SYSTEM AND METHOD FOR ANALYZI NG PONER FLOW I N
SEM CONDUCTOR PLASMA GENERATI ON SYSTEMS

WEROGSIREFERENCE TO RELATED APPLI CATI ON [ 0001] PdtiUS2006/018087
application clains the priority filing benefit of U S.
Provi sional Application Serial No. 60/689, 769 filed
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of power flow in RF transm ssion systens, and nore
particularly relates to systens and nethods for
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[0003] RF plasma reactors of the type employed in processing semiconductor

wafers require a large amount of RF power. Basically, the technique involves the
ignition and maintenance of a processing plasma through the application of electric
power to the plasma. The plasma interacts with gases introduced and with the target
and wafer surfaces involved to affect the desired processing results.

[0004] Due to the increasing complexity of semiconductor devices, tighter and
tighter control over the manufacturing process has been required. In order to achieve
tighter process control in modern plasma processing, it is desirable to obtain more
information about the associated RF voltage and current signals under actual
processing conditions. This usually has been done by available V-I probes inserted in
the power transmission path to measure the fundamental and harmonic signal power
being directed to the plasma generation system.

[0005] Those skilled in the art have recognized that the fundamental and
harmonic amplitude and phase angle relationships of the RF voltage and current
signals account for much of .the variation in process performance during

semiconductor wafer manufacture. Due to non-linearity of the processing plasma,



har noni ¢ anplitude and phase angle rel ati onshi ps of
the RF voltage and current signals account for nmuch of
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fundamental frequencies. Information characterizing the frequency content of the RF

excitation signals can then be monitored to regulate and control power flow to the
processing chamber in order to improve manufacturing yields, and make plasma
processing more controlled and repeatable.

[0008] Although the present invention is described herein in terms of a system
and method for analyzing power flow in semiconductor plasma generators, those
skilled in the art will appreciate that the present invention may also be used in a
variety of other power transmission systems including,' but not limited to magnetic
resonance imaging (MRI) systems and industrial heating systems such as inductive and
dielectric heating systems. For example, in MRI systems, analysis of harmonic

amplitude and phase information may be utilized to control and regulate magnetic



processing nore controll ed and repeatabl e. [0008]
Al t hough the present invention is described herein in
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universal serial bus (USB) and/or Ethernet connection is provided for connecting the

measuring receiver to an external computer for additional numerical and graphical
analysis. A

[0010] Also disclosed is a method for measuring and analyzing power flow
parameters in an RF transmission system wherein a plurality of measuring probes are
inserted in the power transmission path to determine impedance match, insertion loss
and power flow. The networked probes may provide two-port measurements, and
may be used to determine input impedance, output impedance, insertion loss, internal
dissipation, power flow efficiency, scattering, and the effect of plasma non-linearity
on the RF signal. In one exemplary embodiment of the present invention, a single
measuring receiver is employed to retrieve data from several probes, wherein the data

from the several probes is fed to an external computer for post processing. In another



measuring receiver to an external conputer for

addi tional nunerical and graphical analysis. [0010]
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[0016] Fig. 5 is a general block diagram illustrating a multiple probe

networking arrangement for carrying out a process of the present invention.

DETAILED DESCRIPTION OF INVENTION
[0017] With reference to the drawings which illustrate the basic concepts of

the present invention, Fig. 1 is a general block diagram illustrating a system for
measuring the fundamental and harmonic amplitude and phase relationships in an RF-
based excitation system. One or more alternating power sources 2 generate
alternating voltage and current signals which are transmitted via RF transmission lines
4 through a matching network 5 to a tool chuck 40, which may for example be a
semiconductor plasma reactor. For purposes of the present disclosure, the term
‘transmission line’ is meant to encompass all known or later developed means for
transmitting electrical signals including, but not limited to coaxial cable, waveguide,

microstrip, twisted-pair, copper wire, and the like.



the present invention; and [0016] Fig. 5 is a general
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Wth reference to the drawings which illustrate the
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wathghe center conductor 102 of the probe 8 and associated transmission line 4. The

outer conductor of the current sensor 12 is modified to act as a Faraday Shield, so that
extraneous capacitive coupling is eliminated and only the mutually coupled RF current
produces an output voltage. The voltage at one end of the current sensor loop 12 is
connected to the measuring receiver interface in a manner known in the art to measure
the current signals transmitted through the transmission line 4.

[0021] Referring again to Fig. 2, the voltage sensor 10 typically comprises a
disk that is capacitively coupled to the center conductor 102 of the probe 8. The
voltage sensor 10 is connected to the input of the transmission line, which in turn is
connected to the measuring receiver interface to receive and measure the RF voltage
signals from the transmission line 4.

[0022] In one exemplary embodiment of the invention, the cavity region
between the probe housing 101 and the center conductor 102 may be filled with a

dielectric material in order to raise the breakdown voltage so that the measuring probe



conprises a digital interface (not shown) for
upl oadi ng tenperature readi ngs and calibration data
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P ok, FEonh bR b o 8 o, 65 At Barapsmission tin
asgdvalip eisseifn  danswar exemfiiry N@mbodiment, the transmission line assembly
consists of two RF cables and a data cable. A digital memory chip is located inside
the data cable connector, allowing calibration data from the transmission line
assembly to be stored within the transmission line assembly itself. The measuring
receiver is adapted to download calibration data from the transmission line and the
probe housing via a digital interface. In this way, the calibration process of the
present invention allows each component to be calibrated individually.  This
individual calibration process advantageously allows interchangeability of individual
components in the field without the requirement of performing a total system re-
calibration.

[0025] In operation, the temperature of the center conductor 102 is constantly

momnitored using an infrared thermometer 105, and the reading is then compared to the



caused by heating of the center conductor 102. [0024]
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converter 15 may be used to convert the RF signals and harmonics thereof to much

lower IF frequencies which are then compatible with bandwidth restrictions of existing
high-resolution analog-to-digital (A/D) converter technology. In this embodiment, a
pair of sampling gates 16 are part of a zero-order-hold circuit that captures a small
sample of the RF signal and holds that value until the next sample is taken. The
sampling gates are closed by a narrow pulse of about 300 picoseconds duration.
During the instant that the sampling gate is closed, the RF signal voltage is impressed
on a sampling capacitor. Sampler amplifiers 17 are employed to buffer the voltage on
the sampling capacitor so that the level is maintained between samples. The bandwidth
of the sampler is sufficiently wide so as not to significantly affect the phase of signals

up to about 1000 MHz. Predictable delay related phase shift can be calibrated out in



conduct or/ housi ng 101. Sinultaneously, the parasitic
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adj usts the neasured i npedance i nformation to account

for the parasitic reactance of the probe. [0026]
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contemplated that the sampling means may comprise a combination of a Nyquist
sampling rate analog-to-digital converter and a band-pass sampling analog-to-digital
converter for sampling and digitizing the RF voltage and current signals. It is known
that Nyquist sampling acquires at least two samples per cycle of the highest frequency
of interest. Once the signals have been digitized, digital signal processing circuitry 22
does additional signal processing including data capture management, mathematical
transforms, filters, scaling, and creation of mathematically alterable analog outputs for
external control systems. A high speed universal serial bus (USB) or Ethernet port 24
serves to comnect the probe assembly to an external computer 21 for additional
numerical and graphical analysis. A pair of digital-to-analog converters 26 may be

employed to receive output from the digital signal processor 22 in order to reconstruct
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t he phase of signals up to about 1000 MHz. Predictable
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digital signal processing circuits 22. Referring to
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impedance parameters can be converted to admittance or scattering parameters.

[0032] Turning now to Fig. 5, there is illustrated a method for analyzing
power flow in an RF based excitation system, wherein two or more measuring probes
8a, 8b, 8c are inserted at different points in the RF power transmission line 4 so as to
reveal information about power flow parameters in the RF excitation system. For
example, measuring probe 8a may be inserted between the generator 2 and
transmission line 4, whereas measuring probe 8b may be inserted between the
transmission line and matching network 5, and probe 8c may be inserted between the
matching network 5 and the tool chuck 40. The outputs from the networked probes
can then be combined to reveal information about the impedance match and insertion

loss of the components in the RF excitation system.



of interest. Once the signals have been digitized,
digital signal processing circuitry 22 does additional
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mat hemati cal transforns, filters, scaling, and
creation of mathematically alterabl e anal og outputs
for external control systens. A high speed universal
serial bus (USB) or Ethernet, port 24 serves to connect
the probe assenbly to an ext¥r nal conmputer 2 1 for
addi ti onal nunerical and graphical analysis. A pair of
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digjtal signal processing section conprises voltage,
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cOREPHiSHEAD: o P JE e B oS HoEh DA NBHBIERS o rcmane fauls and
iBlopk SpeStion R an§ bR MR finctlof blocks during normal tool operation. The
probes may be checked periodically in a maintenance mode, and the measurement data
may be analyzed to identify opportunities for process improvement. In a preferred
embodiment, the measuring probes are constructed to isolate the voltage and current
signals and maintain sufficient RF bandwidth to preserve up to at least fifteen
harmonics of the highest test (i.e. excitation) signal frequency, although it is
contemplated that more or less harmonics of the test signal could be preserved without
departing from the scope of the present invention.

[0035] As discussed above, a single measuring receiver may be employed to
retrieve data from several probes, and the data from the several probes may be fed to
an external computer for post processing. Multiple measuring receivers may be

connected to each of the impedance probes individually, thereby allowing for “real



I npedance paraneters can be converted to admttance or
scattering paraneters. [0032] Turning nowto Fig. 5,
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in an RF based excitation system wherein two or nore
nmeasuri ng probes 8a, 8b, 8c are inserted at different
points in the RF power transmssion line 4 so as to
reveal information about poggr fl ow paranmeters in the
RF excitation system For exanple, neasuring probe 8a
may be inserted between the generator 2 and
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pomepﬁﬁr%&ﬁéggqéﬂ%ggghce |l evels at different points in
the power application path. In this way, the
characteristics of transm ssion |ines 4, matching
devices 5, connectors, and reactor plasma itself can
then be quantified, for exanple, by calcul ating

two- port inpedance, adm ttance, transm ssion, and/or
scattering paraneters associated with pairs of probes.
The cal cul ations reveal the characteristics of each

conponent at the fundanental excitation frequency and

each of the harnonics sinmultaneously. For exanple,

two- port neasurenents fromthe probes 8b, 8c

posi tioned before and after the matching network,

respectively, can be used to determ ne input or output

i npedance (admittance), insertion |loss, interna

di ssi pation, and power transm ssion efficiency at the
fundanmental or the harnonic frequencies of the RF

signal. Measurenents from probe 8c positioned between
the matching network 5 and the tool chuck 40 can be

used to reconstruct the RF voltage and current



wavefornms to observe the effect of plasm
non-linearity on the RF signals. [0034] The exenpl ary
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about the fundanmental and harnonic anplitude and phase
rel ati onships of the RF excitation signals. This
i nformati on can then be nonitored to determ ne faults
and i nproper operation in aﬂ)] of the functional bl ocks
during normal tool operatio The probes may be
checked periodically in a_mjntenance node, and the
nmeasur enent data may be &éaﬁ\_%&éd to identify
opportunifie
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ments thereof. It wll, however, be evident that
various nodifications and changes nay be made

thereunto i t hout i fromthe braader. spirit

and gcope § SYstran Pﬂag Y oﬁgﬁ@r GEFPRELe AT ﬁq{s %1 [ogv\%onverter
& REOR b3 4d Mh@itgné@ claimed is:CLAIMS 1. A system

or anéPyZ|ng power flow in an RF power transm ssion

line, conprising:

3. The system of claim 1, wherein said probe and said transmission line
comprise a digital storage means for storing calibration data from said probe and said

transmission line, respectively.

4. The system of claim 3, wherein said measuring receiver comprises a
digital interface for receiving said calibration data from said probe and said

transmission line.

3. The system of claim 4, further comprising a computer connected to
said digital signal processor for additional numerical and graphical processing of said

digital signals.



a measuring probe having a voltage sensor and a
current sensor for sensing RF voltage and current
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recei ver connected to said voltage and current sensors
for receiving said RF signals; a sanpling neans for
converting said RF signhals to digital signals, said
digital signals conprising litude and phase
i nformati on representing a fuhdanental frequency of
said RF signals and a predeterm ned nunber of
har ndhi cs 7316 syslem efuridiamenfuather cemprsiny an aqublizerdiogiomiensate

' i S r_char.acterizing said
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fl ow paraneters and to reveal anplitude and phase
angl e rel ati onshi ps between said fundanmental and
har mohi ¢ fiisduesa o slaim 1, pheredy said gamapling meams tomprises a band-
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conprjse a digital storage means for storing _
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for receiving said calibration data from said probe
and said ansnm ssion line. 5. The systemof claim4,
furtHer cg%ﬁr?yéfeﬂ’go i it Shersdm ek sHRlBgsEpans comprises a
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seypliegrmfogtoadigitdd codvertehfor sampiing sidBFaignagual i zer to
conpensate for fluctuations in said RF voltage and
current signals. 7. The systemof claiml1l, wherein
sai d jganplizpg C i g€ ng.: '
anal oot o o R Sl oA B Py O SRR e Sumber of
heimgerd¢sconsists of up to about fifteen harmonics of said fundamental frequency.

11. The system of claim 1, wherein said power flow parameters comprise
input impedance, insertion loss, internal dissipation, plasma non-linearity, power flow

efficiency, scattering, and combinations thereof.

12. A method of analyzing power flow in an RF transmission line,

comprising the steps of:

connecting at least one measuring probe to said RF transmission line;

receiving RF voltage and current signals from said RF transmission line
via said at least one measuring probe;

converting said RF signals to corresponding digital signals, said digital
signals comprising amplitude and phase information representing a fundamental
frequency of said RF signals and a predetermined mumber of harmonics of said

fundamental frequency; and



8. The systemof claim 1, wherein said sanpling neans
conprises a Nyquist sanpling rate anal og-to-digital
weoweasIses for sanpling said RF signals. 9. ThECHYS10061018087

of claim1l, wherein said sanpling neans conprises a

conmbi nation of a Nyquist sanpling rate

anal og-to-digital converter and a band-pass sanpling

anal og-to-digital converter {4‘” sanpling said RF

signals. 10. The systemof claim1, wherein said

predet erm ned nunber of harnmonics consists of up to
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efficiency, scattering, and conbinations thereof. 12.
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frequency; andprocessing said digital signals so as to

anal yzae pqwermé a ters 29| [t .

and phase angl eth?dévl (gt Flgﬁigh%sﬁlgfg?r \Nteggﬁlbgglﬁg tpgﬁéﬁﬁeﬁfg’fmmg

califfatieny gk dTdm egiderati lesst 0% pfoke nmd hedt afanshéssion1Bne and

f her conpri.sin he steps of: converting said

da}l’e'{dlltof@]lngﬁl r?gllﬂgatl“gj éﬂﬁaafooagmg?sé‘ﬁ‘&g?(?%i’eés to reconstruct

said RF signals; and transmtting said digital signals

to an external conputer for additional
The method of claim 14, further comprising the steps of interchanging

said at least one probe and/or said transmission line, and downloading updated
calibration data from said interchanged probe and/or transmission line to said

measuring receiver.

16.  The method of claim 15, further comprising the step of displaying

results of said processing steps in a user controlled format.

17. The method of claim 16, further comprising the steps of:
connecting an RF power source and a tool chuck to said RF
transmission line;
connecting a matching network to said RF transmission line between
said power source and said tool chuck;
connecting at least one of said probes between said power source and
said matching network, and connecting another one of said probes between said

matching network and said tool chuck.



nunerical and graphical processing. 14. The nethod of
claim 13, further conprising the steps of storing
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transm ssion |ine and downl oadi ng said calibration
data to a neasuring receiver. 15. The nethod of claim
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sanpling frequency consists of at | east two sanples

taken for each cycle at the highest said predeterm ned
har noni ¢ of said fundanental frequency. 20. The net hod

of claim 12, wherein said predeterm ned nunber of

har noni cs consi sts of up to about fifteen harnonics of
sai d fundanental frequency.



