wo 2016/048449 A1 |1V 1 0V 0 YO O

(43) International Publication Date

(12) INTERNATIONAL APPLICATION PUBLISHED UNDER THE PATENT COOPERATION TREATY (PCT)

(19) World Intellectual Property Ny
Organization é
International Bureau -,

=

\

(10) International Publication Number

WO 2016/048449 A1

(51

eay)

(22)

(25)
(26)
(30)

1

(72

74

31 March 2016 (31.03.2016) WIPOIPCT
International Patent Classification: (81)
HO01J 37/32 (2006.01)

International Application Number:
PCT/US2015/042742

International Filing Date:
29 July 2015 (29.07.2015)

Filing Language: English
Publication Language: English
Priority Data:

14/496,093 25 September 2014 (25.09.2014) US

Applicant: APPLIED MATERIALS, INC. [US/US];
3050 Bowers Avenue, Santa Clara, California 95054 (US).

Inventors: CHEN, Jian J.; 41267 Carmen Street, Fre-
mont, California 94539 (US). SUDHAKARAN, Shilpa;
141 Saratoga Ave Apt 1301, Santa Clara, California 95051
(US). AYOUB, Mohamad A.; 54 Cleland Avenue, #16,
Los Gatos, California 95134 (US).

Agents: PATTERSON, B. Todd et al; Patterson &
Sheridan, L.L.P., 24 Greenway Plaza, Suite 1600, Houston,
Texas 77046 (US).

(84)

Designated States (uniess otherwise indicated, for every
kind of national protection available). AE, AG, AL, AM,
AO, AT, AU, AZ, BA, BB, BG, BH, BN, BR, BW, BY,
BZ, CA, CH, CL, CN, CO, CR, CU, CZ, DE, DK, DM,
DO, DZ, EC, EE, EG, ES, FI, GB, GD, GE, GH, GM, GT,
HN, HR, HU, ID, IL, IN, IR, IS, JP, KE, KG, KN, KP, KR,
KZ, LA, LC, LK, LR, LS, LU, LY, MA, MD, ME, MG,
MK, MN, MW, MX, MY, MZ, NA, NG, NI, NO, NZ, OM,
PA, PE, PG, PH, PL, PT, QA, RO, RS, RU, RW, SA, SC,
SD, SE, SG, SK, SL, SM, ST, SV, SY, TH, TJ, TM, TN,
TR, TT, TZ, UA, UG, US, UZ, VC, VN, ZA, ZM, ZW.

Designated States (uniess otherwise indicated, for every
kind of regional protection available): ARIPO (BW, GH,
GM, KE, LR, LS, MW, MZ, NA, RW, SD, SL, ST, SZ,
TZ, UG, ZM, ZW), Eurasian (AM, AZ, BY, KG, KZ, RU,
TJ, TM), European (AL, AT, BE, BG, CH, CY, CZ, DE,
DK, EE, ES, FI, FR, GB, GR, HR, HU, IE, IS, IT, LT, LU,
LV, MC, MK, MT, NL, NO, PL, PT, RO, RS, SE, SI, SK,
SM, TR), OAPI (BF, BJ, CF, CG, CI, CM, GA, GN, GQ,
GW, KM, ML, MR, NE, SN, TD, TG).

Published:

with international search report (Art. 21(3))

(54) Title: DETECTING PLASMA ARCS BY MONITORING RF REFLECTED POWER IN A PLASMA PROCESSING CHAM-

BER

220

FIG. 3 )

(57) Abstract: Embodiments of the present disclosure
generally relate to methods for detecting unstable
plasma in a substrate processing chamber. In one em-
bodiment, the method includes providing a forward
power from a power source to the substrate processing
chamber through a detection device, splitting the for-
ward power passing through the detection device at a
predetermined ratio to obtain a first value of the power
to the substrate processing chamber, measuring a reflec-
ted power from the substrate processing chamber to ob-
tain a second value of the power from the substrate pro-
cessing chamber, and directing the power source to turn
off the forward power if the second value of the power
is different than the first value of the power.
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DETECTING PLASMA ARCS BY MONITORING RF REFLECTED POWER IN A
PLASMA PROCESSING CHAMBER

BACKGROUND
Field

[0001] Embodiments of the present disclosure generally relate to methods of

measuring reflected power from a plasma chamber using a directional coupler.

Description of the Related Art

[0002] In RF plasma processing systems, RF power is typically coupled into the
plasma that is present in the reactor chamber through a match circuit which contains
variable reactance elements. The purpose of the match circuit is to transform the
impedance of the load (i.e., the plasma) to a value that equals or matches the
characteristic impedance of the transmission line through which the RF power is
delivered to the reactor chamber. At the match point, optimum power is delivered
into the plasma and zero (or near zero) power is reflected back toward the RF

generator.

[0003] However, the impedance of the load tends to vary during processing of
the substrate, due to fluctuations of the plasma in the reactor chamber. In case of
unstable plasma, such as arcing, a fast interruption or spike will occur in RF voltage
and RF current and cause the impedance of the load to change abruptly, which in
turn causes a spike in the RF power reflected back to the RF generator and
therefore an RF impedance mismatch. As RF impedance mismatch occurs, the
amount of RF power that is reflected back to the RF generator increases, while the
amount of RF power delivered to the plasma decreases. Such fluctuations change
the plasma conditions and therefore affect the plasma processing of the substrate,

making it difficult to control process parameters such as etch rate or deposition rate.

[0004] Therefore, improved arc detection apparatus and methods are needed to
monitor RF power reflected back from the reactor chamber for better plasma

processing of the substrate.
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SUMMARY

[0005] Embodiments of the present disclosure generally relate to apparatus and
methods for detecting unstable plasma in a substrate processing chamber. In one
embodiment, the method includes providing a forward power from a power source to
the substrate processing chamber through a detection device, splitting the forward
power passing through the detection device at a predetermined ratio to obtain a first
value of the power to the substrate processing chamber, measuring a reflected
power from the substrate processing chamber to obtain a second value of the power
from the substrate processing chamber, and directing the power source to turn off
the forward power if the first value of the power is different than the second value of

the power.

[0006] In another embodiment, the method includes providing a forward power
from a power source to a plasma load through a transmission line, and monitoring
power reflected from the plasma load by a detection device disposed between the
power source and the plasma load, the detection device comprising a main line
extending between an input port and a transmitted port, the input port receiving and
transmitting the forward power from the power source to the transmitted port, and
the transmitted port receiving and transmitting the forward power from the input port
to the plasma load, and a coupled line extending between an isolated port and a
coupled port, the coupled port transmitting a portion of the forward power from the
input port to a first sensor and a first resistive load, and the isolated port receiving
and transmitting the power reflected from the plasma load to a second sensor and a
second resistive load, and controlling the power source to turn off the forward power
if a second value of the power reflected from the plasma load measured by the
second sensor is different than a first value of the forward power measured by the

first sensor.

[0007] In yet another embodiment, a processing system is provided. The
processing system includes a processing chamber defining a substrate processing
region therein, a power source providing a forward power to the processing chamber
through a transmission line, a matching network tuning plasma load impedance of

the processing chamber to a characteristic impedance of the power source, and a
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directional coupler disposed between the power source and the matching network,
the directional coupler comprising a main line extending between an input port and a
transmitted port, wherein the input port receives and transmits the forward power
from the power source to the transmitted port, and the transmitted port receives and
transmits the forward power from the input port to the processing chamber, a
coupled line extending between an isolated port and a coupled port, wherein the
coupled port transmits a portion of the forward power from the input port to a first
sensor and a first resistive load, and the isolated port receives and transmits the
power reflected from the processing chamber to a second sensor and a second
resistive load, and a control device controls the power source to turn off the forward
power based on a predetermined condition. The predetermined condition may
comprise a first value of the forward power measured by the first sensor is different
than a second value of the power reflected from the processing chamber measured

by the second sensor.

BRIEF DESCRIPTION OF THE DRAWINGS

[0008] So that the manner in which the above recited features of the present
disclosure can be understood in detail, a more particular description of the
disclosure, briefly summarized above, may be had by reference to embodiments,
some of which are illustrated in the appended drawings. It is to be noted, however,
that the appended drawings illustrate only exemplary embodiments and are
therefore not to be considered limiting of its scope, may admit to other equally

effective embodiments.

[0009] Figure 1 is a schematic, cross-sectional view of an exemplary PECVD

chamber on which embodiments of the present disclosure may be performed.

[0010] Figure 2 is a schematic, block diagram of a detection device used to
monitor reflected RF power from the PECVD chamber according to embodiments of

the present disclosure.

[0011] Figure 3 depicts a schematic configuration of the detection device

according to embodiments of the present disclosure.
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[0012] To facilitate understanding, identical reference numerals have been used,
where possible, to designate identical elements that are common to the figures. It is
contemplated that elements and features of one embodiment may be beneficially

incorporated in other embodiments without further recitation.

DETAILED DESCRIPTION

[0013] Figure 1 is a schematic, cross-sectional view of an exemplary PECVD
chamber 100 on which embodiments of the present disclosure may be performed.
The PECVD chamber 100 includes sidewalls 102, a bottom wall 104, and a chamber
lid 106, which cumulatively define a processing region 108. A gas distribution
system 110 is disposed through the chamber lid 106 to deliver gases into the
processing region 108. The gas distribution system 110 includes a gas box 112 with
a gas inlet 114 that receives processing gases from a precursor source 111 and that
introduces processing gases into the gas box 112. The gas distribution system 110
also includes a showerhead 116 having a plurality of gas passages 118 for
distributing the processing gases from the gas box 112 into the processing region
108. The gas distribution system 110 may also include a gas box heater 120, such
as a ring-shaped, resistive heater, to heat processing gases to a desired

temperature.

[0014] The showerhead 116 is coupled to an RF power supply 122 to provide
electrical energy to the showerhead 116 to facilitate plasma formation in the
processing region 108. Thus, the showerhead 116 acts as an upper, powered
electrode. An auto-tuned RF matching network 124 is positioned between the RF
power supply 122 and the showerhead 116. In one embodiment, the RF power is
supplied at an intermediate frequency of about 10-30 MHz, for example 13.56 MHz.
In some embodiments, the RF power is supplied at a low frequency at or below
about 20 MHz, for example about 100 kHz to about 20 MHz. In some embodiments,
the RF power is supplied at a very high frequency (VHF) above 50 MHz, for example
about 60 MHz to about 200 MHz.

[0015] The bottom wall 104 defines a passage 126 for a stem 128 that supports a
pedestal heater 130. The pedestal heater 130 is configured to support a substrate
4
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101 in the processing region 108. The pedestal heater 130 includes a ground mesh
132 embedded therein, which is coupled to an RF ground. Thus, the ground mesh
132 acts as a ground electrode to facilitate plasma formation in the processing
region 108 between the showerhead 116 and the pedestal heater 130. The
pedestal heater 130 also includes one or more heating elements 134, such as
resistive heating elements, to heat the substrate 101 to a desired processing

temperature.

[0016] A control system 150 including a central processing unit (CPU) 152, a
memory 154, and support circuits 156, is coupled to the various components of the
chamber 100 to facilitate control of processing within the chamber 100. The
memory 154 can be any computer-readable medium, such as random access
memory (RAM), read only memory (ROM), floppy disk, hard disk, or any other form
of digital storage, local or remote to the chamber 100 or CPU 152. The support
circuits 156 are coupled to the CPU 152 for supporting the CPU 152 in a
conventional manner. These circuits include cache, power supplies, clock circuits,
input/output circuitry and subsystem, and the like. A software routine or a series of
program instructions store in the memory 154, when executed by the CPU 152,

causes the chamber 100 to perform plasma processes therein.

[0017] Deposition chambers that may benefit from the present disclosure include
chambers configured to deposit oxides, such as carbon-doped silicon oxides, silicon
containing films, and other dielectric materials including advanced patterned films
(APF). An example of a deposition chamber is the PRODUCER® chamber available
from Applied Materials, Inc. of Santa Clara, California. The PRODUCER® chamber
is a PECVD chamber with two isolated processing regions that may be used to
deposit carbon-doped silicon oxides and other materials. Further details of an
exemplary chamber useful for the present disclosure is described in U.S. Pat. No.
5,855,681. Although the chamber 100 is schematically depicted as a PECVD
chamber, use of the subject matter of the present disclosure may be equally

affective on other chambers, such as plasma etch or PVD chambers.

[0018] Figure 2 is a schematic, block diagram of a detection device 200 used to

~nnitae e~flaoted RF power from the PECVD chamber 100 according to
5
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embodiments of the present disclosure. While the PECVD chamber 100 of Figure 1
is shown in a simplified form and discussed, the PECVD chamber 100 may be
replaced with any suitable process chamber that utilizes plasma to perform a
desired process on the substrate, such as plasma etching, plasma-enhanced
chemical vapor deposition, or sputtering. The RF power supply 122 is connected to
the PECVD chamber 100 through the detection device 200. The RF power supply
122 supplies RF forward power through a transmission line 202 and an auto-tuned
RF matching network 124 to the electrode of the PECVD chamber 100, such as the
showerhead 116 as shown in Figure 1. The detection device 200 may function to
decouple signals related to the RF forward power, which is the power provided by
the RF power supply 122, and the reflected RF power, which is the power reflected
by the plasma load (i.e., the PECVD chamber 100). In most cases, the detection
device 200 is disposed externally to the PECVD chamber 100 and an RF power
supply 122. For example, the detection device 200 may be disposed between the
PECVD chamber 100 and the RF power supply 122. In some embodiments, the
detection device 200 may be disposed internally inside the RF power supply 122. In
some embodiments, the detection device 200 may be disposed internally inside the

auto-tuned RF matching network 124.

[0019] The transmission line 202 may be a coaxial cable having a characteristic
impedance of 50 ohms. The RF power supply 122 may be an RF generator having
a source or internal impedance of 50 ohms. Different impedance for the
transmission line and the RF generator is contemplated. The RF power supply 122
may supply the RF power at a frequency of about 100 kHz to about 200 MHz. For
example, the RF power supply 122 may supply the RF power at an intermediate
frequency of about 10-30 MHz, for example 13.56 MHz, or at a low frequency at or
below about 20 MHz, for example about 100 kHz to about 20 MHz, or at a very high
frequency (VHF) above 50 MHz, for example about 60 MHz to about 200 MHz. In
one embodiment, the RF power supply 122 i a 13.56 MHz RF generator. If desired,
the RF power supply may have two or more RF generators operating at different
frequencies as discussed herein. The RF power supply 122 may include an output

device (not shown), which matches the non-standard output impedance of the RF



WO 2016/048449 PCT/US2015/042742

power source to the industry standard characteristic impedance of the coaxial cable

of 50 ohms, for example.

bRl

[0020] Ideally, the net combined impedance “Z’.” (i.e., plasma load impedance
“Z/* and auto-tuned RF matching network’s impedance “Znacn’) is equal to the
characteristic impedance of source impedance (i.e., RF power supply’s internal
impedance “Zs"), that is, Z’) = Z; + Znaen = Zs. Under such a circumstance, the
transmission line is matched to the load and source impedances and no power
reflections occur in the transmission line 202. Under normal conditions, however,
impedance mismatching exists in the characteristic impedance of the transmission
lines, source impedance, and/or load impedance due mainly to plasma excursions
(such as arcing) which result in abrupt change in plasma load impedance “Z;".
Therefore, Z'; = Z; + Znawen # Zs. Unwanted power reflections also occur when the
characteristic impedance of the transmission line is not matched to the load and
source impedances. As a result, the plasma processing of the substrate is
negatively affected. In order to promptly detect plasma excursions and identify
undesired plasma excursions, the detection device 200 can be disposed at any
desired point in the transmission line 202 between the RF power supply 122 and the
PECVD chamber 100, for example between the auto-tuned matching network 124
and the RF power supply 122. The detection device 200 may be a directional
coupler, a directional wattmeter, or any suitable component having a function similar
to the directional coupler or wattmeter. For example, the detection device 200 may
be a component capable of monitoring the reflected RF power from the PECVD
chamber 100 by measuring the RF voltage, RF current, and/or their relative phase.

In one embodiment, the detection device 200 is a directional coupler.

[0021] The detection device 200 may include a plurality of conductor lines
coupling to the transmission line 202 to transmit the RF forward power and/or RF
reflected power. In one embodiment, the detection device 200 may include an input
port 206 configured to receive and transmit the RF forward power from the RF
power supply 122, a coupled port 214 configured to transmit a portion of the RF
forward power from the input port 206 to a sensor 216 and a resistive load 218, and

a transmitted port 208 configured to receive and transmit the RF forward power from

7
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the input port 206, less the portion that went to the coupled port 214, to the PECVD
chamber 100. The detection device 200 may also include an isolated port 212
configured to receive and transmit the RF power reflected from the plasma load to a
sensor 220 and a resistive load 222. The RF power reflected from the plasma load
goes through the detection device 200 backwardly via the transmitted port 208 to the
isolated port 212. The detection device 200 may provide a control device 221
connecting to the sensor 216 and the sensor 220. The control device 221 controls
the RF power supply 122 and thus the RF forward power provided by the RF power
supply 122 based on the measured powers from the sensors 216, 220, as will be

discussed in more detail in Figure 3.

[0022] Figure 3 depicts a schematic configuration of the detection device 200
according to embodiments of the present disclosure. In some embodiments, the
detection device 200 may include a main line 204 extending between the input port
206 and the transmitted port 208, and a coupled line 210 extending between the
isolated port 212 and the coupled port 214. The use of two separate conductor lines
(i.e., the main line 204 and the coupled line 210) allows the forward RF power and
the reflected RF power to be measured decoupled from one another. As discussed
above, the input port 206 is configured to receive and transmit the RF forward power
from the RF power supply 122 to the transmitted port 208. The transmitted port 208
is configured to receive and transmit the RF forward power from the input port 206 to
the plasma load (i.e., the PECVD chamber 100) through the auto-tuned matching
network 124 (not shown, see Figure 2). The coupled port 214 is configured to
transmit a portion of the RF forward power from the input port 206 to the sensor 216
and the resistive load 218. The detection device 200 may include a power divider
224 or the like to equally split the RF forward power from the RF power supply 122
so that half of the RF forward power is transmitted to the transmitted port 208 and
another half of the RF forward power is transmitted to the coupled port 214. The
isolated port 212 is configured to receive and transmit the RF power reflected from
the plasma load to the sensor 220 and the resistive load 222. While a 50-to-50%
split ratio is discussed herein, any other split ratio is also contemplated depending

upon the application. For example, about 20% to about 95% of the RF forward
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power received at input port 206 may be transmitted to the transmitted port 208 and

the rest of the RF forward power is transmitted to the coupled port 214.

[0023] The RF forward power and the reflected RF power can be decoupled from
the transmission line 202 with different coupling factors. Different coupling factors
can be realized by positioning and coupling the main line 204 and the coupled line
210 at different separations from the transmission line 202. As the coupling factors
are also influenced by the length and width of the conductor lines (i.e., the main line
204 and the coupled line 210), and the width and the length of the transmission line
202, the coupling factors can be adjusted by disposing the transmission line 202, the
main line 204, and the coupled line 210 in different planes. In some embodiments,
the main line 204 and the coupled line 210 may be offset from each other to create a
coupling area 226, which reduces or prevents coupling between the main line 204
and the coupled line 210 and therefore reduces or prevents errors in the
measurement results. If desired, multiple coupling areas or sections may be used.
In some embodiments, certain portions of the main line 204 may be bent outside of
the coupling area 226. In the coupling area 226, the main line 204 may extend in
parallel to the transmission line 202 (not shown, see Figure 2). Similarly, in some
embodiments certain portions of the coupled line 210 may be bent outside of the
coupling area 226. In the coupling area 226, the coupled line 210 may extend in

parallel to the transmission line 202.

[0024] The coupled port 214 is directly or indirectly connected to the sensor 216,
which can be a power meter, a voltage/current (V/I) sensor, or the like. The sensor
216 is connected to the resistive load 218 which may have a load resistance that
matches the real output impedance of the RF generator. In one embodiment, the
resistive load 218 has a load resistance of 50 ohms. The sensor 216 is used to
sense and measure the split RF forward power passing through the coupled port
214. Particularly, the resistive load 218 serves to absorb any power reflections
produced by circuits and/or measurement so that no new power reflections are
produced that can potentially cause measurement errors at the other conductor line,
for example the coupled line 210. Accordingly, the detection device 200 can

measure the RF forward power more precisely because the impact of undesired

9
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reflections on the measurements is reduced or eliminated. Similarly, the isolated
port 212 is directly or indirectly connected to the sensor 220, which can be a power
meter, a voltage/current (V/1) sensor, or the like. The sensor 220 is connected to the
resistive load 222 which may have a load resistance that matches the plasma load
impedance and auto-tuned RF matching network’s impedance. In one embodiment,
the resistive load 222 has a load resistance of 50 ohms. The sensor 220 is used to
sense and measure a portion of the power reflected from the plasma load passing
through the isolated port 212. The sensor 220 may measure the reflected power at
a sampling time of about 100 nanoseconds to about 0.5 second, such as between
about 10 nanoseconds and about 0.2 second, for example about 50 microseconds
to about 0.1 second. As will be discussed in more details below, the sensor 220
serves as a reference meter, which compares the measured reflected RF power with
the split RF forward power measured by the sensor 216 to determine if the RF
power supply 122 needs to turn off its power due to undesired plasma excursions in
the PECVD chamber. The resistive load 222 serves to absorb any power reflections
produced by circuits and/or measurement so that no new power reflections are
produced that can potentially cause measurement errors at the other conductor line,
for example the main line 204. Accordingly, the detection device 200 can measure
the RF reflected power more precisely because the impact of undesired reflections
on the measurements is reduced or eliminated. In some embodiments, the load
resistance of the resistive loads 218, 222 may correspond within a suitable tolerance
(less than £10%, for example less than £5%) to the characteristic impedance of the

conductor lines (i.e., the main line 204 and the coupled line 210).

[0025] The length of the main line 204 and the coupled line 210 in the coupling
area 226 generally has a length of approximately a quarter of a wavelength (M4). In
some embodiments, the length of the main line 204 and the coupled line 210 in the
coupling area 226 may be less than M4. In some embodiments, the length of the
main line 204 and the coupled line 210 in the coupling area 226 may be less than
M8. In some embodiments, the length of the main line 204 and the coupled line 210
in the coupling area 226 may be less than A/10. The dimensions of the detection
device 200 may be kept relatively small by controlling the length of the main line 204

and the counled line 210. In addition, the coupling between the main line 204 and
10
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the coupled line 210 due to electrical and magnetic fields can be minimized if the
main line 204 and the coupled line 210 in the coupling area 226 are relatively short,

for example less than M4.

[0026] In operation, the RF power supply 122 (having an internal impedance “Z’
of pure 50 ohms resistance, for example) delivers an RF forward power via the
transmission line 202 (having a characteristic impedance “Z,” of 50 ohms, for
example) to the detection device 200, the auto-tuned RF matching network 124, and
to the PECVD chamber 100 to form a plasma between upper and lower electrodes.
The characteristic impedance of the transmission line 202 is matched with the
internal impedance of the RF power supply 122, i.e., Zs = Z,, in order to have all the
forward power passing through the interface between the output of the RF power
supply and the transmission line without any power reflected back. The RF forward
power passes through the input port 206 and equally splits into the transmitted port
208 through the main line 204 and into the coupled port 214 through the coupled line
210 via coupling. The split RF forward power is measured by the sensor 216 to
obtain a first value of the RF power (i.e., RF forward power). The split RF forward
power is then terminated at the resistive load 218, which has a load resistance of 50
ohms, for example. Meanwhile, the auto-tuned RF matching network 124
dynamically tunes and matches the net combined impedance “Z’” to 50 ohm, i.e.,
the characteristic impedance “Z,” of the transmission line. The voltage reflection
re Zy - Zg
coefficient is given by Zi+ Zs | and the RF reflected power is given by Prer =T ?x

Pra, where Prq is the RF forward power.

3481

[0027] When the net combined impedance “Z’/* and the characteristic impedance
“Zy," of the transmission line are tuned, the RF reflected power is near OW as
indicated by I' =0 and P.r = 0. In case of unstable plasma such as arcing, plasma
load impedance “Z,“ is changed abruptly, which leads to severe mismatch (Z; # Z,)
since the net combined impedance “Z’;” (i.e., plasma load impedance “Z," and auto-
tuned RF matching network’s impedance “Znacn’) is not equal to the characteristic
impedance of the transmission line “Z,". When such a mismatch (Z’. # Z,) occurs,

those mechanically motor-driven capacitors in the auto-tuned matching network 124

11
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may not respond as quickly as an arc. As a result, a small fraction of the RF power
(e.g., 0.1%) reflected from the plasma load will go through the detection device 200
backwardly as indicated by ' # 0 and P.r > 0. The RF reflected power passes
through the transmitted port 208 to the isolated port 212 through the coupled line
210 via coupling. The RF reflected power is measured by the sensor 220 to obtain a
second value of the RF power (i.e., RF reflected power). The RF reflected power
may be measured and monitored about every 100 nanoseconds to about 0.5
seconds, such as about every 10 nanoseconds to about every 0.5 second, for
example about every 50 microseconds to about every 0.1 second. The RF reflected
power is then terminated at the resistive load 218, which has a load resistance of 50

ohms.

[0028] During operation, the control device 221 controls the RF power supply 122
by comparing the second value (i.e., the RF reflected power) to a threshold value,
which can be an absolute power value, or a relative ratio of the first value (i.e., the
split RF forward power), or a ramping rate (i.e., the amount of change of the RF
power reflected power divided by the time for the change). If the second value is
different than the threshold value, the control device 221 will immediately send a
control signal to the RF power supply 122 to turn off its RF power. As the sensor
220 measures the RF reflected power at a high frequency sampling rate, the control
device 221 can direct the RF power supply 122 to shut off RF forward power
instantaneously at the same moment of detecting the first reflected power spike
exceeding the threshold value, thereby preventing further damage to the substrate
and the chamber hardware. Various predetermined conditions may trigger the
shutting off of the RF power supply. For example, the control device 221 may cause
the RF power supply 122 to shut off the RF forward power if the second value (i.e.,
the RF reflected power) is larger than zero Watt, or if the second value is larger than
a spike level, e.g., 50 Watts. In some embodiments, the control device 221 may
direct the RF power supply 122 to shut off the RF forward power if the second value
exceeds a predetermined percentage of tolerance for critical damage to the
substrate or chamber hardware, for example about 1% to about 10%, such as about
5%. Additionally or alternatively, the control device 221 may cause the RF power

aunnlv 122 to shut off the RF forward power if the second value exceeds a suitable
12
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percentage of tolerance (as discussed above) a predetermined number of times, for
example about 2-4 times. It has been observed that the detection device 200 is able
to detect any spike in the RF reflected power due to an arc as fast as about 10

nanoseconds to about 0.5 second, without any miss or false alarm.

[0029] Benefits of the present disclosure include the ability of detecting real arcs
in real time with no miss and no false alarm by using a detection device disposed
between the plasma chamber and an RF power supply. The detection device is in
the form of a directional coupler, which connects to a control device that compares
and determines if the split RF forward power (from the RF power supply) measured
at the coupled port of the direction coupler and the RF reflected power (from the
plasma chamber) measured at the isolated port of the direction coupler are different
from each other, or are different from each other by a predetermined percentage of
tolerance for critical damage to the substrate or chamber hardware, or are different
from predetermined threshold value, either absolute or relative ratio, or ramping rate.
The control device can direct the RF power supply to immediately shut off RF
forward power as soon as measured power difference exceeding predetermined
threshold value is detected, thereby preventing further damage to the substrate and
the chamber hardware. In addition, while disclosed in an embodiment shown in
Figure 2, the detection device 200 along with sensors 216 and 220, resistive loads
218 and 222, and control device 221, are disposed externally between the auto-
tuned RF matching network and an RF power supply, it can be understood that they
can be re-packaged and integrated either with the RF power supply or with the auto-
tuned RF matching network without departing the basic scope of this disclosure.

One can benefit from the above integration in terms of compact sizes and costs.

[0030] While the foregoing is directed to embodiments of the present disclosure,
other and further embodiments of the disclosure may be devised without departing
from the basic scope thereof, and the scope thereof is determined by the claims that

follow.

13
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What is claimed is:

1. A method for detecting unstable plasma in a substrate processing chamber,
comprising:

providing a forward power from a power source to the substrate processing
chamber through a detection device;

splitting the forward power passing through the detection device at a
predetermined ratio to obtain a first value of the power to the substrate processing
chamber;

measuring a reflected power from the substrate processing chamber to obtain
a second value of the power from the substrate processing chamber; and

directing the power source to turn off the forward power based on a 50-to-
50% split ratio.

2. The method of claim 1, wherein the reflected power from the substrate
processing chamber is measured about every 100 nanoseconds to about every 0.5

second.

3. The method of claim 1, wherein the predetermined condition comprises the

second value of the power is different than the first value of the power.

4, The method of claim 1, wherein the predetermined condition comprises the
second value of the power is larger than zero Watt.

5. The method of claim 1, wherein the predetermined condition comprises the
second value of the power is larger than a threshold value that is either an absolute

power value, a relative ratio of the first value, or a ramping rate.

6. The method of claim 1, wherein the detection device is a directional coupler

or a directional wattmeter.

14
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7. The method of claim 1, wherein the detection device is disposed external to

the power source and the substrate processing chamber.

8. The method of claim 1, wherein the detection device is disposed internally

inside the power source or internally inside auto-tuned RF matching network.

9. A method for detecting unstable plasma in a substrate processing chamber,
comprising:

providing a forward power from a power source to a plasma load through a
transmission line;

monitoring power reflected from the plasma load by a detection device
disposed between the power source and the plasma load, the detection device
comprising:

a main line extending between an input port and a transmitted port,
the input port receiving and transmitting the forward power from the power
source to the transmitted port, and the transmitted port receiving and
transmitting the forward power from the input port to the plasma load; and

a coupled line extending between an isolated port and a coupled
port, the coupled port transmitting a portion of the forward power from the
input port to a first sensor and a first resistive load, and the isolated port
receiving and transmitting the power reflected from the plasma load to a
second sensor and a second resistive load;

controlling the power source to turn off the forward power if a second value of
the power reflected from the plasma load measured by the second sensor is
different than a first value of the forward power measured by the first sensor; and

splitting the forward power at the main line into the transmitted port and the

coupled port at a 50-t0-50% split ratio.

10.  The method of claim 9, wherein the main line and the coupled line are offset
from each other to define a coupling area.

15
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11.  The method of claim 10, wherein the main line and the coupled line are

extended in parallel to the transmission line in the coupling area.

12.  The method of claim 10, wherein the main line and the coupled line each has

a length of approximately a quarter of a wavelength or less in the coupling area.

13.  The method of claim 9, wherein controlling the power source to turn off the
forward power further comprises if the second value is larger than a threshold value
that is either an absolute power value, or a relative ratio of the first value, or a

ramping rate.

14.  The substrate processing system of claim 13, wherein the second value of
the power reflected from the plasma load is provided about every 100 nanoseconds

to about every 0.5 second.

15. A processing system, comprising:

a processing chamber defining a substrate processing region therein;

a power source providing a forward power to the processing chamber through
a transmission line;

a matching network tuning plasma load impedance of the processing
chamber to a characteristic impedance of the power source; and

a directional coupler disposed between the power source and the matching
network, the directional coupler comprising:

a main line extending between an input port and a transmitted port,
wherein the input port receives and transmits the forward power from the
power source to the transmitted port, and the transmitted port receives
and transmits the forward power from the input port to the processing
chamber;

a coupled line extending between an isolated port and a coupled
port, wherein the coupled port transmits a portion of the forward power

from the input port to a first sensor and a first resistive load, and the

16
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isolated port receives and transmits the power reflected from the
processing chamber to a second sensor and a second resistive load;

a control device controls the power source operated to turn off the
forward power if a second value of the power reflected from the
processing chamber measured by the second sensor is different than a
first value of the forward power measured by the first sensor; and

a power divider disposed at the main line to split the forward power

into the transmitted port and the coupled port at a predetermined ratio.
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