METHODS AND APPARATUS FOR NORMALIZING OPTICAL
EMISSION SPECTRA
BACKGROUND OF THE INVENTHON
[0001] Advances in plasma processing have facilitated growth in the semiconducior
industry. During plasma processing, diagnostic tools may be emploved to ensure high vield
of devices being processed. Optical emission spectroscopy (OES) is often utilized as a
diagnostic tool for gas-phase monitoring of etchants and etched products to maintain tight
control of process parameters.
[0002) In the optical interrogation of plasma, there s a characteristic glow, 1.e,
specific optical emission spectram, associated with a plasma discharge. Plasma discharge
may have a spectral definition that may be a function of multiple vanables including, but not
himited to, constituent species, pressure, encrgy density, driving power, and the like. The
spectrum, containing tut not himited 1o deep ultra-violet {UVY through far infra-red {IR)
wavelengths, may typically be observed employing a single channel spectrometer.
[0003] Optical mterrogation of plasma may be performed by collecting the optical
emission spectrum via a collunator through a quartz windew of a plasma etch chamber. The
spectral mformation, transmitted via a collector fiber optic bundle, may be measared by the
signal channel of a spectrometer. With the spectral information from the optical
nterrogation, a considerable amount of information on constituent species may be collected
and analyzed to provide guidance for process monitoning and control during plasma
processing. However, optical interrogation of plasma employing OES has mainly been
himited to qualitative analysis,
[0004) Variability, in particular, may be the main Hmitation hindering OES from
being employed for quantitative analyses in the optical mterrogation of plasma in g
manufacturing environment. For example, variability may be observed from system-to~
systent in a device fabrication environment. System-to-system variability may manifest in
differences i the conditions between each plasma processing system. in another example,
system-to-system variability may be observed between measurement systems, e,
spectrometer to spectrometer. In yet another example, system-to-system variability may be
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discerned in the differences in the setup of each distinet plasma processin
distinct spectrotneter.  As can be appreciated by those skilled in the art, variability from

system-to-system in optical interrogation of plasma during processing in a manufacturing
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enviromment may provide a high level of uncertamty limiting OES from being employed as a
quantitative tool for plasma monitoring and/or control.

[0005) Another source of vartability that may limit OES from being emploved for
quantitative analyses in a manufacturing envivormment may be vanation within g svstem. For
example, the efficiency of coupling the fiber-optic bundle to the plasma chamber and/or to
the spectrometer may be a source of variability within the svstem.

{0006] In another example, the geometry and mechanics of the plasma chamber may
lead to vanability, e.g., n-situ measurement of plasma signals, within the system. Plasma
processing typically emplovs a low pressure relative to the atmosphere requuring a vacoum
chamber. A window in the vacuum-chamber wall may need to be of a suitable material, e.g.,
the window may be constructed from quartz, to transmit in the desired wavelength dependent
attenuation along the optical path to measure the plasma spectral signal. However, pressure
control in some plasroa processing systermn may employ a confinement ring setup which mayv
partially occlude the optical path between the plasma and the spectrometer. Furthermore, the
confinement rings may move relative to the iterrogation window(s depending on the
desired plasma pressure and may also experience deposition andfor etching. Thus, the
occlusion of the optical path, the deposition, and/or the etching mav induce variability within
the system making quantitative analysis employing OES impractical.

0007] Variability due to degradation of components as a function of tune, 1.e., time-
to-time variation, may be yet another source of variation impeding OES from being employved
for quantitative analysis of plasma processes. For example, the aforementioned quanz
window niay be exposed to plasma during plasma processing and may expevience deposition
and/or etching. Thus over tune, the quartz window may clond up and may change the optical
property of the window. Typically, clouding of the quartz window may result in fower
plasma signal intensity in a nonlinear manner. In another time-to-time variabilitv example, a
fiber optic bundle mav degrade in optical transmission efficiency as a function of time which
may also result in lower plasma signal intensity in a nonlinear manner. As may be
appreciated from the foregoing, time-to-time variability may provide yvet another source of
uncertainty imiting the OES from being employed as a quantitative tool.

[O008] In general, many of the varigbles that define plasma may be difficult to
accurately measure m-situ. Also, there may be significant Hloctuations at multiple time scales
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m plasma which may result in changes tn spectral emission. Due to the variability associated
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with current optical iterrogation of plasma emploving OES, the task of quantitatively
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determining what plasma variables may cause enuission changes may be extremely difficult.
Thus, the use of OES may be limited to only quabitative applications such as end-point
detection, leak identification, species identification, and the like.
[0009] A potential solution niay entail employing controls to standardize OES to
reduce variability at each step in the process. For example, calibrations may be performed to
reduce variation between systems and/or instrament. Quartz windows may periodically be
cleaned to reduce clouding. Fiber-optic bundies may be replaced to attain origmal
transmission efficiency. Keyed connectors may be emploved to mount optical couplers the
same way to reduce set-up variability.
[6010] However, calibrations and controls may be amenable to laboratory
environment but may not be conducive to a manufacturing envivonment. In high vohune
manufacturing facilittes which may fabricate devices with over a hundred manufacturing
steps at high thronghput, calibrations and controls after each step mayv be tmapractical. The
calibrations of uncontrolled variations and time related degradations may require specialized
resources, Specialized resources may add cost to a manufactaring process that are extremely
cost competitive. Careful calibrations and controls may add time overhead to processing time
mereasing the cost per device bemng manufactured and decreasing thronghput. Thas, the
controls may reduce variability without addressing the capability for quantitative OES
measurements while penalizing the process with higher cost and lower throughput,
{6011} In view of the foregoing, there are desired methods and apparatus for
emploving OES as a quantitative tool for process monitoring and controt during plasma
processing.

BRIEF SUMMARY OF THE INVENTION
[0012] The invention relates, in an embodiment, to an arrangement for in-situ optical
imerrogation of plasma emission 1o quantitatively measure normalized optical emission
spectra in a plasma chamber, The arrangement includes a flash lanmp and a set of quartz
windows. The arrangement also includes a plurality of collimated optical assemblies, which
1s optically coupled to the set of quartz windows. The arrangement further includes a
phirality of fiber optic bundles, which comprises at least an ihumination fiber optic bundle, a
collection fiber optic bundle, and a reference fiber optic bundle. The arrangement more over
inchides a multi-channel spectrometer, which is configured with at least a signal chanpel and

a reference channel, The signal chanael s optically coupled to at least the flash tamp, the set
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of quartz windows, the set of collimated optical assemblies, the tluminated fiber optic
bundle, and the collection fiber optic bundle to measuare a first signal.
[0013) The above summary relates to only one of the many embodiments of the
tnvention disclosed herein and is not intended to hunit the scope of the invention, which 1s set
forth in the claims beretn. These and other features of the present mvention will be described
in more detail below i the detailed description of the invention and in conjunction with the
following figures.

BRIEF DESCRIPTION OF THE DRAWINGS
[0014] The present invention 18 iHlustrated by way of example, and not by way of
fimdtation, in the figures of the accompanving drawings and m which like reference numerals
refer to similar elements and in which:
f0015] Fig. T shows, in accordance with an embodiment of the invention, a simplified
schematic of a normalized Optical Emission Spectroscopy {OES) setup in a typical plasma
processing system for optical interrogation of plasma.
[6016] Fig. 2 shows, in accordance with an embodiment of the invention, a simplified
schematic of a first calibration setup emploving a calibrated Light source.
[0017] Fig. 3 shows, i accordance with an embodiment of the mvention, a simphhied
schematic of a second calibration setap employing a standard light source.
{0018] Fig. 4 shows, in accordance with an embodiment of the invention, a simplified
flowchart of a method for normalized OES measurements 1 real time employing a signal
channel.
[0019] Fig. 5 shows, 1 sccordance with an embodiment of the mvention, a stmphified
flowchart of a method for normalized OES measurements in real time employing a muiti-

channel spectrometer.

DETAILED DESCRIPTION OF EMBODIMENTS
[0020] The present invention will now be described in detatl with reference to a few

embodiments thereof as iltustrated in the accompanying drawings. In the following
description, numerous specific details are set forth in order to provide a thorough
understanding of the present nvention. It will be apparent, bowever, to one skilled in the art,
that the present fnvention may be practiced without some or all of these specific details. In
other instances, well known process steps andfor structures bave not been described in detail

m order 1o not unnecessartly obscure the present invention.
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[0021] In accordance with embodiments of the invention, there are provided methods
and arrangements for in~-site optical interrogation of plasma emission to quantitatively
measure normalized optical emission speetra across multiple chambers. In an example, the
tn-situ measurements of optical collection efficiency mayv be performed by interrogating the
optical collection path mn real time employing an external light source through diametrically
opposite view ports in an embodiment.

{0022 In an embodiment, the normalized OES measurement system may be
configured with an external light source, e.g., Xenon flash lamp. In an example, the Hash
tamp may have a relattvely short pulse width andfor fugh intensity signal. In an embodiment,
a multi-channel spectrometer may be emploved to simultaneously measure the emitted
signals from a plasma processing chamber and Jor the flash lamp output per pulse. Thus, the
normalized OES systemn may allow for the measurements of optical emission and/or optical
collection efficiency to attain normalized optical enussion spectra. In contrast, prior art OES
measurement svstem may not be configured with an external light source andfor a multi-
channel spectrometer.

(0023] In an embodunent, fixed coupling factors may be determined by employing
oft-line calibration measurements. In an example, a calibration may be performed employing
a calibrated light source in an embodiment. In another embodiment, a calibration may be
performed emploving a standard Light source that may be measured by both the signal
channel and‘or the reference channel of the muolti-channoel spectrometer. These calibrations
may be performed once at the spectrometer manufacturer, before shipping the OES system, to
determne the fixed coupling factors. Thus, the device manufacturer is not burdened with
calibrations that mayv add cost to the device fabrication process.

[0024] In the prior art, method for optical interrogation of plasma emploving OES has
been limited to qualitative analysis. In the disclosure herem, a method for normalized OES
measurements in real time employing a single channel of the spectrometer s discussed, in an
embodiment. The normalized QES measurement may account for the drift due to aging in
the system and the changes in the optical path due to confinement ring position. In another
embodiment, a method for normalized OES measurements in real time emploving a muldti-
channel spectrometer with external calibration measurements is discussed. The spectrometer
and optical efficiency factors may be calibrated off-line with the aforementioned calibration
methods. I an cnbodiment, the optical emission spectra may be measured and normahized

to remove the variations associated with the optical collection efficiency of the measurement
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system. As may be appreciated from the foregomng, the aforementioned methods may
facilitate quantitative analyses of normahized OES spectrum in real time across different
processing chambers.

[0025] The features and advantages of the present invention may be better understood
with reference to the figures and discussions (with prior art mechanisms and embodiments of
the invention contrasted} that follow.

[0026] Fig. I shows, in accordance with an embodiment of the tnvention, a simplified
schematic of a normalized Optical Emission Spectroscopy {OES) setup ia a typical plasma
processing system for optical mterrogation of plasma.

60271 In the implementation of Fig. 1, the optical interrogation of plasma 104 in an
etch chamber 102 may be performed to measure optical emission spectra that may be
independent of the optical efficiencies associated with variations in the measurement system.
In an embodiment, etch chamber 102 may be configured with an optional coufinement ring
assembly 134, Furthermore, etch chamber 102 may be configured with two diametrically
opposing quartz windows through which plasma 104 may be visible, in an emabodiment. In
an example, etch chamber 102 may be configured with a first quartz window 118 on an
iHumination side and a second quartz window 128 on a collection side.

FO028] As the term is employed berein, the tllumination side may be the side of the
etch chamber that meay be configured with an external hight source to deliver light source
through first quartz window 118, Whereas, the collection side may be the side of the etch
chamber that optical emission spectra associated with plasma discharged may be measured by
a spectrometer through second quartz window 128,

[0029] In an embodiment, a plurality of collimated optical assemblies, e.g., a first
collimator 116 and a second collimator 126, may be emploved to couple the two quartz
windows to etch chamber 102, In an example, quartz window 118 may be coupled to the
tthanination side of etch chamber 102 with first collimator 116, Similarly, quartz window
128 may be coupled to the collection side of etch chamber 102 with second collimator 126.
{0030] In an embodiment, the collimated optical assemblies, coupled at each quartz
windows, may be configured with converging and/or diverging optics (not shown to simphity
iHustration} that may have pre-determined angular acceptance for fiber optic coupling.

F0031] For example on the iltemination side, the hight signal from an external light
source, t.e., a flash lamp 106, may be delivered tnto etch chamber 102 via a first fiber optic

bundle 108, m an embodiment. Fiber optic bundle 108 may also be referred to as an
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tunnnation fiber optic bundle 108, herein. The flash lanp 106 may be, but not lunited to, a
Xenon flash lamp capable of delivering a high-intensity, short-pulse light beam 120, The
iHumination fiber optic bundle 108 may be configured to couple at a first end to flash lamp
106 and to couple at a second end to quartz window 118 via an optical coupler 114, w0 an
embodiment.

[0032] In the implementation of Fig. 1, the light signal 120 being delivered via
ilumnation fiber optic bundle 108 mto etch chamber 102 may be collimated through
collimator 116, In an embodiment, the intensity of light signal 120 may be several orders of
magnitude higher in intensity relative 1o plasma 104, resolting in high signal to noise ratio.
The hight stgnal 120 and the optical emission spectra of plasma 104 may be collimated
through collimator 126 to be transmitted to a signal channel 130 of multi-channel
spectrometer 130 via a second fiber optic bundie 112, in an embodiment. Fiber optic bundle
112 may be referred to as a collection fiber optic bundle 112, berein.

[0033] On the collection side, collection fiber optic bundle 112 may be configured to
couple at a first end to quartz window 128 via an optical coupler 124 and to couple at a
second end to the signal channel 130 of multi-channel spectrometer 150, in an embodiment.
The optical enussion spectra of plasma 104 and/or ight signal 120 from etch chamber 102
may be collected and delivered via collection fiber optic bundle 112 to signal channel 130 on
multi-channel spectrometer 150 for measwement, in an ersbodiment, In an embodiment,
signal channel 130 may be, but not limited to, a charged-coupled device {CCD). Thus, signal
channel 130 may be configured to measure the transmitted signal(s) from etch chamber 102,
[0034] In the inplententation of Fig.1, light signal from flash tamyp 106 may be
directly collected and wransmitted via a third fiber optic bundle 110 to be measured on g
reference channel 132 on mult-channel spectrometer 150, in an embodiment. Fiber optic
bundle 110 may be referred to as a reference fiber optic bundle 110, berein. Thus, reference
channel 132 may be configured to measure the output per pulse of Hlash lamp 106.

[0035] As may be appreciated from the foregoing, the normalized QES setup of Fig.
I, in contrast to prior art, may be configured with an external flash lamp and a mudti-channel
spectrometer to facilitate method(s), as detailed below, to collect and measure m-sitn optical
enssion spectra that may be independent of optical collection efficiencies associated with
the measurement system. By employing the multi-channel spectrometer, measurements of
transnutted light from etch chamber and/or flash lanyp output per pulse may be made

simuitaneonsly to enable normalization of optical emission spectra.
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[0036] As aforementioned, the measurement system may contain a plurality of optical
collection efficiencies that may contribute to variability in OES measurements. The optical
collection efficiencies may be decoupled and quantified for normalized OES measnrements.

Referring to Fig. 1, the optical couphing factors of interest in the normahized OES setup are as

follows:

[0037] Cixo coupling of flash famap 106 output into reference channel fiber optic
bundle 114,

[0038] Cre: couphing of flash lamp 106 output into signal channel fiber optic bundle
108,

[0039] (¥py fiber optic transmuttance of tumination segment 108 (¥ - changes over
time},

(0040 C*pc fiber optic transmittance of reference segment 110 (¥ - changes over
tirge),

[0041] C¥per fiber optic transmittance of collection segment 112 (* - changes over
time},

{0042] Ca: coupling efficiency and detector sensitivity of reference channel 132 of

multi-channel spectrometer,

FO043] Cs: conpling efficiency and detector sensitivily of signal channel 130 of
multi-channel spectrometer,

{0044 e coupling efficiency of collimator assembly 126, quartz window 128
transmittance, and confinement ring 134 ransmittance at collection viewport (%% - changes a
tot over time and during a process), and

[00435] C¥¥ 0 coupling efficiency of collimator assembly 116, quartz window 118
transnuittance, and confinement ring 134 transmittance at ilfamination viewport {** - changes
a lot over time and during a process).

[0046] In an embodiment, the fixed coupling factors may be determined by
employing two off-line calibration measurements. Fig. 2 shows, i accordance with an
embodiment of the invention, a simphified schematic of a first calibration setap 200
employing a calibrated light source.

[0047] In the implententation of Fig. 2, the calibration may employ a cahibrated hight
source 206 to determine coupling factor(s) Us and/or Cre, In an embodiment. The calibrated
tght source 206 may be measured by signal channel 130 of multi-channel spectrometer, n an

embodiment of the invention. The output of calibrated Light source 206, L, may be measured
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as spectrum Lgs on signal channel 130, Coupling factor(s) Cs and/or Cec may be determined
as follows:

[0048] Las = Coe G I {equation 1),
where Lgy 18 the measwred spectrum, Iy 1s the known output of the calibrated light source, Cy
is the coupling efficiency and detector sensitivity of the signal channel of multi-channel
spectrometer, and Cee is the fiber optic transmittance of collection segment 112,

[0049] In the implementation of Fig. 2. the determination of Cye for collection fiber
optic bundle 112 may be optional, in an embodiment. If the calibration tnchudes the

gnal
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determination of Use, collection fiber optic bundle 112 may be shipped together with s
channel 130 of the multi-channed spectrometer as a matched pair, in an embodiment.
{0030] Referring to Fig. 2, Las and Ig may be known values. However, Los and g
may not necessary be absolute values. In an embodiment, Lag may be refative to a golden
spectrometer designated by the manafacturer. Iy may be relative to a standard from National
Institute of Standards and Technology (NIST). In an embodiment, the calibration may be
performed off-line once at the manufacturer to determine the coupling factors Cg andfor Cyg,
prior to shipping to a customer.

(00511 As the term is enaploved herein, a golden spectrometer may be a specific
spectrometer designated by the spectrometer manufacturer as nominally representative of a
class of spectrometers that may be manufactured by the manufacturer, Thus, subsequent
manufactored spectrometers may be calibrated against the golden spectrometer.

[OO5T Fig. 3 shows, in gecordance with an embodiment of the invention, a simplhified
schematic of a second calibration setap 300 employing a standard light source.

3

[O033] In the implementation of Fig. 3, the calibration may employ a standard light
source 306 to determine coupling factors Cy, Cs, Upr, Cyp, Crp andfor (g, inan
embodiment. The calibration may employ standard Light source 306 that may be measured
by both signal channel 130 and reference channel 132 of the multi-channel spectrometer, in
an embodiment of the invention. The output of standard light source 306, s, may be
measured as spectrum Lasa on signal channel 130 and spectrum Laga on reference channel

132, Couapling factors Uy, Us, Crp, Gy, Crr andior Crg may be deternmuned as follows:

ED‘Uﬁ‘-’?] Lipa = C}_,R C{:R C’R is {equatinn 2)
[0055] Losa = Crs Crp Cr I {equation 3},
[0056) where Lgns 15 the measured spectrum on reference channel 132, Ly, 15 the

measured spectram on signal channel 130, 1, is the output of the standard light source, Cq 18
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the coupling efficiency and detector sensitivity of the signal channel of multi-channel
spectrometer, Cg 18 the coupling efficiency and detector sensitivity of the reference channel
of multi-channel spectrometer, Cig 18 the coupling of flash lamp 306 output into refersnce
channel fiber optic bundle 110, Cyg 18 the coupling of flash lamp 306 cutput into signal
channel fiber optic bundle 108, Cyy is the fiber optic transmittance of ittumination segment
108, and Cen is the fiber optic transmittance of reference segment 110,

{0057 In an embodiment, the calibration may be performed off-line once at the
manufacturer to deternune the coupling factors Cp, Cs, Crr, Crr, Crg andiéor Crg, priorto
shipping to a customer.

[0058] In the implementation of Fig. 3, the cutput from standard lizht source 306, Iy,
may not have to be a calibrated light source, in an emwbodiment. The hight source 306 may be
a flash lamp similar to the flash lamp being emploved in the real tme OES measurements. In
an embodiment, the output cone of hight from light source 306 may be configured to overtill
fiber bundle inputs.

0039] Referring to Fig. 3, the coupling factor Cyp of reference fiber optic bundie 110
may be configured to be substantially equivalent to coupling factor Cpp of Hlummation fiber
optic bundle 108, in an embodiment. For example, fiber optic bundle of reference segment
110 may be manufactured to bave equivalent length of fiber optic bundle of iHumination
segment 108, v an embodiment.

[0060] To achieve equivalent length, the fiber optic bundies may be manufactured by
a phurality of methods. In an example, the fiber optic bundles may be manufactured to a
predetermined length with a tight tolerance to attain fiber segment bundles of equivalent
length. Alternatively, a pair of fiber optic bundles with equivalent length may be selected in
the manufacturing of a plurality of fiber optic bandles. Each pair of fiber optic bundles may
need to have equivalent length to each other to serve as a matched pair to be selected fora
spectrometer, Thas, the fiber optic bundles pair selected tor each OES system may not need
to be specified to a tight tolerance that may increase cost in manufacturing.

{0061 As may be appreciated from the foregoing, Fig. 2 and Fig. 3 shows two off-
line calibration measurements that may be performed once at the manefacturer to determune a
plarality of fixed coupling factors before shipping calibrated OES systems to the castomers in
an embodiment. Since the calibrations of the OES systems are performed once at the
spectrometer manufacturer, 8 device manufacturer is not burdened with tedious calibrations

that may add aforementioned overheads 1o the device manfactering cost.
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[0062] Fig. 4 shows, in accordance with an embodiment of the invention, a sinplified
flowchart of a method 400 for normalized OES measurements i real time employing a signal
channel. Fig. 4 may be discussed in relation to Fig. 1 and Fig. 2 to facilitate understanding.
[00063] In an example, the normalized Optical Enussion Spectroscopy (OES) setup in
a typical plasma processing system of Fig. 1 may be emploved for eptical interrogation of
plasma.

[0064] As shown in Fig. 4, a calibration spectrum Ly may be recorded, in step 402, to
capture the state of the entire optical system at an initial time in an embodiment. In the mitial
state, the data from the calibration spectrum Ly may be collected with no plasma and/or no

ccclusion, e, quartz confinement rings,

{0065] In step 404, an unprocessed substrate may be loaded into an etch chamber for
Processing.
[00066] In step 406, RF power may be supplied to the etch chamber to react with gases

in the chamber to strike plasma, and the processing of the substrate may commence. During
plasma processing of the substrate, confinement rings may optionally be employed as require
by the process recipe. As may be appreciated from the following, the measured signal may
be significantly modulated due to factors such as occlusion by confinement rings in the
optical collection path.

[6067] In step 408, signals from the etch chamber miay be collected with flash lamp
SONT for a minnmum integration time {o measure spectrum Lay in an embodiment. In an
example, the signals front the etch chamber may include the signal from the lamp, the sigaal
from plasma, and various background nowses, e.g., dark noise from the spectrometer detector.
[0068] In step 410, signals from etch chamber may be collected with flash lamp
“OFF” for a minimum integration time to measure spectrwn Ly in an embodiment.

[0069] As the term is emiploved herein, the minimum integration time is the minimatl
tirne to collect the spectrum. In an embodiment, steps 408 and 410 may be designed to
measure the intensity of the flash lamp in veal ime. In an example, the flash lamp may
typically have a relatively short pulse width, approximately i the order of a few
microseconds. However, the spectrometer may be limited by electronic circuitry capable of
measuring the raw spectrum data in the order of milliseconds due to cost consideration.
Although the integration time may only need to be as long as the flash lamp pulse width, the

mtegration tme may be longer than the flash lamp pulse width, Thas, the nunimum
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[0070) In an example, real time OES measurement may be made in strobe mode.
Spectrum Ly may be measured with the fanp “ON” to measure transmittance of lamp signal,
plasma emission and background noises, in an embediment. In another embeodiment,
spectrum Laa may be measured with the lamp “OFF” to measure plasma emission and
background noises. Thus, the difference of spectrum L. from spectram Lag, 1., (Lay ~ Lag),
mayv nonmatize out plasma emission and background poise to provide the measured spectruny
from the lamp in real time.

[0071] As may be appreciated by the foregoing, the integration time may be
minimized relative to the lamp to measure the hight spectrum transmitted through the svstem
and essentially remove the plasma emission and/or background noise. Thus, for a high signal
to noise ratio of hght ransmitted from the lamp to plasma poise, a minimwm Iiegration time
relative to flash lamp pulse width andfor a high intensity a flash lamp relative to plasma
mtensity may be desired.

[0072] In step 412, signals may be collected from etch chamber with flash famp
“OFF” for the desired integration time to measure spectrum Ly in an embodiment. Spectrum
Ly may typically be the spectra that may be collected 1 the prior art that essentially bas a
plurality of variations associated with the measurement.

[6073] In step 414, a normalized optimal emission spectrum Ly may be calcudated, m
an embodiment, employing equation 4 to normalize out the variations associated with the
measurement system, as follows:

L™ Las / ({La - Lo ¥ Loy *° {equation 4),
where (La;y - Lao) Lo may be the normalized lamp spectram in real tme relative 1o the
calibrated spectruum without plasma andfor occlusion. Correspondingly, Ly may be
normalized to (L - Lax) L) 1o give the desired Ly mreal time.

[0074] In step 416, the process end point may be assessed in an embodiment. The
process endpoint may be determined by the enussion spectrum from Ly or other methods,
sach as a preset time or other methods of detecting process endpoint.

[0075] H the process has not reached the endpoint, real time OES measureaments may
be continued to be collected m step 418 by loopimg back to step 408 1n an embodiment. The
normalized OES measuremnents may continue until the process has reached the endpoint. In

an embodiment, loop 418 for steps 408 throogh 416 13 the real time OES measurements.
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[0076] In step 420, the process may be stopped and plasma may be turned off when

the process has reached the endpont in an embodiment.

[0077) In step 422, the processed wafer may be removed from the etch chamber in an
embodiment.
[O0738] In step 424, the process may continue and loop back to step 404 where a new

wafer may be loaded into the etch chamber. The real time OES measurements may be
collected for the processing of another wafer.

[0079] As mav be appreciated from the foregoing, normalization method 400 may
employ only a single channel of the spectrometer withouot off-line external calibration
measurements, Although chamber-to-chamber matching may not be possible, measurement
consistency over time is relatively reliable. The measurement may be able to account tor the
drift due to aging in the system, i.e., deposition on guartz window, and the changes in the
optical path due to confinement ring position.

[0080] Alternatively andfor additionally, reasonable chamber-to-chamber matching
may be accomplished through careful manofacturing control of systent components in an
embodiment. For example, the matching of spectrometers and fiber bundles, designing of
keved attachment systems, and/or having tight tolerances may give good chamber-to-
chamber results without employing external calibration measurements. Thus, a relatively low
cost, normahized OES system for diagnostic purpose may be achieved,

{0081} Alternatively and/or additionally, a simple off-line calibration, e.g., calibration
method of Fig. 2, may be performed once at the spectrometer manufacturer to reduce the
approximations that need to be made. By emploving OES system with off-line calibration,
method 400 may be able to provide matched signals across different etching chambers.
[0082] Fig. 5 shows, in accordance with an embodiment of the tnvention, a simplified
flowchart of a method 500 for normalized OES measurements in real time emploving a multi-
channel spectrometer.

[0083] Consider the situation wherein, for example, the normalized Optical Emission
Spectroscopy (OES) setup in a tvpical plasma processing system of Fig. 1 may be employed
for optical interrogation of plasma.

[0084] In step 502, the spectrometer and optical efficiency factors may be calibrated
oft-line employing calibration 200 of Fig. 2 andfor calibration 300 of Fig. 3 man

embodiment. Calibration 200 and calibration 300 have been discussed in detatl in Fig. 2 and
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Fig. 3 respectively. The two calibrations may be performed off-line at the manufacturer prior
to shipping the svstem.

[0085) In step 304, two calibration steps may be performed. A calibration spectrum
Lo may be performed, n step 504a, to capture the state of the entire optical system at an
mitial time employing the signal channel in an emibodiment. In the inital state, the data from
the calibration spectrum Lo may be collected with no plasma andfor no occlusion, e.g., quartz
confinement rings. In step 504b, the calibration spectrum Lo may be performed employing
the reference channel in an emobodinent.

[ 0086] Step 504a and/or S04bh may not be integral to the real time OES normalization
process, However, Lo andfor Lo may be useful 1o decouple the effect of aging for
components such as quartz window andfor collection fiber segment. For example, the effect
of aging due to deposit on the quartz window over time may be determined by tracking the

Lo andfor Loo as a function of ime,

[0087] In step 506, an unprocessed substrate may be loaded to an etch chamber for
processing.
[0088] In step 508, R¥ power may be supplied to the etch chamber to strike plasma to

begin the processing of the substrate. Durmg plasma processing of the substrate,
confinement rings may optionally be emploved as required by the process recipe.

(0089 In step 510, the spectrum from the etch chamber may be collected with the
famp “ON" {for a minpnum mtegration time, m step S10a, to measure spectrum Loags
emploving the signal channel of the molii-channel spectrometer in an embodiment.

[0090] n step 510b, the spectrum Lk may be collected with the famp “ON” for a
nHninmun integration time employing the reference channel of the multi-channel spectrometer
m an embodiment.

(0091 In step 512, the spectrum from the eich chamber mav be collected with the
tamp “OFF” for a minimum mntegration time, m step S12a, 10 measure spectrum Lagg
employing the signal channel of the multi-channel spectrometer n an embodiment.

[0092] In step 512b, the spectrim Laax may be collected with the lamp “OFF” for a
minimoem integration time employing the reference channel of the malti-channel spectrometer
i an embodiment,

0093 As aforementioned, the light signal from the flash lamp, e.g., Xenon {lash
famp, may be a lngh-intensity, short-pulse light beam. The tntensity of the flash lamp may be

several orders of magnitude higher than the plasma emission resulting in high signal to noise
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ratio. In addition, the pulse width of the flash lamp may be relatively short, e.g., a few
nucroseconds, in comparison to the thme scale, i.e. integration time, of the electronic circnitry
for capturing the spectrum. The limiting factor in the integration time, e.g., in milliseconds,
for capturing the spectniun may be the electronic circwtry,

(0094 The spectrum Las measured on the signal channel may be determined from
step 310a and step 5124, as follows:

[0003] Las ™ Fags - Liass {equation 3},
where Lag may be related to the coupling factors, as follows:

[0096] Eas = Cpg CFpy, OFFp O CFpe G 1y {equation 6},
where 1 15 the output of the flash lamp.

{6097] The spectrom Lap measwred on the reference channel may be determined
from step 510b and step 512b, as follows:

[O098] Lag = Law - Lame {equation 7},

where Loz may be related to the coupling factors, as follows:

{0099] Loar = Cig CFep Cr In {equation §).
00100} The calculation from equation 3 and equation 7 may allow for the decoupling

of the Hash lamp from the plasma enussion and background noises m an embodiment.
FO0101] In step 514, signals may be collected from etch chamber with flash lamp
“OFF” for the desired integration time, in step Si4a, to measure spectrum Ly 0 an
embodiment. Spectrum Ly may typically be the spectra that may be collected m the prior art
that essentially has a plorality of variations associated with the measurement. The specttun

Ly may be represented as follows:

{ﬁ{}] 02; L= C¥e i by {:equation Q\J
(00103} As may be appreciated from the foregoing, conpling factors with * * * denotes

quantities that may changes over time. The coupling factors with © * © being emploved in
equations S — 9 may represent wnstantaneons values from the process in real time, in an
embodiment.

{00104} In step 516, a normalized optical emission spectrim Ip may be calculated, in
an embodiment, employing equations 10 and 11 to normalize the vanations assoctated with
the measurement system, as follows:

Ip == {\':!L { (C“\}(_\} ) {\(L(Y\\ I-*GRA) fiw ¢ L\\}) i ({(; ¢ {J(,}S) LB (equatian 10\}

[p == (( {JQ‘;S‘.\ .,"( {J»{’;Rﬁ} (I_-‘;\R { L'\k.,}} (I(r ! L(;S} Lg:j (@{.ﬂﬁiﬁf)ﬂ i 1}

—
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[00105] As may be appreciated by the foregoing, equation 10 may be derived from
equations 6, 8§ and 9 with the assumptions as discussed herein. In an embodiment, the
chamber may be configurad to be symmetric resulting in Cy. to be equivalent to Ce. Thus, the
change i C%_mayv be assumed 1o be sinmilar to the change in C¥¢ over time for g symmetric
chamber.

(00106} In another embodiment, the fiber segments may be configured to be
approximately equal resulting in Gy, to be equivalent to Cyn. Thus, the change m C%pp may
be assumed to be similar to the change in C¥pp over time for equivalent fiber segments
having stmular exposure levels.

foo107] In vet another embodiment, the coupling factor Cre may be approximate to be
equivalent to one for the situation wherein, for example, the collection fiber segment may be
made to be very short. Furthermore, the ratio of (Cre / (C¥e¢) ) may be assumed to be about
one. Thus, the value Ip for equation 10 may be simplified to equation 11,

(001081 In step 518, the process end point may be assessed in an embodiment. The
process endpoint may be deternuned by the emission spectrum from Iy or other methods, such
as a preset time or other methods of detecting process endpoint.

(00109} I the process has not reached the endpoint, real time OES measurements may
be continued to be collected 1 step 520 by loopmg back to step 510 10 an embeodiment. The
normalized OES measurements may continue uati the process has reached the endpoint. In
an embodiment, loop 320 for steps 510 throogh 518 1s the real time OES measurements.
(00110} In step 322, the process may be stopped and plasma may be turned off when

the process has reached the endpoint in an embodiment.

(00111 In step 524, the processed wafer may be removed from the etch chamber in an
embodiment.
(001123 In step 526, the process may continne and leop back 1o step 306 where a new

wafer niay be loaded into the etch chamber, The real time OES measurements may be
collected for the processing of another wafer,

{00113} Thus, the normalization method 500 may employ OES setup as shown in Fig.
I and off-line external calibration measurements as discussed i Fig. 2 and Fig. 3 to measwre
andd derive normahized optical emission spectrum Ip in real time. The normahized optical
emission spectra are independent of the optical collection efficiencies associated with the

measuremnent systent.
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[00114] As can be appreciated from the foregoing, one or more embodunents of the
mvention provide for a plasma processing system with the capability to facilitate quantitative
comparison of optical emission spectra across multiple chambers in & manufacturing facility
by enmploving real tirne OES measurements. Furthermore, the normalized spectra may be
utilized to build process control andfor fault detection capabilities.

(00115} While this invention has been described in terms of several preferred
embodiments, there are alterations, permutations, and equivalents, which fall within the scope
of this wvention. Although various examples are provided herein, it is intended that these
examples be ilfostrative and not imiting with respect 1o the mvention.

fo0116] Also, the title and summary gre provided heretn for conventence and should
not be used to construe the scope of the claims hevein. Further, the abstract is written in a
highly abbreviated form and is provided herein for convenience and thus shouid not be
emploved to constroe or limit the overall invention, which is expressed in the claims, If the
term “set” 1s employed herein, such term is imended to have its commonly understood
mathenatical meaning 1o cover zero, one, or more than one member, It should also be noted
that there are many alternative ways of implementing the methods and apparatuses of the
present mvention. It is therefore intended that the followmng appended claims be interpreted
as mcluding all such alterations, permutations, and equivalents as fall within the true spirit

and scope of the present mvention,
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CLAIMS
What is claimed is
i An arrangement for m-situ optical interrogation of plasima emission to quantitatively
measure normalized optical emission spectra in a plasma chamber, comprising:

a flash lamp;

a set of quartz windows;

a plurality of collimated optical assemblies, said plurality of collimated optical
assemblies are optically coupled to said sef of quartz windows;

a plurality of fiber optic bundles, said plurality of fiber optic bundles comprise at feast
an iHlunmination fiber optic bundle, a collection fiber optic bundle, and a reference fiber optic
bundle; and

a multi-channel spectrometer, said multi-channel spectrometer 1s configured with at
least a signal channel and a reference channel, said signal channel is optically coupled to at
least said Hash lamp, said set of quartz windows, said set of collimated optical assemblies,
said lominated fiber optic bundle, and said collection fiber optic bundle 1o measure a first
signal.

2. ‘The arrangement of claim 1 wherein said flash lamp 1s a high-mtensity, short-pulse

light source.

3 The arrangement of claim | wherein sawd flash famp 1s a Xenon flash lamp.
4. The arrangement of claim 1 wherein said set of quartz windows is configured with at

least a first quartz window and a second quartz windows, said first quartz windows is
configured diametrically opposite said second guartz window.

5. The arrangement of claim { wherein said reference channel is optically couple to at
least said flash lamp and said reference fiber optic bundle to measure a second signal.

6. The arrangement of ¢laim 1 wherein said first signal is an emitted signal from said
plasma chamber.

7. The arrangement of claim S wheremn said second signal is an output per pulse from
said flash lamp.

8. The arrangement of claim | wherein said illumination fiber optic bundle is configured

to have an equivalent length to said reference fiber optic bundle.
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9. The arrangement of claim | wherein said collection fiber optic bundle and said signal
channet of said multi-channel spectrometer are a matched pair, said matched pair may be
performed by a first off-line calibration method.
. A method for m-situ optical interrogation of plasma emission employing an Optical
Emission Spectroscopy (EOS) arrangement to quantitatively measure normalized optical
emission spectra in a plasma chamber, said method comprising:

performing a plurality of off-line calibrations;

performing a plurality of iniial calibrations employing at least one of a signal channel
on a multi-channel spectrometer and a reference chanuel on satd multi-channel spectrometer;

loading an unprocessed substrate in said plasma chamber;

striking plasma to process said substrate in saxd plasma chamber;

performing a first set of optical interrogations for a minimum integration time with a
flash famp in an ON state employing at least one of said signal channel on saxd multi-channel
spectrometer and said reference channel on said multi-channel spectrometer;

performing a second set of optical interrogations for said mininwm integration time
with said flash lamp in an OFF state emploving at least one of said signal chanoel on said
multi-channel spectrometer and said reference channel on satd multi-channel spectrometer;

performing a third set of optical mterrogations for a desired integration time with said
flagh famp in said OFF state employmg said signal channel on said multi-channet
spectrometer; and

calcolating a normalized optical emission spectra.
bl. The method of claim 10 wherein said EOS arrangement is configured with at least
said flash lamp; a set of quartz windows; a plurality of collimated optical assemblies; a
plurality of fiber optic bundles, said plurality of fiber optic bundles comprises at least an
ithamination fiber optic bundle, a collection fiber optic bundle, and a reference fiber optic
bundle; and said nmlti-channel spectrometer, said multi-channel spectrometer is configured

with at feast said signal channel and said reference channel

12, The method of claim 11 wherewn said flash lamp is a high-intensity, short-pulse hght
source,
13, The method of claim 11 wherem said flash lamp 1s a Xenon flash lamp.
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4. The method of claim 11 wheretn said set of quartz windows Is configured with at least
a first guartz window and a second quartz windows, said first quartz windows is configured
diametrically opposite said second quartz window,
15, The method of claim 11 wherein said iHlumination fiber optic bundle is configured to
have an equivalent length to said reference fiber optic bundle.
16, The method of claim 11 wherem said collection fiber optic bundle and said signal
channel of said multi-channel spectrometer are a matched pair, said matched pair may be
performed by a first off-line calibration of said pheality of off-line cahibrations.
17.  The method of claim 10 wherein a second off-line calibration method of said plurality
of off-line calibrations employs a standard light source to measure a plurality of coupling
coefficients.
18, A method for in-situ optical interrogation of plasma enussion emploving an Optical
Einission Spectroscopy (EQOS) arrangement to quantitatively measure normalized optical
emission spectra in a plasma chamber, said method comprising:

performing an initial calibration employing a signal channel on a multi-channel
spectrometer;

foading an unprocessed substrate in said plasma chamber;

striking plasma to process said substrate in said plasma chamber;

performing a first set of optical interrogations for a minimum ntegration time with a
fash lamp in an ON state employing said signal channel on said multi-channel spectrometer;

performing a second set of optical mterrogations for said minimum integration time
with said flash lamp in an OFF state emploving said signal channel on said multi-channel
spectrometer;

performing a third set of optical interrogations for a desired integration time with said
Hash lamp in said OFF state employving said signal channel on said muiti-channel
spectrometer; and

calculating a normalized optical emission spectra.
18, The method of claim 18 wherem said EOS arrangement is configured with at least
said flash lamp; a set of guartz windows; a plorality of collimated optical assemblies; a
plarality of fiber optic bundles, said plurality of fiber optic bundles comprises at least an

iHumination fiber optic bundle, a collection fiber optic bundle, and 4 reference fiber optic

20


bhang
Rectangle

bhang
Rectangle


bundle; and said multi-chanpel spectrometer, said multi-channe! spectrometer 1s configured
with at least said signal channel and said reference channel.
20, The method of claim 19 wherein said flagh lamp is a high-intensity, short-pulse hight

source.
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