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I N REFLECTI VI TY BACKGROUND The invention relates to detection of a process
endpoi nV42A¢ a substrate fabrication process. In subPCTANBHEES i cati on
processes, sem conductor, dielectric, and conductor materials, including
for exanple materials such as polysilicon, silicon dioxide, alumnumand
tungsten silicide, are forned on a substrate by chem cal vapor deposition
(CVD), physical vapor deposition, oxidation and nitridation processes. For
exanple, in CVD processes, a reactive gas nay be used to deposit materi al
on the substrate, and in PVD processeé, a target is sputtered to deposit

materi al on the substrate. pEfECYINGA PROCESSENDPOINTAL | ON processes, an
oxide or nitride nateri al ’FﬁﬁCh as silicon dioxide or silicon nitride,

respectively, is formed on M%W@‘B?F%UE’IWg the substrate to a

sui tabl e gaseous environnent. |In subsequent etching processes, a nmask of

phot oresi st or hard mask materi alBA(ﬁ(éF_gwﬁS on the substrate by

conventional 1ithographic nethods, exposed portions of the
substrate are etched by a gas to formpatterns of gates, vias, contact
hol es or interconn N ' i ' . es, it is
often desirable tgﬁ‘tSHJ%%‘ga%F%tgggd %ét%%@gg&f%&?%%%g%gﬂgﬂﬁgﬁﬁgé at a
pr edet er substeate fapgicativn presesHr ocess. For exanpl e, when etching pol ysilicon
materi al deposited over features of a silicon nitride mask layer, it is
desirable to stop etchi n'g m@i?? the silicon nitride mask Iap/er I s reached
and thereafter part'D8HPsiralt BYRYPPATYESSEEATHFUYLCEL Filed B deen t he
silicon cah@l_rdtaendatams,.inagisdmmrI@gasmemmﬁﬁals hmbrtefsepcﬁsltsmbbmg;ilmlbnga?@e,
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0 e material being etched. en conposition o e mat eri
changes, YEFe dSRRSHLEY T MEH OB o SYRREalE b P BRSO HIBRTAEHE R der | ayer
| S exposegseduserspontent. | sabspauehtatching prosesses] i enask akphiotoresiss@chdrd det ect
mask material is formed on the substrate by conventional lithographic methods, and the

exposed portions of the substrate are etched by a gas to form patterns of gates, vias,
contact holes or interconnect lines. Especially in the etching processes, it is often
desirable to change or stop processing of the substrate at a predetermined stage of the
process. For example, when etching polysilicon material deposited over features of a
silicon nitride mask layer, it is desirable to stop etching when the silicon nitride mask layer
is reached and thereafter partially etching polysilicon plugs exposed between the silicon
nitride layer. As another example, in the etching of gate structures, it is desirable to stop
etching of overlying polysilicon as soon as the underlying gate oxide is reached,
especially when the gate oxide is a thin layer.

In plasma emission analysis, an emission spectrum of a plasma in the
chamber is analyzed to monitor the etching process as for example taught in U.S. Patent
Nos. 4,328,068 and 5,362,256, both of which are incorporated herein by reference. The
plasma emission spectrum depends upon the energized plasma species which are
dependent upon the composition of the material being etched. When the composition of
the material changes, for example, when a layer has completed etching and an
underlayer is exposed, the spectral change that occurs in the plasma is used to detect



WO 01/ 42767 PCT/ US00/ 33884 2 conpletion of etching of the overlying
material. In general, plasma em ssion nethods nonitor a predeterm ned
wavel engv@ 01/4276he pl asma spectral emnission and correl at e PGTAY$0AB3%8As i n
intensity of the wavel ength with an endpoint of the process. However, such
spectral changes occur only after a large portion of a new material is
exposed on the substrate. Thus plasma em ssion analysis tends to provide
information relating to an average state of processing across the surface
of the substrate. This nay | ead to sonme regions being over-etched while
others are under-etched EI | i psonetry ahd interferometry are al so be used
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interfaces. If the original thickness of the layer is known, a remaining thickness may be
estimated by counting the maxima/minima peaks during etching. While these methods
may be used to estimate the amount of remaining material, it is difficult to precisely
determine the end of etching of the material, especially when the original thickness of the
material varies slightly from one substrate to another or across the surface of the
substrate itself. Also, the area on the substrate from which initial thickness
measurements are obtained is often not the same area as that from which the reflected
beam is monitored, which may give rises to erroneous measurements.

Thus, it is desirable to precisely detect an endpoint of processing of a
material on a substrate, especially to detect an endpoint of etching a layer on a substrate
to expose an underlayer. |t is further desirable for the endpoint detection method and
apparatus to be relatively insensitive to changes in thickness of the layer across the
substrate or from one substrate to another.

SUMMARY



WO 01/ 42767 PCT/ US00/ 33884 3 Enbodi nents of the present invention satisfy
these needs, in principle, by detecting an endpoint of a process perforned
on a sub¥®pH42367ni t h accuracy and repeatability. In one XEFAN0033BE present
invention conprises a substrate processing apparatus conprising a process
chanber capable of processing a first material on the substrate. A

radi ati on source is capable of emtting radiation that is reflected from
the substrate during processing. A radiation detector is provided to
detect the reflected radiation and generate a signal trace. A controller
is adapted to receive the si gnal trace3 and eval uate an endpoi nt of
processing the fir r | h
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mat eri al J&%ﬁfol@ﬂt aflithd frsEbtdrigf | ectivity coefficient than the first
material . 1 n another aspect, the present invention relates to a substrate

processi ng apparatus conprising a process chanber capable of sustaining a

plasma to process an ofnbrvétsadmtrférap@bré@urs &diﬁpr&@b&tdomp@terhafnhg atmérshyat i on
det ect or det ect radi ati on .em sa%lﬁ m the asnma_ and enerag%ees a

fTrert ol grasnbi b aPer B A Pulieone aidosat srbpaRe B s iludtiasd
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adapt ed to & a%%'dfe?%c%n\% Jh'aﬁgé mqﬁer?;g?ﬂ%em gnal s and determ ne an endpoi nt

of processing on the substrate. In one version, the
apparatus conprises a conputer having a menory capable of operating a

conput er - r eadabl e pPLOGLAR sgm'tﬁ&p@@eﬁt iSRIFRYh Pdlates 8513 rethod Bt Probssihg €
conput er readabl e programinclud gr ogram code to receive the fjrst and
a substrate, in which, the substrate |s pI ed’in a process zone, and process condltlons
are set in the process zone to process a first material on the substrate. Radiation
reflected from the substrate during processing is detected and an endpoint of
processing the first material is determined from a change in intensity of reflected
radiation that is distinctive of exposure of a second material having a different reflectivity

coefficient than the first material.

In another aspect, the present invention relates to a substrate processing
apparatus comprising a process chamber capable of sustaining a plasma to process a
first material on the substrate. A ﬁfst radiation detector detects a radiation emission from
the plasma and generates a first signal, and a second radiation detector detects a
reflected radiation from the substrate and generates a second signal. A controller is
adapted to receive the first and second signals and determine an endpoint of processing
of the first material on the substrate.

In one version, the apparatus comprises a computer having a memory
capable of operating a computer-readable program embodied on a computer-readable
medium, the computer readable program including program code to receive the first and



WD 01/ 42767 PCT/ US00/ 33884 4 second signals and determ ne an endpoi nt of

pr ocessi irst material on the substrate. In anot t he
P obifiel, S PEpRShes

pr esent lon relates to a method of processing a su I'n whi ch,
the substrate is placed in a process zone, and a plasma of process gas is
formed in the process zone to process a first material on the substrate.
Radi ation emtted by the plasma and radi ation reflected fromthe substrate
are detected. An endpoint of processing the first material is determ ned
froma change in the radiation enltted4by the plasnma and a change in the
radi ation reflected fromthe substrate.” DRAWNGS These and ot her features,

aspects, gddnadigabisagRidetdrminteaPeripdint of pro¢essingthe fitst materidden tiey under st ood
fromthe fqll o ng drawi ngs, description and appended cl ai ns, which
|IIustrat%%é">tJ@¥¥pl ary features of the invention, however, it is to be
under st ood that each of the features can be used in the inventi on in
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signal trace of the intensity of radiation having a wavel ength of 253.7 nm
reflected fromthe substrate during gEQoRes ng of the substrate; Figure 4
is a schematic sectional side view 0f a chanber and process nonitoring
system according to the present invention; and WO 01/ 42767 PCT/ USO0/ 33884

5 Figure 5 is an bl qpksélha@bdet féfatarb§ a5 ééi§téHdeadQ/Ent%@e$ bf #etgraddnye conput er
program Syrllvgﬁt?c!newfll%re boert)tglr Srtlclierllgood (fai'om tﬁe oeflt)w%gddrgv?/mggo elsréﬁpt?obwea dr 0Cess.
appended claims, which illustrate exemplary features of the invention, however, it is to
be understood that each of the features can be used in the invention in general, not
merely in the context of a particular drawing, and the invention includes any combination

of these features.

Figure 1a is a schematic sectional view of a substrate showing the partial
reflection and partial absorption of incident radiation during processing of a first material
on the substrate;

Figure 1b shows the substrate of Figure 1a, after completion of etching of
the first material showing radiation being reflected from the surface of an underlying
second material;

Figure 2 is a signal trace of the intensity of radiation having a wavelength
of 704 nm emitted by the plasma during processing of the substrate;

Figure 3 is a signal trace of the intensity of radiation having a wavelength
of 253.7 nm reflected from the substrate during processing of the substrate;

Figure 4 is a schematic sectional side view of a chamber and process
monitoring system according to the present invention; and



DESCRI PTI ON The present invention is useful for nonitoring a process
conducted on a substrate 20, and especially useful for detecting an
endpoi ntWBPV#8tessing of a material on the substrate 20°CTASHBIHt v at ed
in the exanple shown in Figures 1 a and 1 b, the process my be used to
detect conpletion of processing of a first material 22 and exposure of an
underlying second material 24. Generally, the substrate 20 conprises a
plurality of materials 22, 24 fornmed on a wafer 26 of silicon, conpound
sem conductor or dielectric. During processing of the materials 22, 24 it
may be desirable to stop processing ufon reaching an interface 23 between
the first material 22 and the second naterial 24 or after conpletion of"
processing one or both of the first or second materials 22, 24. For
exanmpl e, in a typi da@ureddnrAgIask giagsam of therpiijiclyee efal ifagyatve ePBRYY et chi ng

after et glibdramtsuitanle forldperating Ste dRaher ahd Br%n%nrfgftherpr&;te§§n ng through only a
smal |l portion of the underlying second naterial 24. The process may be

illustrated referring to a typical etching process, in which a substrate
20 having the layers 22, 24 is pl aDESCRRTIONor ocess zone and process
conditions are set for processing the substrate 20 in an energi zed process
gas or plasma, for exanple to etch the first material 22. During etching,
the plasnma enits rgesent invieation is usefat foc manitertingea pfocesrecdndustedoataer i al 22
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The process may be illustrated referring to a typical etching process, in
which a substrate 20 having the layers 22, 24 is placed in a process zone and process
conditions are set for processing the substrate 20 in an energized process gas or
plasma, for example to etch the first material 22. During etching, the plasma emits
radiation that is characteristic of the first material 22 being etched, generally, because
the plasma contains volatilized gaseous species or compounds of the first material 22
that emit a characteristic spectrum or wavelength of radiation when energized. The
intensity fluctuations of radiation having the preselected wavelength is monitored to
determine the rate of progress of etching of the first material 22. Because the radiation
intensity (at the preselected wavelength) is dependent upon the amount of material in the
plasma that emits radiation in the particular characteristic or signature wavelength, it is
also dependent upon the exposed area of the first material 22 and is indicative of the
average etching state of the exposed surface of the substrate 20. Thus, plasma
emission analysis allows monitoring of a non-localized or global etching behavior across
a substantially the entire substrate 20.



silicon nitride | ayer (second material 24). After etching, plugs of
polysilicon material 27 are left behind between expanses of the silicon
nitri de WQ9H#279U and/ or exposed silicon 26. The et chi ng B15¢¥0883884
performed to clean up polysilicon that is incidentally deposited on the
silicon nitride 24 while filing the plugs 27. Referring to Figure 2, in the

first stage |, during etching of the overlying polysilicon 22, the em ssion
intensity remains relatively flat and at a constant |evel. The second
etching stage Il, corresponding to the conpletion of etching of the

underlying silicon nitride 24, shows a feak in the intensity of radiation
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22, 24 that are being processed on the substrate 20. Generally, referring to Figure 1a,

when an optically absorbing material 22 (medium 1) lies on another material 24 (medium
2), the absorption and reflectivity of radiation may be approximately described by a
summation equation. The radiation in the process environment (medium 0) that is incident
on the material 22 has a first surface reflection determined by the complex Fresnel
coefficient ry = (ng-n,)/(ny*+n,) where ny and n, are the complex refractive indices of
media 0 and 1. The complex refractive index n is defined as n = n - ik where n and k
are the real and imaginary parts, being the refractive index and extinction coefficient,
respectively. As shown in Figure 1a, when the material 22 has a certain thickness, a
portion of the incident radiation 76 is reflected as the component 78 and another portion
is transmitted into the material 22 according to the complex Fresnel transmission
coefficient t;= 2ny/(ny+n,). The transmitted radiation is absorbed in the material 22 as a
function of the depth d by the factor exp(-4Bk,d/%) where 8 is the wavelength of the
incident radiation. If the incident radiation has not beer fully absorbed before reaching
the interface 23 at the rear of the material 22 some of the radiation is reflected back



according to the equation, r2 = (n,-n2)/(n,+n2), where n2 is the conpl ex
refractive index for material 22. The part of the reflection which remins
after a¥QO0p#376h during the round trip is transmtted bRK/VINE3WAocess
environment -- where it conbines with the original reflected radiation but
wi th a phase change * = 2 B n, d,/8 which depends upon the round trip

di stance covered in the depth d. The net reflected anplitude is
approximately, rfet nr, +1t, t," r2 exp(+2i*) exp (-4Bk,d/8), where
multiple reflections have been neglected. Explicit fornulations may be
found in references such as M Born an@l E. WIf, Principles of Optics,

Per gamon féc‘l?) g:%l]ogtﬁg) arbs%)rgthpﬁ/% RR) haﬁgrehr?rlgltl'?ahc&Xpléﬂ'egFa%p\(}eerndwen d

and k, are enou
essenti al ﬂOyfT@éQf@l 29 me@arﬁgf thegefiestianwhisbtremainis @fter apsosgtion duingthen of

thic knessrounm\’ﬁ¥%rans?ﬁﬁ@8 btaEfé m‘i‘@br%ﬁé?sl er%@rohﬁeﬁpﬂWh%Feelk ¥orﬁ5iﬁ@§%th iy

exanple, as.s romthe surface

re i.s a net 0

of "t he. urdiaing) it PERHOmPE WS REess o] = 2 Ran s WRtITRSNG S69% ace. of
thte pol %/Sﬂhb:crﬁl?'ﬁi tﬂb@?;lt&?:etcgﬁéreﬂﬁlﬂﬂ\_éldbpm Tiee rﬁéteefte@teajlammlhdet.yde ]grth

i Nt ensi 0 refl ect ed, radi ation, e

refl ect eéaF%péa" 100 Treplkd v%lril ??%%Qé}h) (gngl @y hzfge: elﬁ%gtﬂo Je of the
second t ehavetbeeaughlected. iBxphcit fameul Stdnseeay hefoubdvn nefﬂremoealssnch asd. o _he _

{1 cknessafls ESWBRMR e BRGRAL rflinoh BRosIRAS) UMaOE ioarpddiBdRHIAL  On | 1

ed I1'nTe an

total reflect SITy W appear an 1 ncreasing
anpl i tudebsa@fefem:eanwgemdapdrl@ areﬂlﬁtg@rertqwe fahsgtptlﬁaﬂemir@ltew thesacandched

and entirghy id e58a%68lly 2h6 raaucﬂf‘gra céraéflérﬁmb%ﬂz&.dnsasp@ruhb@édaftﬁ.ep‘«te%@t ed from
the surface of the E\ql S|I|con | ugs 27 and parti al ected fromthe

surface oFOWRAErsWVIERHE MAEHalde is ﬁ%EP@'PF%X etghed, é‘?fc?xéﬂlﬂ’?%laéﬁﬁPWﬁlﬂ Figpiee

iﬂter;\al 1eftheretid onst néaycti@acfmrn ﬂne&nﬁuw@wthyun@arly&ngemzonandde maribpges (not
shown) . T e

fl d . d
R e e e e A R e e
observed gmenieositycofitbe rediected radiatiomt dnbetm;eenﬁhganmhﬁldsmm refiectediradidtiode

trace of Fn‘%g'vﬁrg/tff‘qh‘?n rf'ég!h%{;uﬂg gﬂ?é:%% by aﬁlg{u'dP%fth%ts%Ebﬁ}ﬂte% nﬁ.las e type of

substrate esc one Wt I I con 22
over | yi ngintgriace satwaenrthejavpmaterigls ﬁncéaiemﬁblp@%é %@B@W rDQﬂeanag OP nm was

chosen t Othbrrﬁé’gimaa@of kleth'é%ﬁtaf@{ .ﬁ té’tﬁn RAEALS mtérfs.ty Wit U?céﬁ appgtRr Bedddic,
anpl i tudes_of radi at | on e&%ﬁ é g\ cur di sch%;
o 1 iR an et asina AP R e Brrcry AL Th LTI e SRS

| ayer 22, ahdnentirelly eeraoved, e mhe}emteédhakirirem is ddrtally ceflecteddionsthersaHadge ofel y

flat. They aqsRAtes Sila0%7 $ha5ubly yoHERTBANL M S el Afoe’ e

underlyin a downwar d
sl ope t hamatssial 24 p\od@gdltlormlmwlp@t ioternay refigaljons may ermfmm uoﬁeriym ldyets

regi ons of,PRkeriichl Gt sh&lvh). I Theldifn b RE Ferticted! @Wiponents resuits in another

observed amplitude of reflected radiation that may be different from the previously

observed periodic variation in intensity.

Figure 3 shows the amplitude trace of reflected radiation obtained during
etching of the same type of substrate 20 as that described above, namely one with
polysilicon 22 overlying silicon nitride 24. In this example, a wavelength of 253.7 nm was
chosen to irradiate the substrate 20 because it is one of the peak ampiitudes of radiation
of an emission spectra from a mercury discharge lamp. In the first stage |, during etching
of the overlying polysilicon layer 22, the intensity of the reflected radiation remains
relatively flat. The second etching stage I, corresponding to the etching of the underlying
silicon nitride layer 24, shows a minima peak having a downward slope that corresponds
to the etching away or clear-off of residual regions of polysilicon left in the field of view
of the sensor. After the silicon nitride layer is exposed, the polysilicon plug 27 is etched



of the sensor. After the silicon nitride |ayer is exposed, the polysilicon
plug 27 is etched WO 01/42767 PCT/USOQ 33884 8 at a faster rate than the
surround?¥B§14377 con nitride 24. As a result, there is a KGEVESWAE4 i n pat h
|l ength for the radiation reflected fromthe surface of the polysilicon plug
27 relative to the radiation reflected fromthe surface of the silicon
nitride 24, which gives rise to periodic variations that correspond to
maxi ma and mninma i nterference peaks. This type of curve may be used to
detect a precise endpoint of conpletion of etching of the polysilicon
overlayer 22 and onset of etching of th& underlayer 24 (at the point 31
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the int erbcﬂysihc’éﬁ. may al so have a different reflectivity coefficient or
function than the materials 22, 24 which would affect the amount of
radiation reflected fromthe interface 23. The enpirically observed change
in the anplitude trd&bus. ihe ipieasilysafitye refioeted iradiatipniroayt bemohiarge and
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material 22 which would cause a smaller or larger percentage of radiation to be reflected
from the surface of the second material 24 than that reflected from the first material 22.
In addition, the interface 23 may also have a different reflectivity coefficient or function
than the materials 22, 24 which would affect the amount of radiation reflected from the
interface 23. The empirically observed change in the amplitude trace is precisely
correlated to the change in reflectivity that occurs after etching through one layer 22 and
at the interface 23 of a second layer 24. This is typically a precise and sharply defined
change that it is believed results substantially only from the change in reflectivity
coefficient of the two materials and may be used to pinpoint the endpoint of the etching
of the first layer 22 and reaching the environment of etching the second layer 24
accurately and decisively.

Additional precision may be obtained by focusing the incident radiation
onto a precise area or region of the substrate 20 containing a known thickness of
polysilicon material 22. The localized reading of the change in reflectivity at the
completion of etching of the localized region provides especially useful information when



onto a precise area or region of the substrate 20 contai ning a known

t hi ckne lysilicon material 22. The |ocalized rea change
in refléi?ﬁyw%gPat the conpletion of etching of the |chkﬂ§%§)Pg§I0n

provi des especially useful information when WO 01/42767 PCT/USOQ 33884 9
eval uated together with the average or gl obal reading obtained across the
surface of the substrate 20 by plasma em ssion anal ysis. The two readi ngs
are evaluated to determne both the average etching rate and | ocal etching
rate, and are concurrently detected to ,chose an endpoint which is nore
accurate than a single reading fromany’one of the nethods. In addition,
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mask material. A trace of the estimated amplitude change may be mathematically
calculated for given thicknesses of the first and second materials and be stored as a
reference trace or as a table of values. The reference trace or values in the table may
be compared against an empirically determined signal trace to determine the stage or
endpoint of the etching process.

The examples provided herein, may be used, for example, in the etching
of a substrate 20 in the apparatus 27 that is schematically illustrated in Figure 4.
Generally, the apparatus 27 comprises a chamber 28 having a process zone 30 for
processing the substrate 20 and a support 32 to receive the substrate 20 in the process
zone 30. The process gases are introduced into the chamber 28 through a gas supply
34 comprising a gas source 36, gas outlets 38 located around the periphery of the
substrate 20 (as shown) or in a showerhead mounted on the ceiling of the chamber (not
shown), and a gas flow controlier 40 for controlling the flow rate of the process gas.
Spent process gas and etchant byproducts are exhausted from the chamber 28 through



34 conprising a gas source 36, gas outlets 38 |ocated around the periphery
of the _substrate 20 (as shown) or in a showerhead nount eiling
of the YWRM{IET67 (not shown), and a gas flow controller 4§8F§go@gﬁ%folling
the flowrate of the process gas. Spent process gas and etchant byproducts
are exhausted fromthe chanber 28 through WO 01/42767 PCT/ US00/ 33884 10 an
exhaust 42 conprising roughi ng and turbonol ecul ar punps (not shown) and a
throttle valve 44 is used to control the pressure of process gas in the
chanber 28. An energized gas or plasnma is generated fromthe process gas by
a gas energizer 46 that couples RF or'Ym crowave energy to the process gas
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(UV), visible or infrared radiation; or may provide other types of radiation such as X-

rays. The radiation source 58 may comprise, for example, an emission from a plasma

generated inside the chamber 28, the plasma emission being generally multispectral, i.e.,

providing radiation having multiple wavelengths extending across a spectrum, such as

polychromatic radiation. The radiation source 58 may also be positioned outside the

chamber 28 so that a radiation beam 60 may be transmitted from the source 58 through a

window 61 and into the chamber 28. The radiation source 58 may also provide

substantially monochromatic radiation having predominant wavelengths, or a single

wavelength such as monochromatic light for example, a He-Ne or Nd-YAG laser.

Alternatively, the radiation source 58 may provide radiation having multiple wavelengths,

such as polychromatic light, which may be selectively filtered to a single wavelength.

Suitable radiation sources 58 for providing polychromatic light include Hg discharge

lamps that generate a polychromatic light spectrum having wavelengths in a range of

from about 180 to about 600 nanometers; arc lamps such as xenon or Hg-Xe lamps and

tungsten-halogen lamps; and light emitting diodes (LED).
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an electrical conponent ange In vol tage applied across an
el ectrical conponent. A suitable systen1for coupling the radiation

detector 62 to the gqhaieferdfhetREyEichts6 furtheb&naftses a radiation detector 62
for detecting radiation 64 reflected by the substrate 20. The radiation detector 62
comprises a radiation sensor, such as a photovoltaic cell, photodiode, photomultiplier, or
phototransistor, which provides an electrical output signal in response to a measured
intensity of a reflected beam of radiation 64 (or an emission spectra from the plasma).
The signal may comprise a change in the level of a current passing through an electrical
component or a change in a voltage applied across an electrical component. A suitable
system for coupling the radiation detector 62 to the chamber 28 comprises a fiberoptic
cable 69 leading to the sensor of the radiation detector 62. The process endpoint data
processed by the detectors 62 is transmitted to an interferometric analyzer 65
appropriate through interface boards to allow analysis of the data.

Optionally, a lens assembly 66 may be used to focus a radiation beam 60
emitted by the radiation source 58 onto the substrate 20, or to focus a radiation beam 64
reflected back from the substrate 20 onto the sensor of the radiation detector 62. For
example, for a radiation source 58 comprising a Hg-discharge lamp located outside the



cable 69 leading to the sensor of the radiation detector 62. The process
endpoi nt _dat a Jorocessed by the detectors 62 is transmtted to an

i nt er f eMSHBY43787 anal yzer 65 appropriate through interfadCTH6¥PA8¢0 al | ow
anal ysis of the data. Optionally, a |ens assenbly 66 may be used to focus a
radi ati on beam 60 emtted by the radiation source 58 onto the substrate
20, or to focus a radiation beam 64 reflected back fromthe substrate 20
onto the sensor of the radiation detector 62. For exanple, for a radiation
source 58 conprising a Hg-discharge | anp | ocated outside the WO 01/42767
PCT/ US00/ 33884 12 chanber 28, a plural2ty of |enses 66 may be used to
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drive mechanism, such as a stepper motor, that scans or otherwise moves the beam
spot 70 across the substrate 20.

Radiation having a plurality of wavelengths, such as polychromatic light
from a lamp or a plasma emission spectra, can be suitable filtered by placing a filter 76 in
the path of the incident or reflected radiation 60, 64. The filter 76 is typically located in
the lens assembly 66 but can also be located at other positions in the chamber 28, for
example, in the chamber window 61, in front of the radiation detector 62, or in front of
the radiation source 58. A suitable filter 76 comprises thin films on a transparent support
that selectively transmit radiation having the desired wavelength, a filtering lens, a
diffraction grating having a diffraction spacing that scatters radiation having undesirable
wavelengths, attenuation of radiation through a long pathiength in a partially absorbing
material, or selective electronic filtering of the signal from the radiation detector 62 to
read only the portion of the signal corresponding to radiation having the desired
wavelength.



exanple, in the chanber wi ndow 61, in front of the radiation detector 62,
or in front of the radiation source 58. A suitable filter 76 conprises
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The chamber and endpoint detection system 56 is operated by a controller
100 that executes a computer-readable process control program 102 on a computer
system 104 comprising a central processor unit (CPU) 106, such as for exampie a 68040
microprocessor, commercially available from Synergy Microsystems, California, or a
Pentium Processor commercially available from Intel Corporation, Santa Clara, California,
that is coupled to a memory 108 and peripheral computer components. The memory 108
comprises a computer-readable medium having the computer-readable program 102
embodied therein. Preferably, the memory 108 includes a hard disk drive 110, a floppy
disk drive 112, and random access memory 114. The computer system 104 further
comprises a plurality of interface cards including, for example, analog and digital input
and output boards, interface boards, and motor controller boards. The interface
between an operator and the computer 104 can be, for example, via a display 118 and a
light pen 120. The light pen 120 detects light emitted by the monitor 118 with a light
sensor in the tip of the light pen 120. To select a particular screen or function, the



m croprocessor, comrercially available from Synergy M crosystemns,
California, or a Pentium Processor comercially available from I nt el
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therein. Preferably, the nenory 108 includes a hard disk drive 110, a
floppy disk drive 112, and random access nenory 114. The conputer system
104 further conprises a plurality of interface cards including, for
exanpl e, anal og and digital input and16utput boards, interface boards, and
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invokes the object code, causing the CPU 106 to read and execute the code to perform
the tasks identified in the program.

Figure 5 is an illustrative block diagram of a hierarchical controf structure
of an exemplary embodiment of a computer program 102 according to the present
invention. Using a light pen interface, a user enters a process set and chamber number
into a process selector program 132 in response to menus or screens displayed on the
CRT terminal. The process sets are predetermined groups of process conditions
necessary to carry out a process in a chamber 28 including without limitations, gas
composition, gas flow rates, temperature, pressure, gas energizer settings such as RF
or microwave power levels, cooling gas pressure, and wall temperature. In addition,
parameters needed to operate the process monitoring systems 56, 57 are also inputted
by a user into the process selector program. These parameters include known
properties of the materials being processed, especially radiation absorption and
reflection properties, such as reflectance and extinction coefficients; process monitoring
algorithms that are modeled from empirically determined data; tables of empirically



of an exenpl ary enbodi ment of a conputer program 102 according to the
present _ i on. Using a light pen interface, a user r,ocess
set and%?gﬁgigy nunber into a process sel ector program W‘ﬁ) ge@ponse to
menus or screens displayed on the CRT terminal. The process sets are
predet erm ned groups of process conditions necessary to carry out a
process in a chanber 28 including without limtations, gas conposition,
gas flow rates, tenperature, pressure, gas energizer settings such as RF
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and control program 140 controls the open/close position of the safety shut-off valves, and
also ramps up/down the gas flow controller 40 to obtain the desired gas flow rate. The
gas pressure control program 142 comprises program code for controlling the gas
pressure in the chamber 28 by regulating the aperture size of the throttle valve 44 in the
exhaust system 42 of the chamber. The gas energizer control program 144 comprises
program code for setting low and high-frequency RF power levels applied to the process
electrodes 51, 52 in the chamber 28. Optionally, the heater control program 146
comprises program code for controlling the temperature of a heater element (not shown)
used to resistively heat the support 32 and substrate 20.

The process monitoring program 126 comprises program code that
obtains sample or reference signais from the plasma emission analyzer 94 or the
interferometry analyzer 65 and processes the signal according to preprogrammed
criteria. Typically, a radiation amplitude or spectrum trace is provided to the controller
100. The process monitoring program 126 may also send instructions to the controller
100 to operate components such as the radiation source 58, radiation detector 62, the



al so ranps up/down the gas flow controller 40 to obtain the desired gas
flowrate. The gas pressure control program 142 conprises program code for
control | MPI1#R®7gas pressure in the chanber 28 by regul aPERYSIMBSMpert ure
size of the throttle valve 44 in the exhaust system 42 of the chanber. The
gas energi zer control program 144 conprises programcode for setting |ow
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evaluates an incoming signal trace provided by the analyzers 65, 94 and determines a
process endpoint or completion of a process stage when a desired set of criteria is
reached, such as when an attribute of the detected signal is substantially similar to a
pre-programmed value. The computer program 126 may also be programmed to detect
both a completion of processing of a material, for example, by detecting a change in
amplitude or a rate of change of amplitude of emitted or reflected radiation. The desired
criteria are programmed into process monitoring program 126 as preset or stored
parameters, algorithms, or tables of values. The program 126 may also include program
code for modeling a trace of radiation, selecting a feature from the modeled trace or
allowing a user to select the feature, storing the modeled trace or the feature, detecting a
portion of an incoming signal, evaluating the measured signal relative to the stored trace
or feature, and calling an end of a process stage of the process being performed on the
substrate 20 or display.

In one version, the process monitoring program 126 comprises program
code for continuously analyzing a trace of a measured amplitude of radiation by drawing



radiation emtted fromthe plasnma and reflected fromthe substrate 20. The
program code evaluates an incom ng signal trace provided by the anal yzers
65, 94 XL nines a process endpoint or conpletion SCTAWPBEEEs st age
when a desired set of criteria is reached, such as when an attribute of
the detected signal is substantially sinilar to a pre-progranmmed val ue.
The conputer program 126 may al so be programmed to detect both a
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process et program 126 whi ch sends instructions to the controller 100
to change a process condition in a chanber 28 in which the substrate 20 is

bei ng processed. TRge present invention is described with reference to certain preferred
versions thereof, however, other versions are possible. For example, the endpoint
detection process can be used for detecting endpoints in other processes and in other
chambers as would be apparent to one of ordinary skill, including without limitation, other
types of etching chambers, such as capacitively coupled chambers; ion implantation
chambers; and deposition chambers such as PVD or CVD chambers. Therefore, the
spirit and scope of the appended claims should not be limited to the description of the
preferred versions contained herein.



controller 100 is adapted to control one or nore of the gas supply 34,

pl asma generator 46, or throttle valve 44 to change a process condition in
t he chan®@O19H67n relation to the received signal. The pREEEMI/BIention
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generate a signal tr acegqéﬁéﬁ%r{%%}r?\?% %tpl?’éie oa{(?ﬁw%@%lrqoigtﬁ’gé@éﬁée?et%ﬁ@egi gnal
trace andfrdmttbe subsiratenduringdprocessingt processing the first material froma

h inth [ |t : i LSty d
change 1n the signa ra%@a&n?g(%rl bétectSt ldefiick *h‘éeref?éct@d‘raﬁ]‘agﬁﬁ,‘[éhg g?ﬁer%’{esé:"con

material having a different ectivity coerficient Irs
mat eri al . SignalArcaip#Ht at us according to claim1 wherein the change in the

Zi gnal t F?CG corr g?pon?% do?ﬂtr_alléilaaaﬂed 'tcﬂreictén’?lléﬂ@héig’néviraé@sncfhékeﬁ“{winé éﬁcel- . 3.
n apparatus according.to claim rein e change in . intensity results
Subet ant | BGRPTGA PLasPySIES W Bt RRtA Tom 4 ehaTect DT gt prs Rt 4 an
appar at us daticstivd iofign eepeduse bf 4 sedwdanatetitichavingst differenc mfipetivitg coéfficieht and
second m%h%'h!t ﬁmt%g%rigperei n processing conditions are set to etch the

first material Unti[ exposure of the second material. 5. An apparatus
according to claim1l wherein the controller conprises a

2. An apparatus according to claim 1 wherein the change in the signal trace
corresponds to a change in intensity of the signal trace.

3. An apparatus according to ciaim 1 wherein the change in intensity results
substantially entirely from a change in reflectivity coefficient.

4. An apparatus according to claim 1 wherein the substrate comprises first
and second materials, and wherein processing conditions are set to etch the first
material until exposure of the second material.

5. An apparatus according to claim 1 wherein the controller comprises a
computer having a memory capable of operating a computer-readable program embodied
on a computer-readable medium, the computer readable program including program code
to detect a change in intensity that results substantially entirely from the change in
reflectivity.

6. An apparatus according to claim 1 wherein the radiation source is
adapted to provide non-polarized radiation.

7. An apparatus according to claim 6 wherein the radiation source
comprises a laser, LED or lamp.



conput er having a nmenory capabl e of operating a conput er-readabl e program
enbodi e corrputer readabl e nedium the conputer ram

i ncl udi gvgoﬁi:]“&Z? am code to detect a change in intensity ?ﬁ%ﬁg@f&?g
substantially entirely fromthe change in reflectivity. 6. An apparatus
according to claim1 wherein the radiation source is adapted to provide
non-pol ari zed radi ation. 7. An apparatus according to claim®6 wherein the
radi ati on source conprises a laser, LED or |anp. WO 01/42767

PCT/ USOQO 33884 19 8. An apparatus accpgding to claim1 wherein the

radi ation source is nounted above the substrate to direct a radiation beam
at an in@ dent anglAn aﬁp%&taaac@mdingmQleindég\rf@e@nmﬂ@dtaﬁensgmeﬂsate. 9. A
SubSt 1 at G RRUPARNAThAARRIAHRUS oF B falialidh bédhh a ?%ﬁ (48R areftP SR udo
processing a first material on t e substrate; ara I on source
capabl e &0 9@fpgrerngniedhe sbHrateed radiation that is reflected fromthe
substrate during proceSS| ng; (c) a radiation detector to detect the
reflected radiation a enerate.a _Si trace; and (d) a computer having
a menory %apabl e ofABHrf}lﬁ“gfq W@C%SW&USF@EH&%F% progr am enbodi ed on a
conput er {apadabl e nmedi urg chidmber @apatle of preadseiigea first agitarial om tHeuslibsatpr ogr am
code to rgpeive the signgl. | ageqand ElEele anfNBNGR dofrbh radtdiBRlar! " aC€

that is dP5tinctive of e%< sure a secon aving a rent
reflectivs tqflecﬂedmrorm&hefsubsttratmimeng aroces®ng;An appar at us according to claim9

wher ei n 3 £ conputer ff%la%on%@g{om a&eéﬁﬂéﬁeﬂe&@an@a&mﬂ&&&n@%@sm ne a

change inintensity of e signal trace. hod of processing a
subst r at &igngl t5age; 8Béss zone, the met hod corrprl Si ng the steps of: (a)

p! aCIh ng Y@p substrate im &&ﬁpméa@&@ eiﬁh@mory( éﬁpa@%tdfloalranﬁ@g%ampg@ndl( tions
in the proc zone r str
et ect i hdoRReR PR SPPLEa f PRRPYREeaRRE A s Ry P e Eediy:  “hnd
program including program code to receive the signal trace and detect a change in the
signal trace that is distinctive of exposure of a second material having a different
reflectivity than the first material.

10. An apparatus according to claim 9 wherein the computer readable
program includes program code to determine a change in intensity of the signal trace.

11. A method of processing a substrate in a process zone, the method
comprising the steps of:

(a) placing the substrate in the process zone;

(b) setting process conditions in the process zone to process a first
material on the substrate;

(c) detecting radiation reflected from the substrate during processing;
and

(d) determining an endpoint of processing of the first material from a

change in intensity of reflected radiation that is distinctive of exposure of a second
material having a different reflectivity than the first material.

12. A method according to claim 11 wherein the change in intensity results
substantially entirely from a change in reflectivity coefficient from the first to the second
material.



(d) determ ning an endpoint of processing of the first material froma
change in intensity of reflected radiation that is distinctive of exposure
of a sedWAd/4¥8Terial having a different reflectivity thBCHHI0B3§84t
material. 12. A nethod according to claim 11l wherein the change in
intensity results substantially entirely froma change in reflectivity
coefficient fromthe first to the second material. W 01/42767

PCT/ USQ0/ 33884 20 13. A nmethod according to claim 11 further conprising
directing a beam of non-polarized radiation onto the substrate. 14. A

met hod according to claim 13 conpri si n%odi recting the radi ation beamat an

incident qangl e of aDRHEhRCadBdHY MRS fGHHeP chhpBrisindditéctihg a bkam f Met hod

according to claim 11 conprising setting process conditions to etch the
first matOpiPolarggd o8 qn%th@ég'eﬁﬂat?rat erial. 16. A substrate processing
apparatus conprising: a process chanber capable of sustaining a plasma to
process first eri.al, on the substrate:. a.first .radiation detector to
det ect aa|r4adi ati on ‘aMe |dcﬁ9°?r|d8\91t?ﬁ§'m B?gg'pﬁ”s?ﬁjd'begﬂ eeragia{']?r}%‘?a'%?gnal; a
second r i iatident adgleexd aboutt8 td @Dalegremsopfd the tsalistrateli at i on from t he
substrate and generate a second signal; and a controller adapted to receive
the first and second signals and determnm ne an endpoint of processing of
the first1Smaterial Amethes apgpriingtp€laim71 campapipa selting Persess epnsdifions t&| ai m 16

wher ei n tdi he Mkt Mdtérfal toedd8ptiRsdcBnd Msgdriapt e the first signal to
determ ne an averaged state of etching of the substrate. 18. An apparatus

according to claim 16 wherein the controller is adapted to evaluate the
second siignal to deA eutistrace procbsuigpapparstos compaging:si gnal that is

distinctive of the exposure of ecan rial .hayin i fferent

el ectivity coef 11 ci enta PRER M Fapetlap Eyemngd ikt b G52
accor di ndirstonateral on1i6e sitestreten t he change in the second signal conprises a
change in intensity thaty ﬁgg&hkﬁoﬁu%t:md G a@ﬁ&ih{i&l amfs%famffanpdnange n

reflectivity coefficient. . An apparatus according to claim16 wherein
t he substhlasma axhgpnesats affirsteignal;

a second radiation detector to detect a reflected radiation from the
substrate and generate a second signal; and

a controller adapted to receive the first and second signals and
determine an endpoint of processing of the first material on the substrate.

17. An apparatus according to claim 16 wherein the controller is adapted to
evaluate the first signal to determine an averaged state of etching of the substrate.

18. An apparatus according to ctaim 16 wherein the controller is adapted to
evaluate the second signal to determine a change in the second signal that is distinctive
of the exposure of a second material having a different reflectivity coefficient than the
first material.

19. An apparatus according to claim 16 wherein the change in the second
signal comprises a change in intensity that results substantially entirely from a change in
reflectivity coefficient.

20. An apparatus according to claim 16 wherein the substrate comprises first
and second materials, and wherein processing conditions are set to etch the first
material until exposure of the second material.



and second materials, and wherein processing conditions are set to etch the
first material until exposure of the second material. WO 01/42767

PCT/ USOY Q8848467 21 21. A substrate processing apparatus cSmiP$EA%4 a
process chanber capable of sustaining a plasma to process a first material
on the substrate; a first radiation detector to detect a radiation em ssion
fromthe plasnma and generate a first signal; a second radiation detector
to detect a reflected radiation fromthe substrate and generate a second
signal; and a conputer having a nenory qapabl e of operating a conputer-
readabl e program enbodi ed on a conput e?-readabl e nmedium the conputer
readabl e 29or ogr am i Agubstratg prycegsiagappatatusacongesinge the first and second

sUbstrate, 2. An appar of BE AL EIATRy PBOGRRT sS4 tbihe DB er |
r eadabl e firprrogtesiahantbe sdesirate;ogr am code to evaluate the first signal to
determ ne an averaged Séﬁst?géH&gtﬁh%'&ié&%r% dé%@téiéd%tioﬁ%hﬁé%i&lt fﬁ%nt?mfbst Y

eval uate the second signa ) determne a change i n signa
di sti nct i Riasrad aas pereipte afirstsignabond mat eri al having a different

reflectivity coefficientakbgdhdirBgialibr 8éteb@F &) datbet addflecledRidRAiBN Fom the
processing.a substrate in a process zone, the method conprising the steps

of : (a) fralg andoenatRte A 3eePNd 9Nk 3docess zone; (b) forming a plasma of
process gas in the proceasompoter havify aoensorg capabisdf opetatingal cobmputdre

substrate; t i adi ati 1 . ctin
r;di ati on"ef’I éﬁl%gt%gga% %%%Oélﬁgbgélﬁgﬁp g{@é&gﬁg@@%&?@gftég%gﬁpﬁtép%ﬁggé{ po: n'? of
pr ocessi ngrogtae imaludingrogramreode dheesgive thenfirshand satpad ignale and detérmipetane

pl asma ang 89.}9@{1'9,%,3& imeﬁi@ﬁémpﬁ%é%ﬁg@romthe substrate. 24. A

met hod according to clarm 23 conprising evaluating a change in radiation
emtted by the plasna to determ ne an averaged state of etching of the

substrat e22. An apparatus according to claim 21 wherein the computer readable
program includes program code to evaluate the first signal to determine an averaged
state of etching of the first material, and to evaluate the second signal to determine a
change in signal that is distinctive of exposure of a second material having a different
reflectivity coefficient than the first material.

23. A method of processing a substrate in a process zone, the method
comprising the steps of:

(a) placing the substrate in the process zone;

(b) forming a plasma of process gas in the process zone to process a

first material on the substrate;

(c) detecting radiation emitted by the plasma;

(d) detecting radiation reflected from the substrate; and

(e) determining an endpoint of processing the material from a change
in the radiation emitted by the plasma and a change in the radiation reflected from the
substrate.

24. A method according to claim 23 comprising evaluating a change in

radiation emitted by the plasma to determine an averaged state of etching of the
substrate.



WO 01/ 42767 PCTI USOQ 33884 22 25. A nethod according to claim 23

conpri si I ifying a distinctive change in radiatio from

t he subs‘?&gklg&?%) determ ne exposure of a second materi al %%0&@5@9
different reflectivity coefficient than the first material. 26. A nethod
according to claim 23 conprising identifying a distinctive change in

radi ati on that substantially entirely results froma change in reflectivity
coefficient of the substrate. 27. A nethod according to claim23
conprising setting process conditi onsdig etch the first material to expose
a second material. 28. A nethod according to claim 23 further conprising

di rect i ng@5non- pol arA methodraegpeginada claim @3tdeapsiaipg identitying a distinctive change

in radiation reflected from the substrate to determine exposure of a second material
having a different reflectivity coefficient than the first material.

26. A method according to claim 23 comprising identifying a distinctive change
in radiation that substantially entirely results from a change in reflectivity coefficient of
the substrate.

27. A method according to claim 23 comprising setting process conditions to
etch the first material to expose a second material.

28. A method according to claim 23 further comprising directing non-poiarized
radiation onto the substrate.



