pressure (e.g., less than le-2 torr), transferring the gas to the foreline 192 or another
exhaust.

[0028] In contrast to typical mass spectrometers, such as RGAs, the RPM 120 provides for
reliable measurement of radical particles within a gas. This capability can be enabled by several
features described herein, which can be implemented in various combinations as provided below.
In particular, the test chamber 130 may be adapted to capture an optimal sample of the gas while
minimizing reaction of the radical particles that enter the test chamber 130. The ionizer 132 may
also be configured to maximize ionization of the radical particles that enter the test chamber 130,
directly. Various features of the test chamber 130, ionizer 132, and related elements are
described below with reference to Figs. 3A-F. Further, the mass spectrometer 122 may operate
in one or more low energy states, as described below, to ionize and measure the radical particles
without interference from non-radical particles. The RPM 120 may be further configured to
provide multiple modes of operation to detect and measure the presence of different radical
particles, as well as the presence of non-radical particles, for example by operating in different
energy states as described below.

[0029] Figs. 1B-D illustrate semiconductor processing systems 101-103 in further
embodiments. The systems 101-105 may incorporate some or all features of the system 100
described above, except that they may implement a radical particle monitor and/or a radical
source in different configurations. Fig. 1B shows a system 101 wherein the RPM 120 is coupled
to a wall of the process chamber 110, configured to monitor the presence of radical particles in
the process chamber. Fig. 1C shows a system 102 wherein the RPM 120 is coupled to a wall of
the foreline 192 above the throttle valve 190, while Fig. 1D depicts a system 103 wherein the
RPM 120 is coupled to the foreline 192 below the throttle valve 190.

[0030] For a given gas transmitted through the systems 100-103, the gas sampled by the
RPM 120 may differ due to where the sample is collected. In particular, the radical
concentration is likely to diminish with distance from the radical source 115, and the
concentration of background gas and other particles may be altered after interacting with the
wafer 112 and the interior surfaces confining the gas. For these reasons, the RPM 120 may be
calibrated based on the sampling location, and/or the measurements of the radical particles and
other particles provided by the RPM 120 may be calculated based on the sampling location.
[0031] Figs. 1E and 1F depict systems 104, 105 wherein the radical source 115 is positioned

below the process chamber 110. In Fig. 1E, the radical source 115 is positioned at the foreline
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192 above the throttle valve 190, while in Fig. 1F, the radical source 115 is positioned below the
throttle valve 190. In such a configuration, the radical source 115 may be operated during
maintenance cycles to emit radical particles for cleaning the throttle valve 190 and/or foreline
192. To monitor the presence of radical particles (and optionally, non-radical particles) in the
gas, the RPM 120 may be coupled to the foreline 192 downstream from the radical source 115.
Measurements captured by the RPM 120 may be used to determine the status and progress of the
maintenance cycle, as well as to control the operation of the radical source 115, such as gas flow
and pressure, radical particle generation, temperature, and length of the maintenance cycle.
[0032] Figs. 2A-C illustrate semiconductor processing systems 200-202 in further
embodiments. The systems 200-202 may incorporate some or all features of the system 100
described above, except that they implement a radical particle source 116, such as a capacitively
coupled plasma source (CCP), or an inductively coupled plasma source (ICP) in place of (or in
addition to) a radical source 115 as described above. The radical particle source 116 may occupy
an upper volume of the process chamber 110, or may be contained in a separate chamber
adjacent to the process chamber 110. Due to this configuration, a supply channel may not be
available for sampling the radical particles. Accordingly, the RPM 120 may instead be coupled
to a wall of the process chamber 110, as shown in Figs. 2A, and may be configured to monitor
the presence of radical particles in the process chamber 110. Alternatively, the RPM 120 may be
coupled to a wall of the foreline 192 above the throttle valve 190 as shown in Fig. 2B, or may be
coupled to the foreline 192 below the throttle valve 190 as shown in Fig. 2C.

[0033] Fig. 3A illustrates a portion of the RPM 120 in further detail. Here, the test chamber
130 is shown to be in gaseous communication with the supply channel 105 via an aperture 140.
Although the supply channel 105 is shown, the test chamber 130 may instead be coupled to a
different flow chamber such as process chamber 110 or foreline 192 as shown in Figs. 1B-F and
2A-C. The aperture 140 may be sized such that it enables passage of an acceptable number of
radical particles without reaction, while also maintaining a low gas pressure within the test
chamber to facilitate particle detection. For example, if the mass analyzer 124 is configured as
an RGA, then the test chamber 130 may be required to maintain a pressure of less than le-2 torr,
despite the supply channel maintaining a pressure in the range of 0.01-10 torr. In such an
application, the aperture 140 may have a diameter of less than 1 millimeter, and, in one example,
may have a diameter of approximately 35mm. The aperture 140, configured as described herein,
may permit passage, to the test chamber 130, a quantity of the radical particles that is suitable for

detection by the mass spectrometer 122 without excessive losses. This result may be expressed
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as a ratio of radical particles to non-radical particles that is present in the gas in the test chamber
130 in contrast to the ratio present in the gas in the supply channel 105. For example, the
aperture 140 may permit passage, to the test chamber 130, a ratio of radical particles to non-
radical particles that is greater than 0.1% of the ratio present in the gas within the supply channel
105. In further embodiments, the ratio present in the test chamber 130 may be 1% or greater
than the ratio present in the supply channel 105 or another flow channel to which the test
chamber 130 is coupled, such as the process chamber 110 or foreline 192 as shown in Figs. 1B-
F.

[0034] When radical particles are transported through the supply channel 105, the radicals
near the wall of the supply channel 105 may collide with the wall surface frequently, having a
high recombination rate and leading to the loss of the radical particles. Therefore, the density of
the radical particles near the wall may be relatively low and not representative of the true
population of radical particles being delivered from the radical source 115. Thus, sampling the
radical particles near the wall of the supply channel 105 with an aperture on the wall, as
described below, may not have an optimal efficiency of radical sampling.

[0035] A cone-shaped sampler 150, with the aperture 140 positioned at the end of the
sampler 150, extends the sample point nearer to the center of the gas stream from the radical
source 115, where the species sampled may have experienced fewer surface collisions. Such a
sampling location may have the much higher radical density than a sampling location at the wall
of the supply channel 105. Further, the ionizer 132 may be positioned in close proximity to the
sampler 150 (e.g., within 4 inches, and within 0.5 inches in the example shown) to increase
detection sensitivity by intercepting a larger fraction of the line-of-sight cone of radicals
expanding into the test chamber 130 after passing through the aperture 140. The conical shape
of the sampler 150 also minimizes collisions with radical particles that pass through the aperture
140 by allowing the particles a wider path at the entrance of the test chamber 130. Alternatively,
the sampler 150 may form a protrusion defining one of a range of different shapes, such as a
semi-sphere, a cylinder, a prism, or an elliptical or oval shape. In such alternatives, the
protrusion may extend into the supply channel 105 or another flow channel, and may encompass
a volume of the test chamber 130, wherein the aperture 140 is positioned at an end or another
surface of the protrusion. The sampler 150 may have a non-metal surface composed of glass,
quartz, sapphire, Si02, A1203, or another material that exhibits a low recombination rate
(relative to metal surfaces) with a given set of radical particles to be measured, such as radical
particles of H, N, O, OH, NHx, CHx, and NO. Alternatively, the sampler 150 may have a metal

surface composed of aluminum or stainless steel or aluminum nitride or aluminum oxide, or
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another material that exhibits a low reaction rate (relative to non-metal surfaces) with a given set
of radical particles to be measured, such as radical particles of F, Cl, NF,, and CF,.

[0036] The above features, along with a high vacuum (e.g., 1e-5 torr) in the test chamber
130, can enable a long mean free path for particles within the test chamber 130. Thus, a large
portion of the radical particles that travel through the aperture 140 will reach the ionizer 132
before colliding with a wall or another particle, leading to a higher chance of radical ionization.
A combination of some or all of the above features, including extending the aperture 140 into the
supply channel 105, enabling clearance for free radicals via the cone-shaped sampler 150, and
positioning the ionizer 132 close to aperture 140, can enable the ionizer 132 to generate more
radical ions from the radical particles, thereby providing the mass analyzer 124 with greater
sensitivity for radical detection.

[0037] Figs. 3B-F illustrate a portion of the RPM 120 in further embodiments. The
embodiments may include some or all features of the RPM 120 described above with reference
to Figs. 1A-3A, with the exception that the interface between the supply channel 105 (or other
flow channel) and the test chamber 130 is configured as described below. Fig. 3B shows a
configuration wherein the test chamber 130 and supply channel 105 share a common wall, and
wherein an aperture 141 is located at the common wall without protrusion into the supply
channel. The aperture 141 may be a prefabricated surface (e.g., a stainless-steel gasket) with an
orifice that is installed (e.g., welded) at a larger opening in the common wall. Alternatively, the
aperture 141 may be a simple orifice that is drilled through the common wall.

[0038] Figs. 3C and 3D show configurations having samplers 152, 153 resembling the
sampler 150 of Fig. 3A, including a conical shape and a respective aperture 142 at the end of the
sampler 152. Yet, in contrast to Fig. 3A, the samplers 152, 153 are partially (Fig. 3C) or fully
(Fig. 3D) recessed from the wall of the supply channel 105. These configurations may be
advantageous in applications where proximity to the supply channel 105 or other flow channel is
limited, meaning that the components of the RPM 120 (e.g., ionizer 132 and/or mass
spectrometer 122) must be positioned some distance from the flow channel. However, the
configurations may also possess further advantages, such as reducing interference with the gas
flow through the flow channel and positioning the aperture 142 closer to the ionizer 132 to
increase the quantity of ionized radical particles in the test chamber 130.

[0039] Fig. 3E shows a configuration comparable to that of Fig. 3A, except that a supply
channel 106 has a T-shaped structure comprising a single inlet from the radical source 115 and
two or more outlets, one or both of which may lead to the process chamber 110, such that the

flow is away from the aperture 144, symmetrically. The test chamber 130 is positioned opposite
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from the inlet of the supply channel 106 to form a cross arrangement, meaning that the aperture
144 at the sampler 154 is aligned on-axis with the path of the gas flow. As a result of this
configuration, radical particles from the radical source 115 are more likely to enter the test
chamber 130 without prior wall collisions that may cause the particles to react or recombine.
[0040] Fig. 3F shows a sampling arrangement in a further configuration. Here, a sampling
tube 160 is implemented in place of a sampler as shown in Figs. 3A and 3C-E. This
configuration may be advantageous when some or all of the RPM 120 must be positioned farther
away from the flow channel to be sampled. The sampling tube 160 may extend partially into the
gas flow of the supply channel 105 as shown, and may extend a distance within a conduit 165
before opening into the test chamber 130. To facilitate transporting radical particles along the
interior volume of the sampling tube 160, the sampling tube 160 may be composed of (or coated
with) a material that has low reactivity or recombination rate with the radical particle(s) to be
measured. For example, the sampling tube 160 may have an interior surface of quartz or
sapphire, which exhibit a low recombination rate with N and H radical particles. Alternatively,
the sampling tube 160 may have a surface composed of aluminum, stainless steel, glass or
comparable material, wherein different surfaces may optimal for minimizing reactions of a given
set of radical particles.

[0041] Figs. 4A-C illustrate prefabricated inlet ports 401-403 that can be implemented with a
radical particle monitor. The ports 401-403 can be positioned between a flow channel and a test
chamber, such as in the embodiments described above with reference to Figs. 1A-3F, to control
the flow of a subset of gas in the flow channel into the test chamber. The port 401 includes a
cylindrical plug 450 having an aperture 440 through its center. The aperture 440 may be sized
and configured as other apertures described above, and, as shown, may include one or more
recesses at one or both sides of the plug 450, which may enable a greater flow of radical particles
without reaction. The port 402 includes a sampler 450 defining a disc shape and having a
conical shape toward its center, wherein the aperture 441 occupies the end of the conical shape.
The sampler 441 may be configured comparably to other samplers described above. The port
403 includes a sampling tube 460 that extends through the port (e.g., a cylindrical plug as in the
port 401) and terminates with an aperture 442. The sampling tube 460 may include some or all
features of the sampling tube 160 described above with reference to Fig. 3F. Each of the ports
401-403 may be composed of any material suitable for gas transport and vacuum applications,
such as stainless steel, and may have one or more surfaces comprised of a material having a low

recombination rate and reactions with target radical particles as described above.
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[0042] Figs. SA-B illustrate inlet ports 501, 502 configured for bias voltage and temperature
control features, respectively. At Fig. SA, the inlet port 501 includes a sampler 551 that is
electrically conductive and is coupled to a bias voltage. The bias voltage may cause the sampler
551 to exhibit a charge that repels certain ions and thereby reduces passage of those ions through
the aperture 541, reducing ion interference in the adjacent test chamber. The bias voltage can be
a positive or negative voltage depending on the targeted ions. For example, a positive bias
voltage can repel positive ions such as nitrogen ions (N7), which would interfere with the
measurement of nitrogen radical particles. Alternatively, a negative bias voltage can repel
negative ions such as fluorine ions (F°), which would interfere with the measurement of fluorine
radical particles.

[0043] Turning to Fig. 5B, the inlet port 502 includes a sampler 552 having one or more
internal conduits that are adapted to pass a flow or water or other liquid through the sampler 552,
thereby cooling (or, alternatively, heating) the sampler 552 towards a target temperature. During
operation of an RPM, radical recombination at the surface of the sampler 552 can impart heat to
the sampler 552, raising its temperature and increasing the rate of recombination with subsequent
radical particles. By directing a coolant through the sampler 552, the sampler 552 can be
maintained at a lower temperature, thereby reducing its recombination rate with radical particles.
In further embodiments, a sampler may combine the bias voltage and temperature control
features of the samplers 551, 552.

[0044] Figs. 6A-C illustrate example configurations implementing an aperture stopper.
When an RPM as described above is not in operation, it may be advantageous to protect the
RPM by sealing the aperture between the flow channel and the test chamber, particularly if the
gas pressure or temperature in the flow channel is raised significantly. Various mechanical
means can be used to selectively seal the aperture. For example, as shown in Fig. 6A, a
mechanical throttle valve 670 can be positioned between the sampler 651 and a test chamber.
When the throttle valve 670 is actuated, it may form a seal between the sampler 651 and the test
chamber, thereby preventing particles from entering the test chamber through the sampler. In
Fig. 6B, an automated stopper 680 may reside in a recessed chamber of the flow channel
opposite of the sampler 652. When actuated, the stopper 680 moves laterally to seal around the
aperture 642, thereby sealing the flow channel from the test chamber opposite the sampler 652.
Lastly, in Fig. 6C, illustrates an automated stopper 680 residing within or adjacent to a test
chamber. When actuated, the stopper 681 moves toward the aperture 643 until it creates a seal

with the sampler 653, thereby sealing the flow channel from the test chamber.
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[0045] Fig. 7 illustrates a portion of an RPM in a further embodiment. The RPM may
include some or all applicable features of the embodiments described above with reference to
Figs. 1A-6C, including a test chamber 130 coupled to a supply channel 105 and a sampler 750 to
divert a subset of the gas from the supply channel 105 to the test chamber 130 via an aperture
740. In contrast to the embodiments above, an ionizer 732 is positioned close to the sampler 750
and is configured to ionize the radical particles within the volume defined by the sampler 750
and generate a beam of radical ions 790. To do so, the ionizer 732 may include electron sources
733 and a shield 734. The shield 734, shown in cross-section, may encompass two or more sides
of the electron sources 733, and may include slits or orifices between the electron sources 733
and the sampler 750 to direct beams of electrons from the electron sources 733 into the volume
of the sampler 750 to a region near the aperture 740.

[0046] The electron beams serve to ionize the radical particles within the volume of the
sampler 750, generating the ion beam 790, which is directed through another opening in the
shield 734 towards a mass analyzer 124 of the RPM. In this configuration, the conical shape of
the sampler 750 may serve as an electrostatic element of the ionizer 732. The shield 734 may
also encompass other sides of the electron sources 733 to divert electrons from the ion beam 790.
The ion beam 790 extends towards the mass analyzer 124, and is focused into an inlet of the
mass analyzer 124 by an electrostatic lens 770. The mass analyzer 124 may receive the radical
ions of the ion beam 790 and perform mass filtering and ion detection on the radical ions to
measure the presence of the radical ions. A controller 126, as described above with reference to
Fig. 1A, may then process the measurements from the mass analyzer 124 to generate further
results, such as a mass spectrum of the gas, and may be further configured to control operation of
the radical source or tool process control parameters of a respective semiconductor processing
system based on the results.

[0047] Fig. 8 is a flow diagram of a process 800 of monitoring radical particle concentration.
The process 800 may be carried out by any of the systems implementing RPMs described above.
With reference to the example embodiments in Figs. 1A and 3 A, for a gas flowing through a
flow channel such as the supply channel 105, a subset of the gas may be directed into the test
chamber 130 via the sampler 150 (805). From the subset of the gas in the test chamber 130,
radical ions may be generated from radical particles of the gas (810). To generate the radical
ions, the ionizer 132 may operate at a low-energy state, which is lower than an energy state
associated with the generation of the non-radical ions of the same mass. The mass analyzer 124
may receive the radical ions of the ion beam 790 and perform mass filtering and ion detection on

the radical ions to measure the presence and quantity of the radical ions (815). Different radical
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particles may be ionized at different energy states. For example, the ionizer 132 may ionize N
radicals at 24eV, while Fluorine radicals require at a different energy state of 21eV for
ionization. Thus, if it is desired to measure the quantity of multiple different radicals in the gas,
then the actions 810, 815 may be repeated for each of the radical particles to be measured,
changing the energy level of the ionizer 132 between each repetition. For example, the RPM
120 may perform actions 810, 815 for measuring N radicals at 24eV, and then modify the energy
level of the ionizer and repeat actions 810, 815 to measure H radicals at 16eV. The process may
then be repeated multiple additional times, in rapid succession, to measure the quantity of radical
particles of N, O, OH, F, H, Cl, NHx, CHx, and NxOy. Thus, the ionizer 132 may operate at a
plurality of low-energy states, each of the plurality of low-energy states corresponding to a
respective radical particle.

[0048] The controller 126 may then compare the measured radial quantities against
respective thresholds or target values (815). If the targets are met, then the monitoring may
continue as the process is repeated. Otherwise, the controller 126 may communicate with the
radical source 115 and/or tool process control to modify operations (820). For example, the
controller 126 may control the operation of the radical source 115 or another radical particle
source (e.g. source 116) by controlling quantity of radical particle generation over a given time
and/or a time period in which the radical particles are generated. Further, the controller 126 may
send the feedback to the radical source 115 or 116 to adjust one or more of power, gas flow, gas
pressure, and temperature of a wetted path of the flow channel. The controller 126 may send the
feedback to the process tool to adjust the process parameters. Such adjustments, made in
response to the measured quantity of radical particles, may improve performance of a processing
cycle by increasing the quantity of radical particles to a suitable level, or by lengthening the time
of a processing cycle to ensure a wafer 112 undergoes sufficient exposure to the radical particles.
Following the adjustment (820), the process 800 may be repeated to provide ongoing monitoring
of the radical particles in the system 100.

[0049] In further embodiments, the process 800 may include a “high-energy” mode for
measuring quantities of non-radical particles (e.g., background or reference gas). To carry out
the high-energy mode, the RPM 120 may adjust the energy state of the ionizer 132 to a higher
energy state, such as 40eV or 70eV, and then operate a process comparable to the process 800
described above. In doing so, the RPM 120 may measure the quantities of one or more non-
radical particles making up the sampled gas. For example, the RPM 120 may first operate in a
“low-energy state” at 15eV to measure N radical particles. This energy level is too low to ionize

certain reference gases such as argon, which has an ionization potential of 15.6eV. Following
13
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this scan, the RPM 120 may then switch to a high-energy state of 40eV to ionize the argon
particles and other reference gases. With suitable mathematical adjustments for relative
sensitivities, this signal can be used to normalize, or calibrate, the response of the RPM for the
radical ions being measured to ensure precise repeatability of measurements.

[0050] While example embodiments have been particularly shown and described, it will be
understood by those skilled in the art that various changes in form and details may be made
therein without departing from the scope of the embodiments encompassed by the appended

claims.
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CLAIMS

What is claimed is:

1. A system for monitoring radical particles comprising:

a test chamber configured to be coupled to a flow channel adapted to transmit a
gas, the test chamber defining an aperture connecting the test chamber and the flow
channel, the aperture configured to permit a subset of the gas to enter the test chamber
from the flow channel,;

an ionizer positioned within the test chamber, the ionizer configured to generate
radical ions from radical particles of the subset of the gas; and

a mass spectrometer configured to measure a quantity of the radical ions.
2. The system of claim 1, wherein the mass spectrometer is a residual gas analyzer (RGA).

3. The system of claim 1, wherein the test chamber is configured to maintain a gas pressure

lower than a gas pressure at the flow channel.

4. The system of claim 3, wherein the gas pressure in the test chamber is less than 1e-2

Torr, and the gas pressure in the flow channel is greater than 0.01 Torr.
5. The system of claim 1, wherein the ionizer is positioned within 4 inches of the aperture.

6. The system of claim 1, wherein the ionizer is configured to operate at a low-energy state
to generate the radical ions and minimize generation of non-radical ions, the low-energy
state being lower than an energy state associated with the generation of the non-radical

ions.

7. The system of claim 1, wherein the ionizer is configured to operate at a plurality of low-
energy states, each of the plurality of low-energy states corresponding to a respective

radical particle.

8. The system of claim 1, wherein the ionizer is configured to operate at a high-energy state
to enable acquisition of a reference signal based on non-radical particles of the subset of

the gas.

9. The system of claim 1, wherein the aperture has a diameter of less than 1 millimeter.

15



10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.
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The system of claim 1, wherein the aperture permits passage, to the test chamber, a ratio
of radical particles to non-radical particles that is greater than 0.1% of the ratio present in

the gas within the flow channel.

The system of claim 1, further comprising a protrusion of the test chamber extending into
the flow channel and encompassing a volume of the test chamber, the aperture being

positioned at the protrusion.

The system of claim 11, wherein the protrusion exhibits a substantially conical shape, the

aperture being positioned at a point of the conical shape.

The system of claim 12, wherein the ionizer is positioned to generate radical ions within

a volume defined by the conical shape.

The system of claim 13, wherein the conical shape is configured as an electrostatic

element of the ionizer.

The system of claim 13, further comprising an electrostatic lens configured to direct the

radical ions as a beam towards the mass spectrometer.

The system of claim 1, further comprising a controller configured to control operation of
a radical particle source based on the quantity of the radical ions measured by the mass

spectrometer.

The system of claim 16, wherein controlling the operation of the radical particle source
includes controlling at least one of 1) quantity of radical particle generation over a given

time and 2) a time period in which the radical particles are generated.

The system of claim 16, wherein controlling the operation of the radical particle source
includes controlling at least one of power, gas flow, gas pressure, and temperature of a

wetted path of the flow channel.

The system of claim 1, further comprising a stopper configured to selectively seal the

aperture.

The system of claim 1, wherein a surface encompassing the aperture is non-metal and
exhibits a reactivity and recombination coefficient for the radical particles that is lower

than that of a metal surface.
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31.
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The system of claim 1, wherein a surface encompassing the aperture is metallic and

exhibits low reactivity with the radical particles.

The system of claim 1, wherein the flow channel is a conduit extending from a radical

source to a process chamber.

The system of claim 1, wherein the flow channel is a region down-stream of a reaction

zone in a process chamber.

The system of claim 1, wherein the flow channel is a conduit down-stream of a process

chamber.

A method of monitoring radical particles comprising:

directing a subset of a gas from a flow channel to a test chamber via an aperture
connecting the test chamber and the flow channel;

generating, via an ionizer, radical ions from radical particles of the subset of the
gas; and

measuring, via a mass spectrometer, a quantity of the radical ions.

The method of claim 25, wherein the mass spectrometer is a residual gas analyzer

(RGA).

The method of claim 25, further comprising maintaining a gas pressure at the test

chamber that is lower than a gas pressure at the flow channel.

The method of claim 27, wherein the gas pressure in the test chamber is less than 1e-2

Torr, and the gas pressure in the flow channel is greater than 0.01 Torr.
The method of claim 25, wherein the ionizer is positioned within 4 inches of the aperture.

The method of claim 25, further comprising operating the ionizer at a low-energy state to
generate the radical ions and minimize generation of non-radical ions, the low-energy
state being lower than an energy state associated with the generation of the non-radical

ions.

The method of claim 25, further comprising operating the ionizer at a plurality of low-
energy states, each of the plurality of low-energy states corresponding to a respective

radical particle.
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The method of claim 25, further comprising operating the ionizer at a high-energy state to
enable acquisition of a reference signal based on non-radical particles of the subset of the

gas.
The method of claim 25, wherein the aperture has a diameter of less than 1 millimeter.

The method of claim 25, wherein the aperture permits passage, to the test chamber, a
ratio of radical particles to non-radical particles that is greater than 0.1% of the ratio

present in the gas within the flow channel.

The method of claim 25, wherein a protrusion of the test chamber extends into the flow
channel and encompassing a volume of the test chamber, the aperture being positioned at

the protrusion.

The method of claim 35, wherein the protrusion exhibits a substantially conical shape, the

aperture being positioned at a point of the conical shape.

The method of claim 36, further comprising operating the ionizer to generate radical ions

within a volume defined by the conical shape.

The system of claim 37, wherein the conical shape is configured as an electrostatic

element of the ionizer.

The method of claim 37, further comprising directing, via an electrostatic lens, the radical

ions as a beam towards the mass spectrometer.

The method of claim 25, further comprising controlling operation of a radical particle

source based on the quantity of the radical ions measured by the mass spectrometer.

The method of claim 40, wherein controlling the operation of the radical particle source
includes controlling at least one of 1) quantity of radical particle generation over a given

time and 2) a time period in which the radical particles are generated.

The method of claim 40, wherein controlling the operation of the radical particle source
includes controlling at least one of power, gas flow, gas pressure, and temperature of a
wetted path of the flow channel.

The method of claim 25, further comprising selectively sealing the aperture via a stopper.
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The method of claim 25, wherein a surface encompassing the aperture is non-metal and
exhibits a reactivity and recombination coefficient for the radical particles that is lower

than that of a metal surface.

The method of claim 25, wherein a surface encompassing the aperture is metallic and

exhibits low reactivity with the radical particles.

The method of claim 25, wherein the flow channel is a conduit extending from a radical

source to a process chamber.

The method of claim 25, wherein the flow channel is a region down-stream of a reaction

zone in a process chamber.

The method of claim 25, wherein the flow channel is a conduit down-stream of a process

chamber.
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