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INLINE PARTICLE SENSOR
BACKGROUND
[0001] During the manufacture of semiconductor wafers, there are multiple tools and processes to
which a wafer is exposed. During each of these steps, there are potential defects that may be caused
by process conditions that can cause degradation in the yield of the final integrated circuit devices
due to microscopic particles being deposited on the wafer's surface. This is important because each
wafer may contain the circuitry for tens or even hundreds of integrated circuit devices and a single
lost wafer may result in hundreds or thousands of dollars” worth of scrap. Even a few particles can
negatively affect the quality of the wafer. Thus, it is critical to employ a very sensitive sensing
means to monitor small amounts of particulates before and during the various stages of
semiconductor wafer processing.
SUMMARY
[0002] In one embodiment, an inline particle sensor includes a sensor head configured to mount
within a fitting, the sensor head including a laser source configured to emit a beam through a
sensing volume and a detector arranged to detect laser light scattered from particles passing
through the sensing volume. The inline particle sensor further includes electronics coupled to the
sensor head and configured to receive a signal from the detector indicative of the particles. The
electronics produce an output that indicates the presence of detected particles.
[0003] In another embodiment, an inline particle sensor system includes a vacuum pump, a
vacuum pump line, a semiconductor wafer process chamber, and a fitting fluidically coupled to
the vacuum pump line between the vacuum pump and the wafer process chamber. The inline
particle sensor system further includes an inline particle sensor coupled to the fitting and
configured to sense a characteristic of particles with the sensor system and generate a sensor signal
indicative of the characteristic of the particles; and electronics coupled to the vacuum particle
sensor configured to receive the sensor signal and generate a particle output based on the sensor
signal.
[0004] In another embodiment, an inline particle sensor system includes a process chamber, a
vacuum pump line coupled to the process chamber and configured to allow fluid flow from the
process chamber into the vacuum pump line; a first vacuum pump coupled to the vacuum pump
line; a second vacuum pump coupled to the vacuum pump line; and a fitting fluidically coupled to

the vacuum pump line between the first and second vacuum pumps and between one of either the
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first or second vacuum pumps and the process chamber. The inline particle sensor system further
includes a inline particle sensor coupled to the fitting and configured to sense a characteristic of
the particles within the system and generate a sensor signal indicative of the characteristic; and
electronics coupled to the sensor configured to receive the sensor signal and determine a particle
output based on the sensor signal.
BRIEF DESCRIPTION OF THE DRAWINGS

[0005] FIG. 1is a diagrammatic view of components of an inline particle sensing system operating
in a semiconductor processing environment in accordance with an embodiment of the present
invention.
[0006] FIG. 2 is a diagrammatic view of an inline particle sensor in accordance with an
embodiment of the present invention.
[0007] FIG. 3 is a diagrammatic view of an inline particle sensor in accordance with an
embodiment of the present invention.
[0008] FIG. 4 is a diagrammatic view of an inline particle sensor in accordance with an
embodiment of the present invention.
[0009] FIG. 5 is a block diagram of an inline particle sensor in accordance with an embodiment
of the present invention.

DETAILED DESCRIPTION OF ILLUSTRATIVE EMBODIMENTS
[0010] Semiconductor wafer processes are often sensitive to particle contamination inside the
process chamber. The particulates may originate from mechanical elements inside the chamber or
from other sources. As disclosed below, an inline particle sensor is provided as a diagnostic sensor
that allows the user to monitor particles either in the main chamber or in the pump lines to see
when particles are produced. By correlating particle bursts or other suitable detection patterns in
the sensor output with steps in the procedure, the user can more easily and effectively diagnose
problems.
[0011] One particularly challenging process is extreme ultraviolet (EUV) lithography. In EUV, a
plasma is converted into light having a wavelength of about 13.5 nanometers. This light then
bounces off several mirrors and impinges upon a wafer. It is believed that EUV will allow
processing down to the S-nanometer scale. As can be appreciated, the effects of any particles or
impurities in the system are magnified as the printed features become smaller. The EUV process

itself can be a source of unwanted particulates, as well.
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[0012] Embodiments described below generally provide an optical particle sensor that is
configured to be insertable into a vacuum system, either in a main chamber or into one of the
vacuum pump lines. Important aspects of the disclosed embodiments include: ease with which the
sensor may be inserted into and removed from a vacuum system; how the sensor can be inserted
into pump lines, particularly the line between the low vacuum and high vacuum pumps so that the
sensor can potentially sense particulates generated in the main chamber; how the shape and
alignment of the laser beam in the sensing region, in coordination with the arrangement of scattered
light collection, maximizes the detection of individual particles; and how the sensor can sense
more particles and smaller particles by using a high-power, short wavelength (such as blue or UV)
laser.

[0013] FIG. 1is a diagrammatic view of components of an inline particle sensing system operating
in a semiconductor processing environment in accordance with an embodiment of the present
invention. As shown in FIG. 1, inline particle sensor 100 is coupled to fitting 101 and is fluidically
interposed between process chamber 104 and vacuum pump 106 on vacuum pump line 102. In one
embodiment, line 102 is a hydrogen exhaust line for process chamber 104. In one particular
example, line 102 conveys hydrogen exhaust at a flow rate of about 2.73 Pa m?/s at a pressure of
about 17 Pa. In one example, line 102 is a pipe having a diameter of about 85 mm. As illustrated,
inline particle sensor 100 is located outside of process chamber 104 and before vacuum pump 106.
However, embodiments can be practiced where the sensor is mounted to process chamber 104 or
other suitable semiconductor processing tools/environments. Further, sensor 100 can also be
fluidically interposed on a vacuum line between high and low vacuum pumps. In another
embodiment, the inline particle sensor may also be located in the exhaust line from the low vacuum
pump to atmosphere.

[0014] Sensor 100 is communicatively coupled to controller 108. Controller 108 collects and may
store signal information from sensor 100 and processes the signal information in order to provide
an output indicative of qualitative and/or quantitative information on particles flowing through line
102. Additionally, controller 108 may also be connected, either physically or wirelessly, to a
number of additional inline particle sensors disposed on other exhaust lines or fluid conduits in
order to obtain a more comprehensive indication of particle flow relative to the semiconductor tool
(e.g. process chamber 104). In one example, controller 108 is configured to connect to twelve

separate inline particle sensors 100. The additional sensors may be coupled to different lines and/or
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multiple inline particle sensors may be coupled to the same line 102. In such a case, the multiple
sensors may have their sensing areas disposed to detect particles in different regions of the cross-
sectional area of the flow line. For example, a first particle sensor may sense a large part of a first
half of a flow area in line 102, while a second inline particle sensor located proximate the first
inline particle sensor may sense a large part of the second half of the flow area. Such a system
could allow for a more complete sensing of particle presence in the line while not requiring a
single larger and more complex sensing structure.

[0015] FIG. 2 is a diagrammatic view of an inline particle sensor in accordance with an
embodiment of the present invention. Sensor 100 includes laser sensing head 120 that is sized and
shaped to fit within a standard fitting, such as a standard KF50 cross fitting 122. Fitting 122 can
be formed of any suitable material including, without limitation, stainless steel and aluminum. In
one embodiment, sensing head 120 has a length of about 140 mm such that it extends substantially
into leg 124 of fitting 122. Very small densities of unwanted particles in the gas flow can indicate
poor process conditions, so it is imperative to have a sensing volume that captures as much of the
gas and particle flow as possible. In one embodiment, sensing head 120, through the unique
geometry of laser source optical elements and scattered light detection elements, configures the
laser beam ‘ribbon’ in the sensing volume to be thin and of large cross sectional area relative to
the gas and particle flow. For its size, this optical head arrangement of the inline particle sensor
has a far larger sensing area than particle sensors for other types of environments. For example, in
one embodiment, the sensing area is about 6 mm x 6 mm, allowing the inline particle sensor to
sample a substantially larger fraction of the pump line tube than typical existing sensors.

[0016] The unique geometry of approximately orthogonal gas and particle flow direction, laser
beam propagation direction, and detection axis, combined with a large ribbon area presented to the
particle flow and a thin laser beam in the flow direction, also permits efficient collection of
scattered light, resulting in improved efficiency for detecting single particles. Because the laser
beam is of large cross sectional area, but thin in the direction of particle flow, the laser beam can
be maintained at very high intensity levels, correspondingly increasing the magnitude of the
scattered light signal from a single particle. The small extent of the thin laser beam in the particle
flow direction results in scattered light pulse of short duration, as well, which enables better
discrimination of the detected scattered light pulse from background sources of noise and other

signals that are not indicative of a detected particle.
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[0017] Particles with diameters approximately the same size as the wavelength of the laser light
and smaller than this, approximately 0.5 microns and below, are often the most important to control
for semiconductor wafer processing. Their scattering properties present the most challenges: for
the smallest diameters <20% of the laser wavelength, the scattering cross section decreases
extremely rapidly. To detect these particles reliably, it is imperative to use a laser wavelength that
is as short as possible while maintaining very high intensity. In one embodiment, the laser source
operates at 0.450 microns wavelength and outputs up to 3 Watts. The amount of scattered light
that can be detected depends strongly on the orientation of the laser polarization relative to the
predominant detection direction. In one embodiment, the predominant detection axis is in the laser
ribbon plane and the laser polarization direction is perpendicular to the plane of the laser ribbon,
which maximizes the scattering in the predominant detection axis.

[0018] In the embodiment shown in FIG. 2, sensing head 120 includes preamplifiers and laser
driver circuitry that is electrically coupled to electronics enclosure 128 via cable 130. Electronics
within enclosure 128 are able to drive the laser source (not shown in FIG. 2) within sensing head
120 and to monitor an electrical response of an optical detector (not shown in FIG. 2) in order to
detect the presence, size, and/or quantity of particles passing through the sensing area of sensing
head 120. Further, electronics within enclosure 128 are configured to provide an electrical output
to a controller, such as controller 108 (shown in FIG. 1). This may be done by transmitting a signal
through a cable coupled enclosure to controller 108 (as shown in FIG. 1) or it may be done using
a wireless communication protocol, such as the known Bluetooth or WiFi protocols.

[0019] FIG. 3 is a diagrammatic view of an inline particle sensor in accordance with an
embodiment of the present invention. The embodiment shown in FIG. 3 is similar to that of FIG.
2 and like components are numbered similarly. Inline particle sensor 200 is configured to fit within
a standard fitting, such as KF50 cross fitting 122. Additionally, an optional flow restrictor 126 can
be placed upstream of sensor 200 in order to direct particles through the sensing area of sensor
200. The main difference between sensor 200 and sensor 100 is that all of the electronics required
for sensor 200 are disposed within sensor head 201 and endcap 202. Endcap 202, in one
embodiment, may be formed of an RF transparent material, such as plastic. Further, endcap 202
may include a power input port that allows a power supply (such as a 5 VDC) power supply to
couple to electronics within and sensor head 201 endcap 202. Additionally, endcap 202 may

include one or more indicator LEDs. Such indicator LED’s can provide useful information



WO 2019/199958 PCT/US2019/026773

regarding the following events: power on, laser engaged, particle detected, and/or suitable
troubleshooting codes. Sensor 200 may be electronically, or otherwise communicatively coupled
to a controller (e.g. controller 108).

[0020] With both of the embodiments described with respect to FIGS. 2 and 3, the electrical
components (such as electronics, laser source, and detector) are sealed and isolated from the gas
flowing through the connector. This is an important feature for inline sensors and particularly those
that operate to support the semiconductor processing industry.

[0021] FIG. 4 is a diagrammatic view of an inline particle sensor in accordance with an
embodiment of the present invention. Sensor 200 is coupled to a T connector 250 instead of the
fitting 122 (e.g. KF50 cross connector) shown in FIG. 3. Accordingly, embodiments described
herein can be practiced with any suitable type and/or size of connector or coupler including,
without limitation, quick flanges, ISO fittings (such as ISO63), as well as fittings that are larger
than or smaller than 50 mm. Embodiments generally provide an inline particle sensor that can be
easily removed for recalibration or repair without disturbing the vacuum system.

[0022] With the embodiments described with respect to FIGS. 2, 3 and 4, the sensor is
conveniently coupled to and separate from the fitting, the pump lines, and/or the process chamber
or other suitable semiconductor processing tools/environments, such that it may be individually
removed from the system, for inspection, repair, replacement, calibration and/or other maintenance
operations. Additionally, because the electronics are either completely contained within the sensor,
or externally coupled to it, operators may access or remove the electronics along with the sensor
more easily.

[0023] FIG. 5 is a block diagram of an inline particle sensor in accordance with an embodiment
of the present invention. Sensor 300 may comprise any of the above-described embodiments.
Sensor 300 includes power module 301. In embodiments where sensor 300 is battery-powered,
power module 301 may include a battery, such as a rechargeable battery. However, power module
300 also includes suitable current limiting and power conditioning circuitry to supply other
components of sensor 300. In another embodiment, power module 301 may comprise an external
power source electrically coupled to sensor 300, for example, a S VDC coupled to sensor 300 via
a power input port. Controller 302 is coupled to power module 301, communication module 304,
interlock 306, laser source module 308 and detection module 310. Controller 302 may include any

suitable logic or circuitry that is able to receive a signal from detection circuitry 310, identify or
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otherwise quantify particles based on the signal from detection circuitry 310 and provide an output
via communication module 304. In one embodiment, controller 302 is a microprocessor.

[0024] Source 308 is electrically coupled to controller 302 and is configured to direct illumination
into the vacuum line. Preferably, source 308 is configured to generate laser illumination having a
wavelength in the blue-UV range (i.e. UV wavelengths up to about 480 nm). Further, source 308
is configured to provide relatively high output laser illumination. In one example, the output is
about 3.5 watts using a high power blue laser diode. However, a higher power laser illumination
can be used as long as the output power is not sufficient to vaporize the particles within the vacuum
line. Given the high output power, sensor 300 also preferably includes a laser interlock 306 to
ensure that the high-power laser is only engaged when safely contained within the vacuum line
(e.g. line102). In one embodiment, laser interlock is created with a vacuum switch or pressure
sensor coupled to controller 302, such that controller 302 only engages source 308 when a
sufficient vacuum is present. However, other types of interlocks can also be used in accordance
with embodiments of the present invention. Such interlocks include manual switches, manual
couplings, or any other suitable manual or automatic structures designed to ensure that the laser is
engaged only when safely operating within the flow line (e.g. line 102).

[0025] Sensor 300 further includes other electronics 312. Electronics 312 may be coupled
externally to sensor 300 via a wired connection (e.g. as shown in FIG. 2) or may be contained
within sensor 300 (e.g. as shown in FIGS. 3 and 4). Electronics 312 may comprise any number of
electrical components necessary or advantageous to an inline particle sensor, including, but not
limited to, WiFi1 or Bluetooth components, additional power sources, displays, etc.

[0026] Although the present invention has been described with reference to preferred
embodiments, workers skilled in the art will recognize that changes may be made in form and
detail without departing from the spirit and scope of the invention. For example, while
embodiments have been described with respect to a vacuum sensor, given the advantages of
isolating the electronics from the sensing area, embodiments may be employed in non-vacuum

environments where the gas is corrosive and/or toxic.



WHAT IS CLAIMED IS:

1. An inline particle sensor comprising:

a cylindrically-shaped sensor head configured to mount within a bore of a fitting, the
sensor head including a laser source configured to emit laser light into a vacuum
line, the sensor head including detection circuitry configured to provide a signal
indicative of particle scattered laser light, the laser source and the detection
circuitry being configured to provide a thin sensing volume with large cross
sectional area; and

electronics coupled to the sensor head and configured to receive the signal from the
detection circuitry and provide a particle output based on the signal from the

detection circuitry.
2. The inline particle sensor of claim 1, wherein a predominant axis of scattered light
detection is approximately orthogonal to a predominant direction of particle flow and

simultaneously approximately orthogonal to a predominant laser beam direction.

3. The inline particle sensor of either claim 1 or 2, wherein the laser source emits a wavelength

or wavelengths within the band from vacuum UV to about 480 nm.

4. The inline particle sensor of any of claims 1-3, and further comprising a laser interlock.

5. The inline particle sensor of claim 4, wherein the laser interlock is a vacuum switch

configured to close below a selected vacuum threshold.

6. The inline particle sensor of claim 4, wherein the laser interlock includes a pressure sensor.

7. The inline particle sensor of any of claims 1-6, and further comprising a flow restrictor

configured to be positioned in one of the ports of the fitting.



8. The inline particle sensor of any of claims 1-7, wherein the fitting is coupled to a vacuum

pump line between a vacuum pump and a process chamber.

9. The inline particle sensor of any of claims 1-7, wherein the fitting is coupled to a vacuum

pump line between a low-pressure vacuum pump and a high-pressure vacuum pump.

10.  The inline particle sensor of any of claims 1-9, wherein the electronics are externally

coupled to the sensor head.

11. The inline particle sensor of any of claims 1-9, wherein the electronics are contained within

the sensor head.

12. An inline particle sensor system comprising:

a vacuum pump;

a vacuum pump line;

a process chamber;

a fitting fluidically coupled to the vacuum pump line between the vacuum
pump and the process chamber;

an inline particle sensor comprising a laser source inserted into a bore of the fitting and
configured to sense scattered light of particles within the sensor system and
generate a sensor signal indicative of the presence of the particles; and

electronics coupled to the vacuum particle sensor configured to receive the sensor signal
and generate a particle output based on the sensor signal,

wherein the laser source and the electronics being configured to provide a thin sensing

volume with large cross sectional area.

13. The inline particle sensor system of claim 12, wherein the vacuum pump is a low-pressure

vacuum pump or a high-pressure vacuum pump.

14. The inline particle sensor system of either claim 12 or 13, wherein the inline particle sensor

comprises a laser source configured to emit a laser at a wavelength from UV to 480 nm.
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15. The inline particle sensor system of claim 14, wherein the laser source has an output power

of about 3.5 watts.

16.  The inline particle sensor system of any of claims 12-15, and further comprising a second
inline particle sensor coupled to a second fitting, wherein the second fitting is fluidically coupled

to the vacuum pump line between the vacuum pump and the process chamber.





