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~1ETHODS ANO APPARATlJS FOR NOR~JALIZING OPTICAL 

El\-HSSlON SPECTRA 

BACKGROUND OF THE INVENT:ION 

[0001] Advances in plasma processing have facilitated g-ro\vth in the semiconductor 

industry. During plasma processing, diagnostic tools may he employed to ensure high yield 

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] Jn th(~ optical interrogation of plasma, there is a characteristic glow, i.e., 

specific optkal en1ission spectrunt. associated \Yith a plasma discharge. Plasma discharge 

niay have a spectTal definition that inay be a function of nrnJbp!e var1ables including, but not 

lim.ited to, constituent species, pressure, energy density, driving power, and the like. The 

spectrnm, containing but not limited to deep ultra-violet (UV) through frw infra-red (IR) 

\vavelengd1s, inay typically be observed employing a single channel spectrometer. 

[0003] Optica.J interrogation of plasma may be perfurmed by collecting the optical 

enrission spectnun via a collimator through a quart.z >vindm.v of a plasma etch chamber. The 

spectral information, transmitted via a collector fiber optic bundle, may be measured b:y the 

signal channel of a spect1·ometer. \.Vith the spectral infbrmation from the optical 

interrogation,. a considerable amount of information on const1tuent sped es may he collected 

and analyzed to provide guidance for process monitoring and control during plasma 

processing. However, optical interrogation of plasma employing OES has mainly been 

limited to qualitative analysis. 

[0004] Variability, in particular, may be the main limitation hindering OES from 

being employed for quantitative a11.alyses in the optical interrogation of plasma in a 

manufacturing environment For example, variability may he observed from systenHo­

system in a device fubrication environment System-to-system variability may manifest in 

differences in the conditions between each plasma processing system. In another exmnple, 

system-to-system variability may be observed bet\veen measurement systems, i.e., 

spectrometer to spectrometer. 111 yet another example, system-to-system variability may be 

discerned in the differences in the setup of each distinct plasma processing system w1th each 

distinct spectrometer. As can be appreciawd by those skilled in the art, variability from 

system-to-system in optical interrogation of plasma during processing in a manufucturing 
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environment may provide a high level of uncertainty Lirniting OES from being employed as a 

quantitative tool for plasma monitoring and/or control. 

[0005] Another source of variability that may limit OES from being employed for 

quantitative analyses in a manufr1ct1.1ring environment may be variation \Vithin a system. For 

example, the etlkiency of coupling the fiber-optic bundle to the plas1na chamber and/or to 

the spectrometer may be a source of variability \Vithin the s:ystem. 

[0006] Jn another exmnple, the geometry and mechanics of the plasma charnber may 

ka<l to variability, e.g., in-situ measurem(•nt of plasma signals, \Vithin tht~ system. Plasma 

processing typically employs a lo\v pressure relative to the mm.osphere requiring a vacuLm1 

chamber. A \vindow in the vacuum-chamber \Vall may need to be of a suitable material, e.g., 

the \vindO\V may be constructed from quartz, to transmit in the desired \vavelength dependent 

attenuation along the opt1cal path to measure the plasma spectral signal. HO\vever, pressure 

conrrol in some plasma processing system may employ a confinement ring setup \\>hi ch may 

partially occlude the optical path benveen the plasma and the spectrometer. Furthermore, the 

confinement rings may move relative to the interrogation \.vindo\.v(s) depending on the 

desired plasma pressure and may also experience deposition and/or etching. Thus, the 

occlusion of the optical path, the deposition, and/or the etching may induce variability \.Vi thin 

the system rnaking quantitative analysis employing OES impractical. 

[0007] Variability due to degradation of compon(•nts as a function of time, i.e., time-

to-tin1e variation, may be yet another source of variabon in1peding OES fron1 being employed 

for quamitatiV(' analysis of plasma processes. For ('Xample, the afbrementioned quartz 

window may be exposed to plasma during plasma processing and may exp(•rience deposition 

and/or etching. Thus over time, the quartz \'\'1ndm.v may cloud up and may change the optical 

propen:v of the windo\.v. Typically, clouding of the quartz \vindmv may result in 10\ver 

plasma signal intensity in a nonlinear manner. In another time-to-time variability example, a 

fiber optic bundle may degrade in optical transmission efficiency as a function of time \Vhich 

may also result in lO\ver plasma signal intensity in a nonlinear manner. As may be 

appreciated from the foregoing, time-to-time variability may provide yet another source of 

uncertainty limiting the OES from being en1ployed as a quantitative tool. 

[0008] In general, many of the variables that define plasma may be difficult to 

accurately measure jn-situ. Also, there may be significant fluctuations at mubple time scales 

in plasma which may result in changes in spectral emission. Due to the ·variability associated 

\Vith current optical interrogation of plasma employ1ng OES, the task of quant1tat1ve!y 
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determining what plasma variables rnay cause emission changes may be extremely difficult. 

Thus, the use of OES may be limited to only qualitative applications such as end-point 

detection, leak identification, species identification, and the like. 

[0009] A powntial solution may entail employing controls to standardiz(' OES to 

reduce variability at each step in the process. For example, calibrations may be perfonned to 

reduce variation bet\veen systems and/or instrnment. Quartz ':vindmvs may periodically be 

deaned to reduce clouding. Fiber-optic bundles inay be replaced to attain original 

transmission effidency, Keyed .;,:c.mne.;,:tors may be employed to mount optical <xrupkrs the 

same way to reduce set-up variability. 

[001 O] Ho\VC\.'er, calibrations and controls may be amenable to laboratory· 

environment but may not be conducive to a manufacturing environment. In high volume 

manufacturing facilities \vhich may fabricate devices with over a hundred manufacturing 

steps at high throughput, callbrations and controls after each swp may be impractical. The 

calibrations of uncontrolled variations and time related degradations may require specialized 

r(•sources, Specialized resourc('S may add cost to a mmmfri.cturing process that are extremely 

cost competitive. Careful calibrations and controls may add time overhead to processing time 

increasing the cost per device being manufactured and decreasing throughput Thus,. the 

controls may reduce variability \Vithout addressing the capability fr)r qm.mfoabve OES 

measurements \vhile penalizing the process \Vith higher cost and lower throughput 

[0011] Jn view of the foregoing, there are desired methods and apparatus for 

employing OES as a quantitative tool for process monitoring and control during plasma 

processmg. 

BR! EF SUMrvtAR y OF THE INVENTION 

[OO'l 2] The invention relates, in an embodiment to an aaangement fr.)r in-situ optical 

interrogation of plasma emission to quantitatively measure normalized optical emission 

sp('Ctrn in a plasma chamber. The arrangement includes a flash lamp and a set of quartz 

vi'indm.vs. The arrangement also includes a plurality of collimated optical assemblies,. \vhich 

is optically coupled to the set of quartz \vindm:vs. The arrangement further includes a 

plurality of fiber optic bundles,. which comprises at least an illumination fiber optic lmndle,. a 

collection fiber optic bundle, and a retl·rence fiber optic bundle. Th(' arrangement more over 

includes a multi-channel spectTometer, which is configured with at least a signal channel and 

a reference channeL The signal chmmel is optically coupled to at least the flash lamp, the set 
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of quartz \:vindmvs, the set of collimated optical assemblies,. the illuminated fiber optic 

bundle, and the collet:tion fiber optic bundle to measure a first signal. 

[0013] The above summary relates to only one of the many embodiments of the 

invention disclos(•d herein and is not inwnded to limit the scope of the invention, which is S('t 

forth in the claims herein. These and other features of the present invention will be described 

in more detail below in the detailed description of the invention and in conjunction \vi th the 

fol!O'wing figures. 

BRIEF DESCRIPTION OF THE DRA \VINGS 

[0014] The present invention is illustnHed by \vay of example, and not by \vay of 

limitation, in the figures of the accompanying drawings and in which like reference numerals 

refor to similar elements and in which: 

[0015] Fig, 1 shO\vs,. 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. 

[0016] Fig. 2 shm.vs, in accon.larnx· with an embodiment of th(' invention, a simplified 

schematic of a first calibration setup employing a calibrated light source. 

[0017] Fig. 3 shmvs, in accordance with an embodiment of the invention, a simplified 

schen1atic of a second calibration setup employing a standard light source. 

[0018] Fig. 4 shm.vs, in accon.larnx· with an embodiment of th(' invention, a simplified 

flo\vchart of a method for nonnalized OES measurements in real tim.e employing a signal 

channel. 

[_0019] Fig. 5 shO\Vs, in accordm1ce \Vith an ('mbodiment of the invention, a simplified 

flmvchart of a method for normahzed OES measurements in real time employing a multi­

channel spectrometec 

DETAILED DESCRIPTION OF Ef\·1BOD!rv1ENTS 

[0020] The present invention will no\\> be described in detail with retl·rence to a few 

embodiments thereof as illustrated in the accon1panying dra•vings. ln the follmving 

description, numerous specific details are set ttxth in order to provide a thorough 

understanding of the present in\.tentlon. It \ViU be apparent, however, to one skilled in the art, 

that the pres(•nt invention may be practiced witl10ut some or all of these specific details. In 

other instances, \Vdl kno\vn process steps and/or structures have not been described in detail 

in order to not unnecessarily obscure the present invention. 
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[0021] In accordance \vit11 embodiments of the invention, there are provided methods 

and arrangements for in-situ optical interrogation of plasma emission to quantitatively 

measure normalized optical emission spectra across multiple chambers. In an example, the 

in-situ measun.•ments of optical colkction etfici(•ncy may be perfonned by interrogating the 

optical collection path in real time employing an external light source through diametrically 

opposite vie'"v ports in an embodiment. 

[0022] Jn an embodiment, the norrnalized OES rneasure1nent system inay be 

configured with an t~xternal light source, e.g., X(•non tlash lamp. In an example, th(' flash 

lamp niay have a relatively short pulse \v1dth and/or high intensity s1gnal. In an embodiment, 

a multi-channel spectrometer may be employ·ed to simultaneously measure the emitted 

signals from a plasma processing chamber and ./or the flash lamp output per pulse. Thus, the 

normalized OES system may allO\v for the measurements of optical en1ission and/or optical 

collection efficiency to attain normalized optical emission spectra. In contrast, prior a.rt OES 

measurement s:ystem may not be configured \vith an external light source and/or a multi­

channel spectrometer. 

[0023] Jn an embodiment, fixed coupling factors may he determined by employing 

off-line calibration measurements, In an example, a calibration may be performed employing 

a cahhrated light somce in an ernbodirnenL Jn another ernbodirnent, a calibration may be 

p(•rfornK'd employing a standard light source that may be measured by both the signal 

channel an,Vor the reference channel of the n1ulti-channel spectrometer. These calibrations 

may be performed once at the sp('Ctrometer manufacturer, before shipping the OES system, to 

dewrmine tl1e fix(•d coupling factors. Thus, the <.Jevi<X' manufacturer is not burckned with 

calibrations that may add cost to the device fabrication process. 

[0024] In the prior art, method for optical interrogation of plasma employing OES has 

been limited to qualitative analysis. In the disclosure herein,. a method for normalized OES 

measurenK'nts in real time employing a single channel of the spectrometer is discussed, in an 

embodiment. The normalized OES measurement may account for the dri:fi: due to aging in 

the system and the changes in the optical path due to confinement ring position. In another 

embodiment, a method for nonnalized OES measurements in real time employing a multi­

channel sp('Ctrometer \.Vith external cahbration measur(•ments is discusS('d. The spectrometer 

and optical dTic1ency factors may be calibrated off-line 'with the aforementioned calibration 

methods. ln an embodiment, the optical emission spectra may be measured and normalized 

to remove the variat1ons associated 'Ni th fhe optical collection efficiency of the measuren1ent 
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systetR As may be appreciated from the foregoing, the aforementioned methods inay 

facilltaw quantitative analyses of normalized OES spectrum in n.~al time across different 

processing chambers. 

[0025] The features and advantages of the present inv(•ntion may be better understood 

\:vith reference to the figures and discussions (with prior art mechanisrns and embodiments of 

the invention contrasted) that fullmv. 

[0026] Fig. 1 shO\\.'S, in accordance with an ernbod.irnent of the invention, a simplified 

schematic of a normalized Optical Emission Spt~ctroscopy (OES) setup in a typical plasma 

processing systein for optical interrogation of plasma. 

[0027] In the implementation of Fig. ! , the optical interrogation of plasma ! 04 in an 

etch chamber .102 may be performed to measure optical emission spectra that may be 

independent of the optical efficiencies associated with varfa.tions in the measurement system. 

In an embodiment, ('tch chamber l 02 may be configtff('d \\dth an optional confinement ring 

assembly 134. Furthermore, etch chamber I 02 may be configured with t\vo diametrically 

opposing quartz windm.vs through \Vhich plasma l 04 may be visible, in an embodiment In 

an example, eich charnber l 02 may be configured 'with a firsi quartz \vindmv l I 8 on an 

illumination side and a second quartz ':vindmv 128 on a collection side. 

[0028] As the tenn is employed herein, the illumination side umy be the side of the 

etch chamber tlrnt may be configured \Vi th an external light source to tlelhi('r light sourc(' 

through first quartz window 118. Whereas, the collection side may he the side of the etch 

chamb(•r that optical ('mission spectra associated vdth plasma discharged may be measured by 

a spectrometer through S('Cond quartz windmv 128. 

[0029] rn an embodiment, a plurality of collimated optical assemblies, e.g.,. a first 

coLlimator 1"I6 and a second collimator 126, may be employed to couple the two quartz 

\vindo\vs to etch chamber l02. In an example, quartz \vindmv 118 may be coupled to the 

illumination side of etch chamber l 02 \.Vith first collimator 116. Similarly, quartz \vindo\V 

128 may be coupled to the collection side of etch chamber 102 with second collimator l26. 

[0030] In an embodiment, the collimated optical assemblies, coupled at each quartz 

\Vindmvs, may be confignred 'with converging and/or diverging optics (not sho\vn to simplif)" 

illustration) that may have pre-detem1in(•d angular acceptance for fiber optic coupling. 

[003 .1] For example on the illlnnination side, the light signal fn.nn an external light 

source, i.e., a flash lamp 106, may be delivered into etch chamber l 02 via a first fiber optic 

bundle l 08, 1n an embodiment. Fiber optic bundle 108 may also be refeITed to as an 
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illumination fiber optic bundle l 08, herein. The flash lamp 106 rnay be, but not Lirnited to, a 

Xenon flash lamp capable of delivering a high-intensity, short-pulse Light beam 120. The 

illumination fiber optic bundle 108 may be configured to couple at a first end to flash lamp 

I 06 and to couple at a second end to quartz windO\\.t 118 via an optical coupler 114, in an 

e1nbodilnent. 

[0032] In the implementation of Fig. l, the light signal 120 being delivered via 

illmnination fiber optic handle 108 into etch chamber I 02 r.nay he collhnated through 

collimator 116. In an embodiment, tht~ inwnsity of light sigmd 120 may be S('Veral orders of 

niagnitude higher in intensity relative to plasina 104, resulting in high signal to noise ratio. 

The light signal 120 and the optical emission spectra of plasma I 04 may be collimated 

through collimator 126 to be transmitted to a signal channel l 30 of multi-channel 

spectrometer 150 via a second fiber optic bundle 112, in an embodiment Eber optic bundle 

112 may be refr•rr(•d to as a collection fiber optic bundle 112, herein. 

[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 io the signal channel 130 of nmlti-channel spectrometer 150, in an embodiment. 

The optical emission spectra of plasma 104 and/or light 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 l 50 fi:.ir measurement, in an embodiment. In an embodiment, 

signal channel 130 niay be, but not lilnited to, a charged-coupled device (CCD). Thus, signal 

channel 130 may be configured to measure the transmitwd signal(s) from etch chamber 102. 

[0034] In the implementation of Fig. I, light signal from flash lamp l 06 may b(' 

directly col !ected and transmitted via a third fiber optic bundle l l 0 to he measured on a 

reference channel 132 on multi-channel spectrnmetcr 150, in an embodiment. Fiber optic 

bundle l IO may be refurred to as a reference fiber optic bundle l l 0, herein. Thus,. reference 

channel 132 may be configured to nK'asure the output per pulse of flash lamp 106. 

[0035] As may be appreciated from the foregoing, the normalized OES setup of Fig. 

l, in contrast to prior art, may be configured \.Vith an external flash lamp and a multi-channel 

spectrometer to facilitate method(s.), as detailed bdo'w, to collect and measure in-situ optical 

emission spectra that may be indep('n(knt of optical colkction etfici(•ncies associawd \\dth 

the measuren1ent system. By einploying the multi-channel spectron1eter, measurements of 

transmitted light from etch chamber and/or flash lamp output per pulse may be made 

simultaneously to enable normalization of optical emission spectra. 
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[0036] As aforernentioned, the measurement system may contain a plurality of optical 

collection efficiencies that may contribute to variability in OES nK~asurements. The optical 

collection efikiencies may be decoupled and quantified fur normalized OES measurements. 

Referring to Fig. l, the optical coupling factors of inten.•st in the normalized OES setup are as 

follows: 

[0037] C\.R: coupling of flash lamp l 06 output into reforence channel fiber optic 

bundle 110, 

[0038] Cu.,: coupling of flash lamp l 06 output into signal channd fib(•r optk: bundle 

108, 

[0039] 

time), 

[0040] 

time), 

[0041] 

time), 

C*rr..: fiber optic transmittance of illumination segment 108 (* - changes over 

C'''-rn: fiber optic transmittance of reference segment l IO (* - changes over 

C*rc: fiber optic transmittance of collection segment 112 (* - changes over 

[0042] Cn.: coupling efficiency and detector sensiti viiy of reference channel 132 of 

multi-channel spectrometer, 

[0043] (\: coupling d1kiency and detector sensitivity of sjgnal channel 130 of 

multi-channel spectrometer, 

[0044] C**c: coupling efikiency of collin1ator assembly 126, quartz \Vindo\v 128 

transmittance, and confinement ring 134 transmittance at collection viewport (** - chang('S a 

lot over time m1d during a process), and 

[0045] C**i_: coupling efficiency of collimator assembly l 16, quartz \vindo\\-' l 18 

tJansmittance, and confinement ring 134 transmittance at illumination vie\:vport {** - changes 

a lot over time and during a process). 

[0046] In an embodiment, the fixed coupling factors may be (ktermined by 

employing tvrn off-line calibration n1easurements. Fig. 2 shmvs, in accordance \Vith an 

embodiment of the invention, a simplified schematic of a first cahbration setup 200 

employing a calibrated light sonrce. 

[0047] In the implementation of Fig. 2, th(' calibration may ('mploy a calibrated light 

source 206 to detennjne coupling factor(s) Cs and/or Crc, in an embodiment. The calibrated 

light source 206 may be measured by signal channel 130 of multi-channel spectrometer, in an 

embodiment of the invention. The output of calibrated light source 206, 10 , niay be measured 
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as spectnun Lc;s on signal channel 130. C'.oupling fa.ctor(s) Cs and/or Crc may be determined 

as follo\vs: 

[0048] LGs = CFc Cs Ir; (equation l), 

wh(•re Lns is the measured spectrum, le; is the known output of tl1e calibrated light source, Cs 

is the coupling effkiency and detector sensitivity of the signal channel of1nulti-channel 

spectrometer, and Crc is the fiber optic transmittance of collection segment 112. 

[0049] Jn the hnplementation of Fig. 2, the determination of Crc for co11ection fiber 

optk: bundle 112 may be optional, in an t~mbodiment If tl1e .;,:alibrntion indu<l('S the 

determ.ination of Crc, collection fiber optic bundle 112 may be shipped together with signal 

channel 130 of the multi-cha1mel spectrometer as a matched pair, in an embodiment 

[0050] Referring to Fig. 2, L:;s and In may be km.nvn values. However, L:;s and In 

may not necessary he absolute values. In an embodiment, Les may he relative to a golden 

s1x·cttometer designawd by the manufacttff('r. Iu may be r(•latiV(' to a standard from National 

Institute of Standards and Technology (NIST). In an embodiment, the calibration may be 

p(•rfornK'd off-line once at the manufacturer to detern1ine the coupling factors Cs and.ior Crc, 

prior to shipping to a custon1eL 

[005 l] As the term is employed herein, a golden spectrometer may be a specific 

spectrnn1eter designated by the spectrometer manufacturer as nmninally representative of a 

class of sp('Cttometers that may b(' manufactured by th(• manufacturer. Thus, subs(•quent 

manufactured spectrom.eters may be calibrated against the golden spectrometer. 

[0052] Fig. 3 shO\Vs, in accordm1ce \.Vith an ('mbodiment of the invention, a simplified 

schematic of a second calibration setup 300 ('mploying a standard light sourc('. 

[0053] rn the implementation of Vig. 3, the calibration may employ a standard light 

source 306 to detennine coupling factors CR, Cs, Cnz, CF! .. , Cm and/or C1.s, in an 

embodiment The calibration may employ standard light source 306 that may be measured 

by both signal channel 130 and rd'erence channel 132 of the muhi-cham1el spectrometer, in 

an embodiment of the invention, The output of standard light source 306, ls, may be 

measured as spectmm L.>sA on signal channel 130 and spectmm L.rn.·\ on reforence channel 

.132. Coupling factors CR,. Cs, Crn,. Crt, CLR and/or CLs may be detennined as follmvs: 

[0054] LrmA = CtR CrR CR Is ((•quation 2), 

[0055] LnsA === Cts Cn. Cs Is (equation 3), 

[0056] \Vhere LcmA is the measured spectrum on reference chmmel l32, Los/\ is tlw 

m.easured speclrnn1 on signal channel 130, Is is the output of the standard light source, Cs is 
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the coupling efficiency and detector sensitiv1ty of the signal channel of multi-channel 

spectrometer, CH is the coupling efficiency and dewctor sensitivity of the referenrn d1annd 

of multi-channel spectrometer,. Cu~ is the coupling of flash lamp 306 output into reference 

channel fiber optic bundle 110, Cr..s is th(' coupling of flash lamp 306 output into signal 

channel fiber optic bundle 108, Cn. is the fiber optic transmittance of i!hunination segment 

108, and CrR is the fiber optic transmittance of reference segment 110. 

[0057] Jn an embodiment, the calibration rnay he perforrned off-line once at the 

m;;mufo.;,:turer to detem1i11e tht~ coupling fri.ctors (p,, Cs, Crr., Cn, C1.R andior Ci..s, prior to 

shjpping to a customer. 

[0058] In the implementation of Fig. 3, the output from standard light source 306, Is, 

may not have to be a calibrated light source, in an embodiment. The light source 306 may be 

a flash lamp similar to the flash lamp being employed in the real time OES measurements. In 

an embodiment, the output con(' of light from Light source 306 may b(• configured to overfill 

fiber bundle inputs. 

[0059] Referring to Fig. 3, the coupling factor CrR of reference fiber optic bundle 110 

may be configured to he substantially equivalent to coupling factor Cn of illumination fiber 

optic bundle 108, in an embodiment For example, fiber optic bundle of reforence segment 

110 may be manufactured to have equivalent length of fiber optic bundle of illun1ination 

segnK'nt 108, in an embodiment. 

[0060] To achieve equivalent length, the fiber optic bundles may be nianufoctured by 

a plurality of nK•t110ds. In m1 example, the fiber optic bundles may be manufactured to a 

predewrmined length \vi th 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 bundles. Each pair of fiber optic bundles may 

need to have equivalent length to each other to serve as a matched pair to be selected for a 

spectrometer. Thus, the fiber optic bundles pair selected for 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 t()regoing, Fig. 2 and Fig. 3 shows n:vo off-

line calibration measurements that n1ay be perfruu1ed once at the nianufacturer to detennjne a 

plurality of fixed coupling factors befr.)re shipping calibrated OES systems to the customers in 

an embodiment Since the calibrations of the OES systems are perfonned once at the 

spectrometer manufacturer, a device manufacturer is not burdened \Vith tedious calibrations 

that may add aforementloned overheads to the dev1ce rnanufaduring cost 
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[0062] Fig. 4 shows, in accordance with an embodiment of the invention, a si1nplified 

t1mvchart of a method 400 for normalized OES measurements in real time employing a signal 

channel. Fig. 4 may be discussed in relation to Fig. l and Fig. 2 to facilitate understanding. 

[0063] In an example, the normalized Optical Emission Spectroscopy (OES) setup in 

a typical plasma processing system of Fig. 1 may be ernployed for optical interrogation of 

plasma. 

[0064] As shO'wn in Fig. 4, a calibration spectmm Ln rnay he recorded, in step 402, to 

captun.• the state of the entirt~ optk:al system at an initial time in an t~mbodiment In the initial 

state, the data 11:om the calibration spectrnm Lu inay be collected 'Nith no plasma and/or no 

occlusion, e.g., quartz confinement rings. 

[0065] 

processmg. 

[0066] 

In step 404, an unprocessed substrate may be loaded into an etch chamber for 

In step 406, RF pm.ver may be supplied to tht• etch chambi;.•r to react \\dth gases 

in the chamber to strike plasma, and the processing of the substrate may commence. During 

plasma processing oftht• substrate, confinement rings may optionally bi;.• employi;.•d as require 

by the process recipe. As may be appreciated fro1n the following,. the measured signal may 

be significantly modulated due to factors such as occlusion by confinement rings in the 

optical collection path. 

[0067] In step 408, signals from tl1e i;.•tch chamber may be collected with flash lamp 

"ON" for a ininjmum integration tin1e to m.easure spectrun1 LA1 in an embodjm.ent. hl an 

example, the signals from the etch chamber may 1nclude the signal from the lamp, the signal 

from plasma, m1d various background noisi;.•s, e.g., dark noise from the spectrometer detector. 

[0068] rn step 410, signals from etch chamber may he collected \'\'lth flash lamp 

"OFF" for a minimum integration time to measure spectrum LA2 in an embodiment 

[0069] As the term is employed herein, the minimum integration time is the minimal 

time to collect the spectrum. In an embodiment, steps 408 and 410 may bi;.• designed to 

measure the intensity of the flash lan1p in real time. In an example, the flash lamp may 

typically have a relatively short pulse width, approximately in the order of a fo\v 

m.icroseconds. However, the spectrm.neter may be lilnited by electronjc circuihy capable of 

measuring the raw spectrnm data in the order of millisi;.•conds due to cost consideration. 

Although the integration tim.e may only need to he as long as the flash lamp pulse 'Nidth, the 

integration time may be longer than tlw flash lamp pulse widt11. Thus, the minimum 
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[0070] In an example, real time OES measurement may be made in strobe mode. 

Sp('Ctrnm LAi may be nK'asured \Vith the lamp «ON" to nK'asure transmittance of lamp signal, 

plasma emission and background noises, in an embodiment. ln another embodiment, 

spectrum LA: may be measured ':vith the lamp "OFF" to measure plasma emission and 

background noises. Thus, the difference of spectrum L,\J from spectrun1 LA2, i.e., (LA1 - LA2), 

may normaliZ(' out plasma t~mission and background noiS(' to provid(' the measured spectrum 

from the lamp in real tilne. 

[007!] As may be appreciated hy the foregoing, the integration time may be 

minimized relative to the lamp to measure the light spectrum transmitted through the system 

and essentially remove the plasma emission and/or background noise. Thus, for a high signal 

to noise ratio of light transmitted from the lamp to plasma noise, a minimum integration time 

relative to flash lamp pulse ':vidth and/or a high intensity a flash lamp relative to plasma 

intensity may be desired. 

[0072] Jn step 412,. signals rnay he collected from etch chamber w-ith flash lamp 

"OFF'' fhr the desired integration time to measure spectrum Ln in an embodiment Spectrnm 

Ln n1ay typically be the spectra that umy be collected in the pr1or art that essentially has a 

plurality of variations associated \.Vith the measurement. 

[0073] Jn step 4.14, a normalized optimal emission spectrum. LN may be calculated, in 

an embodiment, employ1ng equation 4 to normaliz(' out t11e vadations associawd \\dth th(' 

measurenK'nt syswm, as follows: 

LN""' Ln / ((L\t - LM)/ Lo) Vi (equation 4), 

\.Vhere (LA1 - L,,\2}/ L) may be the norma.lized lamp spectrnm in real time relative to the 

calibrated spectrum \Vithout plasma and/or occlusion. Correspondingly, LB may be 

normalized to ((LAi - LA2)/ L.0 ) 
1
'
2 to give the (ksin•d LN in real time. 

[0074] In step 416, the process end point nrny be assessed in an em.bodim.ent The 

process endpoint may be determined by the emission spectrum from LN or other methods, 

such as a preset time or other n1ethods of detecting process endpojnt_ 

[0075] If the process has not reached the endpoint, real tinK' OES measurements may 

be continued to be collected jn step 418 by loopjng back lo step 408 in an embodiment. The 

normalized OES measurements may continue until the process has reached the endpoint ln 

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

the process has readied the endpoint in an embodiment. 

[0077] In step 422, the processed \.Vafor may be removed from the etch chamber in an 

embodim(•nt. 

[0078] 1n step 424, the process may continue and loop back to step 404 vd1ere a nevi' 

water may be loaded into the etch chamber. The real time OES measurements may be 

collected for the processing of another \:vafer. 

[0079] As may be appre.;,:iawd from tht~ foregoing, nom1alization nK·thod 400 may 

employ only a single channel of the spectn .. nneter 'without off-line external cahhration 

measurements. Although chamber-to-chamber matching may not be possible, measurement 

consistency over time is relatively reliable. The measurement may be able to account fbr the 

drift due to aging in the system, i.e., deposition on quartz window,. and the changes in the 

optical patl1 due to confinement ring position. 

[0080] Alternatively and/or additionally, reasonable chamber-to-chamber matching 

may be accomplished through careful manufacturing control of system components in an 

embodiment For example,. ihe matching of spectrorneters and fiber bundles, designing of 

keyed attachment systems, andior having tight tolerances may give good chamber-to­

chamber results \'•iithout employing external calibration 1neasurements. Thus, a relatively low 

cost, nonnalized OES system for diagnostic purpose may b(' achieved. 

[0081] Altenrntively and/or addibonally, a simple off-line calibration, e.g., calibration 

method of Fig. 2, may be perfom1ed once at the spectrometer mmmfacturer to reduce the 

approximations that need to be made. By employing OES system witl1 off-line calibration, 

method 400 may be able to provide matched signals across different etching chambers. 

[0082] Fig. 5 sho'.vs, in accordance with an embodiment of the invention, a simplified 

flmvchart of a method 500 for normalized OES measurements in rea.J time emplo:ying a multi­

channel sp('Ctrometer. 

[0083] Consider the situation v1,:herein, for example, the non11alized Optical Emission 

Spectroscopy (OES) setup in a typica] plasma processing system of Fig. l may be employed 

for optical interrogation of plasma. 

[0084] In step 502, the spectrometer and optical d't'k:iency factors may be calibrated 

off-line employing calibration 200 of Fig. 2 and/or cahhration 300 of Fig. 3 in an 

embodiment. Calibration 200 and calibration 300 have been discussed in detail in Fig. 2 and 
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Fig. 3 respectively. The tvrn calibrations may be performed off .. line at the manufacturer prior 

to shipping the system. 

[0085] In step 504, t\vo calibration steps may be performed. A calibration spectrum 

Ln may be performed, in step 504a, to capture the state of the entire optical system at an 

initial time employing the signal channel in an enibodiment In the initial state, the data frorn 

the calibration spectrum Lo may be collected ':vith no plasma andior no occlusion, e.g., quartz 

confinement rings. In step 504b, the calibration spectrun1 Luu rnay he performed employing 

the reforen<.:(' channel in an embodiment 

[0086] Step 504a and/or 504b may not he integral to the real tim.e OES normalization 

process. Hov/C\.'er, Lo andior Loo may be useful to decouple the effect of aging for 

components such as quartz windo\.v and/or collection fiber segment. For example, the effect 

of aging due to deposit on the quartz windO\v over time may be determined by tracking the 

I .. {) andior Loo as a function of time. 

[0087] In step 506, an unprocessed substrate may be loaded into an etch chamber for 

proC('SStng. 

[0088] Jn step 508,. RF power may be supplied to the etch chamber to strike plasma to 

begin the processing of the substrate. During plasma processing of the substrate, 

confinement rings inay optionally be employed as required by the process recipe. 

[0089] In step 510, the spectrum from the etch chamber may be collected \Vith the 

la1np "ON" for a ininimurn integration tilne, in step 510a, to measure spectnnn L.,,.. 1s 

employing the signal channel of th(' multi-channel spectromewr in m1 embodiment. 

[0090] In step 51 Ob, tl1e spectn1m LA iR may be collected \Vith the lamp "ON" for a 

minimum integration time employing the reference channel of the multi-channel spectrometer 

in an embodiment. 

[009 ll In step 512, the spectrum from the etch chamber may be collected \vith the 

lamp "OFF'' for a minimum integration tinK', in step 512a, to measure spectrum LA2s 

employing the signal channel of the multi-channel spectrometer in an embodiment. 

[0092] In step 5 l2b, the spectrum LA2R may be collected with tl1e lamp "OFF" for a 

rniniunnn integration tim.e employing the reference channel of the n1ulti-channel spectrometer 

in m1 embodiment 

[0093] As afixeinentioned, the light signal from the flash lamp, e.g., Xenon flash 

lamp, may be a high-intensity, short-pulse light beam. The intensity 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 \vidth of the flash lamp may he relatively short, e.g., a fevi' 

microseconds, in comparison to the time scale, i.e. integration time, of the ekctronic circuitry 

for capturing the spectrum. The limiting factor in the integration time, e.g., in milliseconds, 

for captudng the spectrum may be tl1e ('!ectronic circuitry. 

[0094] The spectnun L,,\s rneasured on the signal channel may be determined fro1n 

step 5 l Oa and step 5 l 2a, as fu 1lows: 

[0095] LAs === L/\J s ~ LA2s (equation 5), 

wh(•re L,\s may be related to the coupling fat:tors, as folkn.vs: 

[0096] LAs === Cis C*n_. C* ''\. C**c C*rc Cs IA (equation 6), 

where IA is the output of the flash lamp. 

[0097] The spectrum LAH measured on the reference channel may be detem1ined 

from step 5 IOb and step 5 I 2b, as follo,:vs: 

[0098] L..-\R = LAm - LA2R ((•quation 7), 

where LAH may be related to the coupling factors, as follov,1s: 

[0099] LAR =Cu<. C*rR Cn I.-\ (equation 8). 

[00100] The calculation from equation 5 and equation 7 may a!Iovv for the decoupling 

of the flash lamp from the plasma emission and background noises in an embodiment 

[00101] In step 514, signals may be collected from etch chamber \'•lith Hash lamp 

"OFF" for the desired integration tinK', in step 514a, to measure spectn1m Ln in an 

embodiment. Spectrum Ln may typically be the spectra that may be collected in the prior art 

that ess(•ntially has a plurality of variations associawd \\dth th(' measurenK'nt. The spectrum 

Ln may b(' represented as follm.vs: 

[00102] LH"" C**c C*rc Cs rp (equation 9), 

[00 'I 03 J As may be appreciated from the foregoing, coupling factors with '" * '" denotes 

quantities that may changes over time. The coupling factors \Vith " * "being employed in 

equations 5 - 9 may represent instantaneous values from the process in real time, in an 

embodiment. 

[00104] In step 516, a normalized optical emission spectrum h· may be calculated, in 

an embodiment, employing equations 10 and 11 to normalize the variations associated with 

the measurement system, as follows: 

Ip === (Crc./ (C*rc) '') ((Lo<-;A / LoRA) (LAR / LAs)) '-:o (h, / Lns) Ln (equation 10), 

(equatlon 11). 
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[00105] As may be appreciated by the fbregoing, equation 10 may be derived frorn 

equations 6, 8 and 9 with the assumptions as disn1ssed here1n. ln an embodiment, th(~ 

chamber may be configured to be symmetric resulting in Ci. to be equivalent to Cc, Thus, the 

change in C'\ may be assumed to be similar to the change in C*c over time for a symm(•tric 

chmnber. 

[00106] In another embodiment,. the fiber segments may be configured to be 

approximately equal resulting in Cr:t to he equivalent to Cm. Thus, the change in C*n. rnay 

be assumed to be similar to th(' change in C*rr. over tim(' for equivalent fiber segments 

having sim11ar exposure levels. 

[00107] In .Yet another embodiment, tlie coupling factor Crc may be approximate to be 

equivalent to one fbr the situation \Vherein, for example, the collection fiber segment may be 

made to be very short. Furthermore, the ratio of (Crc / (C*rc) ,.,)may be assumed to be about 

one. Thus, the value Ip fr_ir equation 10 may be simplified to equation 11. 

[00 l 08] In step 5 l 8, the process end point may be assessed in an embodiment The 

proc('SS endpoint may be determined by the emission spectrum from Ip or other metl10ds, such 

as a preset time or other methods of detecting process endpoint. 

[001091 Jfthe process has not reached the endpoint, real time OES measurements may 

be continued to be collected in step 520 by looping back to step 510 in an embodiment. The 

nom1a!ized OES measur(•ments may continue until the proc('SS has reached th(' endpoint. In 

an embodiment, loop 520 fix steps 510 through 518 is the real time OES measurem.ents. 

[001101 ln step 522, the process may be stopped and plasma may be turned off \vhen 

the process has reached the ('.ndpoint in m1 embodiment 

[00111] rn step 524, the processed \vafer may be removed from the etch chamber in an 

embodiment. 

[001121 In step 526, the process may continue and loop back to step 506 \.Vhere a ne\v 

wafer may be loaded into the etch chamber. The real time OES measurements may be 

collected for the processing of another \.vafoL 

[00113] Thus, the normalization method 500 may employ OES setup as shown in Fig . 

.1 and off-line external calibration measnren1ent.s as discussed in Fig. 2 and Fig. 3 to measure 

and derive normalized optical emission spectrum Ip in real time. The normalized optical 

em1ssion spectra are independent of the optical collect1on eliic1encies associated \vi th the 

measurement system. 
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[00114] As can be appreciated from the foregoing, one or inore embodirnents of the 

invention provide for a plasma processing system with th(~ capability to fo.cilltaw quantitative 

comparison of optical emission spectra across multiple chambers in a manufacturing facility 

by employing real time OES measurem(•nts. Furthem1ore, the normalized spectra may be 

utilized to build process control and/or fault detection capabilities. 

[00115] \-Vhile this invention has been described in terms of several preferred 

embodiments, there are alterations, pennutations, and equivalents, which fall within the scope 

of this invention. Although various examples are provided. herein, it is intended that tl1ese 

examples be jllustrative and not limiting \Vith respect to the invention. 

[001 !6] Also, the title and summary are provided. herein for collvenience and should 

not be used to construe the scope of the claims herein. Further, the abstract is written in a 

highly abbreviated form and is provided herein for convenience and thus should not be 

employed to construe or limit tl1e overal11nv(•ntion, \Vhich is express(•d in the claims, If tl1e 

term "set" is employed herein, such term is intended to have its commonly understood 

mathematical meaning to cover zero, one, or more than one nK·mber. It should also be noted 

that t11ere are nmny alternative \vays of implementing the inethods and apparatuses of the 

present invention. lt is therefore intended that the follmving appended claims be interpreted 

as including all such alterations, pennutations, and equivalents as fall \'•iithin the tme spirit 

m1d scope of the present invention. 
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