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[0004] Among the set of process variables that can be adjusted to optimize the

plasma process are gas composition, gas phase, gas flow, gas pressure, RF power density,
voltage, magnetic field strength, and substrate temperature. Although in theory it may be
beneficial to optimize each variable to each processing step, in practice it is often difficult
to achieve.
[0005] For example, in order to enhance the uniformity of plasma processing of a
substrate in a plasma processing apparatus, it is desirable to control the temperature at
-exposed surfaces of the substrate at which etching occurs, on which material is deposited
(e.g., by a CVD or PVD technique), and/or at which photoresist is removed. For

example, if a substrate's temperature rises above a certain temperature, substrate damage
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temperature. That is, the zero point temperature cannot be readily known. Additionally,

for substrate temperatures less than approximately 100°C (commonly used in plasma
processing) the radiated energy may be very small and difficult to detect.

[0008] In another electromagnetic technique, an interferometer is used to measure
a change in substrate thickness due to absorbed thermal energy. Generally, an
interferometer measures a physical displacement by sensing a phase difference of an

electromagnetic beam reflected between two surfaces. In a plasma processing system, an
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[00011] Gas distribution system 122 is commonly comprised of compressed gas

cylinders 124a-f containing plasma processing gases (€.g., C4Fs, C4Fs, CHF3, CHaFs3,
CF4, HBr, CH3F, CoF4, N3, Oy, Ar, Xe, He, H,, NHj, SFg, BCl3, Cly, WFg, etc.). Gas
cylinders 124a-f may be further protected by an enclosure 128 that provides local exhaust
ventilation. Mass flow controllers 126a-f are commonly a self-contained devices
(consisting of a transducer, control valve, and control and signal-processing electronics)
commonly used in the semiconductor industry to measure and regulate the mass flow of

gas to the plasma processing system.
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[00015] In a typical plasma processing system, a substrate temperature may be

determined by calculating plasma power deposited onto the substrate and the heat transfer
coefficient derived from the He pressure and the chuck surface conditions. However,
since the cooling system may also be operating in an open-loop fashion, subsequent heat
flow variations may cause the substrate temperature to vary outside narrow recipe
parameters.

[00016] Furthermore, the physical structure of the plasma processing chamber,
itself, may change. For example, during chamber cleaning, process pollutants may be

removed from the plasma processing system by striking the plasma without the substrate.
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SUMMARY OF THE INVENTION
[00019] The invention relates, in one embodiment, in a plasma processing system,
to a method of determining the temperature of a substrate. The method includes
positioning the substrate on a substrate support structure, wherein the substrate support
structure includes a chuck. The method further includes creating a temperature
calibration curve for the substrate, the temperature calibration curve being created by

measuring at least a first substrate temperature with an electromagnetic measuring device,
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[00024] FIG. 2 describes a simplified diagram of a plasma processing system in
which electromagnetic and thermocouple measurements are taken from a substrate prior
to the introduction of a plasma is shown, according to one embodiment of the invention;
[00025] FIG. 3 describes a simplified method in a plasma processing system in
which electromagnetic and thermocouple measurements are taken from a substrate prior
to the introduction of a plasma is shown, according to one embodiment of the invention;

and
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[00027] The present invention will now be described in
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under st andi ng of the present .invention. |t wl
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accurate absolute temperature measurements to calibrate the subsequent measurements,

the true temperature of each substrate as it is being processed can only be inferred.
Furthermore, the degree of uncertainty created by lack of thermal isolation or the
existence of substrate variations may greatly overwhelm the temperature that is being
measured.

[00029] In another embodiment, the calibration curve is created by taking a single
set of electromagnetic and thermocouple measurements in a plasma processing system
during an initial isothermal state (i.e., thermal equilibrium). For example, after a
substrate is placed in the plasma processing system but prior to actually commencing
such processing (i.e., a no-plasma condition), the temperature of the substrate can be

made substantially similar to that of the underlying electrostatic chuck once He gas is
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HdliR sS4k emmthd between chuck 216 and substrate 214 to provide a heat transfer
medium. The plasma processing system further includes an electromagnetic temperature
measuring device 210, an electromagnetic radiation transmitter 208, and a physical
temperature measuring device 212, such as a thermocouple.

[00032] Prior to the introduction of plasma gases, but after the chuck and the
substrate are in thermal isolation, a first set of temperature measurements are taken.

Initially, the temperature of the chuck is measured with physical temperature measuring

device 212, while the temperature of the substrate is also calculated with a digital
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[00035] In another embodiment, the electromagnetic radiation absorption of silicon
may be used to determine substrate temperature. That is, a measured electromagnetic
radiation absorption curve (e.g., IR, etc.) may shift in a known manner with substrate
temperature. While not wishing to be bound by theory, generally when electromagnetic
radiation (i.e., light) is directed towards a thin slab substrate, it can be partially
transmitted and/or reflected. The radiation is subject to absorption while traveling

through the substrate. Only the photons whose energy lies above the band gap energy can
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That is, electromagnetic radiation transmtter 208
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[00038] For example, referring now to FIG. 4, electromagnetic absorption is
shown at various temperatures for a double polished 300 mm silicon substrate, according
to one embodiment of the invention. At short wavelengths (high energy) 402, the
substrate is opaque and the absorption is high. At long wavelengths 404 (above 1.2
microns, low energy), the substrate is transparent. As electromagnetic radiation enters the

substrate and is reflected, and undergoes interferences before exiting the substrate - hence
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scope of this invention. For example, although the present invention has been described
in connection with Lam Research plasma processing systems (e.g., Exelan™, Exelan™
HP, Exelan™ HPT, 2300™, Versys™ Star, etc.), other plasma processing systems may
be used. This invention may also be used with substrates of various diameters (e.g., 200
mm, 300 mm, etc.). Also, other physical temperature measuring devices and other
electromagnetic temperature measuring devices may be used. It should also be noted that

there are many alternative ways of implementing the methods of the present invention.
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tenperatures (21.4C, 39C, 60C and 74C) generally
because of large anplitude fringes for these
tenperatures. In particular, at a region of the 1.05
m crons 406, the absorption edge may vary with
tenperature. Hence this "knee wavel ength" may be a
good region to generate the tenperature calibration
curve. [00040] In accordance with another enbodi nment
of the present invention, a |low thermal mass chuck is
enpl oyed. This |ow thermal nmass chuck is part of a | ow
thermal mass heating/cooling system which accepts a
tenperature set point as well as the result of the
substrate tenperature nmeasurenent using the methods
descri bed above. The control system adjusts the chuck
tenperature to maintain the substrate at the set point
value. An additional control nethod may be applied to
use the fact that the heat transfer rate through the
He i s dependent on the pressure of the He, and this
permts the controller to performfast, fine
tenperature control. [00041] While this invention has
been described in terns of several preferred
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CLAIMS What is clainmed is: 1. In a plasnma processing
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i
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3. The method of claim 1, wherein said substrate is positioned between said plasma

and said electromagnetic measuring device.

4 The method of claim 1, wherein said substrate support structure further comprises

said physical temperature measuring device.

5. The method of claim 1, where said electromagnetic measuring device comprises a

narrow-band pyrometer.

6. The method of claim 1, where said electromagnetic measuring device comprises a

monochrometer.



calibration curve being created by neasuring at | east
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wore@s539n%) devi ce, and measuring a first chuckPCT/US2004/038287
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sai d el ectromagneti c neasurenent device and said
tenperature calibration curve to determne a
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proceSS|ng 2. The nmethod of claim11, further
g1"‘}‘ng1ud|ng the step of neasuring a second substrate
tenperature with said el ectromagneti c measuri ng
devi ce, and neasuring a second chuck tenperature with
8. sai ahﬁh?@oé af claia $ uwherg salé viecteoragnietigmaasseing device comprises a
ate. 3. The nethod of claim1, wherein
bmé%?é?%ﬁgﬁiﬁﬁ%e i s positioned between said plasna and
said electronagnetic measuri ng device. 4 The nmet hod of
cla' 1, wherein said substrate support structure
fur #H%me@sﬂﬁﬁ sl T, wherain SHg Phpasal eammsetere measyringsievicads a
ﬂwﬁﬁ&kﬁﬁhcévwghe met hod of claim1, where said
el ectromagneti ¢ neasuring device conprises a
narr ow- band pyroneter. 6. The nethod of claim1, where

sai ne nmeasur, i devi ce.conpri ses a
1O'm)ng}(1: J'rng‘%rlé %"%&%ﬁéﬁ@é@%ﬁﬂi@%ﬁ%%%? 14 7.
The nmet hod of claim1, where said el ectromagnetic
rin eyi.ce conpri ses ating. 8. The nethod
iﬁea‘inﬁ%?ﬂg (Y\;Hg,nbl, veljegeip sd ﬁ‘t‘bﬁ%ﬁfﬁ A%? glassasaglur i ng

deV|ce conprises a band pass optical filter. 9. The
met hod of claim 1, wherein said physical tenperature
12.reathg mpigodiefsleimn 1,ovlzerein bad roobe elotteortemictefrequ@ncidheomprise

f aim1, wherein said substrate is a
ﬂwqR%Q%9§%CH&hll The method of claim 1, wherein said

substrate is a glass panel. 12. The nethod of claim1,

mhe e|n of el ectromagnetic frequencies
13 gﬂsloé ﬂfecﬁzflm: . gy@ae?% Eaé@ p}agmﬁ processmg%ystem comprises

chemical vapor deposition.

14. The method of claim 1, wherein said plasma processing system comprises plasma

enhanced chemical vapor deposition.

15. The method of claim 1, wherein said plasma processing system comprises

physical vapor deposition.
16.  The method of claim 1, wherein said plasma processing gas includes Carbon.
17. The method of claim 1, wherein said plasma processing gas includes Hydrogen.

18. The method of claim 1, wherein said plasma processing gas includes Fluorine.



13. The nmethod of claim1l, wherein said plasm
processi ng system conpri ses chem cal vapor
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pl asma processi ng system cdfipri ses plasma enhanced
chem cal vapor deposition. 15. The nmethod of claiml1,
wherein said plasnma processi ng system conpri ses
physi cal vapor deposition. 16. The nethod of claim1l,
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17. The nmethod of claim 1, wherein said plasm
processi ng gas includes Hydrogen. 18. The nethod of
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i ncl udes Argon. 22. The nethod of claim1, wherein
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nmet hod of claim 1, wherein said plasm processing gas
includes Helium 24. The nethod of claim1l1l, wherein
23sai dhpheghvd of clate d swherepasidi pladmadesceSiing gas.indbdes(Heliam.
pl asma processi ng system an apparatus for determ ning
the tenperature of a substrate, conprising: a means
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structure, wherein said substrate support structure
i ncl udes a chuck; a nmeans of creating a tenperature

cali [ f aj r I .
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substag i compyisaig: | east a first substrate tenperature with

an electro etic asyr.i ng device, and syring, a .

F 1 r GTEHE CRPO OSSR T BN SOYRGALF RuBPorSRLGenghetein
safd@vbSRtedppIOstiuchurs Blclidsoh Biaickpl state; a neans of

enpl oyi ng a neasurenment from said el ectromagnetic

neagunentpf crediagiadempgratuesgadibtainh exe frsaid snbstiate: paich
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temperature with a physical measuring device during a first isothermal state;
a means of employing a measurement from said electromagnetic measurement

device and said temperature calibration curve to determine a temperature of said substrate

during plasma processing.

26.  The apparatus of claim 25, further including a means of measuring a second
substrate temperature with said electromagnetic measuring device, and measuring a
second chuck temperature with said physical measuring device during a second

isothermal state.

27.  The apparatus of claim 25, wherein said substrate is positioned between said

plasma and said electromagnetic measuring device.



substrate tenperature with said el ectromagnetic
nmeasuri ng device, and neasuring a second chuck

wo esppesAbure with said physical nmeasuring devi PET/USI0041038287
a second isothermal statel627. The apparatus of claim
25, wherein said substrate is positioned between said
pl asma and sai d el ectromagneti c neasuring device. WO
2005/ 052995 PCT/ US2004/ 038287 16 28 The appar at us of
clai m 25, wherein said substrate support structure

further conprlses sai d physical tenperature neasuring
284 evilde apprgatuspiclaihay, a‘th%enwa%wﬁ‘ﬁ%t% SUPPRF SFractyts fyrther
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narr ow pyr o r e apparatus of claim 25,
where said electronagnetlc measuri ng device conprlses
chro The a s of claim?25
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coffpaibésiharid@-bahd yampasat us of claim 25, where said

el ectromagneti ¢ neasuring device conprises a band

pass optical filter. 33. The apparatus of claim 25,
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a thernBcoupTe devi cé. he apparatus of alm 25,
cowipsisesi ameiclromebst r at e |s a substrate. 35. The

apparatus of claim25, wherein said substrate is a

gl ass panel. 36. The apparatus of claim25, wherein
31sai diseppRituebfaiibioTRIRtd Rid dlQ@HueRghaild maoiiid dricche

Infrared spectrum 37. The apparatus of claim 25,
COWRBIFE A LT&HIZ pl asma processi ng system conpri ses

chem cal vapor deposition. 38. The apparatus of claim

25, wherein said plasm processing system conprises
32pl ashhe apperaing etclaiinef, cdleresajsiglectieopegidaticameasiidg device

oo 0TR985, RETT2094 038287 17

33.  The apparatus of claim 25, wherein said physical temperature measuring device is

a thermocouple device.

34.  The apparatus of claim 25, wherein said substrate is a substrate.

35.  The apparatus of claim 25, wherein said substrate is a glass panel.

36.  The apparatus of claim 25, wherein said set of electromagnetic frequencies

comprise the Infrared spectrum.

37.  The apparatus of claim 25, wherein said plasma processing system comprises

chemical vapor deposition.

38.  The apparatus of claim 25, wherein said plasma processing system comprises

plasma enhanced chemical vapor deposition.



39. The apparatus of claim?25, wherein said plasm
processi ng system conpri ses physical vapor
walesssopdn. 40. The apparatus of claim25, wWhPCEUR2004/038287
sai d plasma processi ng gas 17ncl udes Carbon. 41. The
appar.atus of claim 25, wherein said plasma processing
gas includes Hydrogen. 42. The apparatus of clai m 25,
wherei n said plasna processing gas includes Fluorine.
43. The apparatus of claim 25, wherein said plasm
processing gas includes N trogen. 44. The apparatus
3%f clihgienpsus ahdrial 25, sdictbipsaat PASHE Proeessing §ysjers comprises
[ "45, The apparatus of clai m 25,
N&ﬁ@?ﬁ?ﬁﬁééﬁ%g%ﬂ%sna processi ng gas includes Argon
46. The apparatus of claim 25, wherein said plasm
rogessin as_i.ncl udes Xenon 47. The apparatus o
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Helium 48. The apparatus of claim 25, wherein said
pl asma processing gas includes Sulfur. 49. In a
41p| aslhg appasetas of dlains3s vdwreimsabplager processingzas incliges he
rature of a substrate during plasma processing,
H}trd‘orﬁ%eﬁ. Lure . ! .
conprising: creating a mathematical nodel relating
tenperature changes of said substrate to optica

properti es chapges aid substrate, includin .
ey e GRS 8 QG A (R SHH oS PaT 5 Sabaas Fluorine
structure of said plasma processing system wherein
sai d substrate support structure includes a chuck, WO
4320057he 3pasuPefivlaigp? y/hesgpsi plagnghroressing gatinalydes Nitrogen.
heat transfer gas between said substrate and said
chuck, c) allow ng said substrate and said chuck to
44c omd e appdratusraf claiegRf, whsreit saddplastha pocesking igheinshuides Oxygen.
chuck tenperature is neasured using a contact
nmeasur enent technique, d) directing el ectromagnetic

450 adiTdeiapparthis KNQMEL 39 Sblefodl sai CHBRAShLRBINE BhPindludes Argon.
surface of said substrate, e) obtaining first
el ectromagneti c energy neasurenent, said first

46.  The apparatus of claim 25, wherein said plasma processing gas includes Xenon.
47.  The apparatus of claim 25, wherein said plasma processing gas includes Helium.
48.  The apparatus of claim 25, wherein said plasma processing gas includes Sulfur.

49.  In a plasma processing system, a method of determining the temperature of a
substrate during plasma processing, comprising:
creating a mathematical model relating temperature changes of said substrate to
optical properties changes of said substrate, including
a) positioning said substrate on a substrate support structure of said
plasma processing system, wherein said substrate support structure

includes a chuck,



el ectromagneti c energy neasurenent measuring first
el ectromagnetic energy reflected fromsaid surface of

W@ 200d/0529b5t rat e responsive to said directing, PE1/US2004/038287
enpl oyi ng said chuck tenpenéture nmeasured using said
contact neasurenent technique and said first
el ectromagnetic energy neasurenent to create said
mat hemati cal nodel ; and cal cul ating said tenperature

of said subst birrodikihg@h&d bnBraSHBetRcaE §38 kitirate and said
i ncl udi ng_ obtal ni ng second el ectromagneti c energy

nmeasur en€hick saj d “second el ectromagnetic ener gy

nmeasur enent j . . '
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conputer, said chuck te%ﬁgrature nmeasured using said

contact FENEUMRFENEIPUIRAHYE said first
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el ectromagneti ¢ energy nmeasurenent, and said

mat hemat CRRPOSHARILINIP 8 Sy of RIS BINSIe!S cul ating said
tenperature oty §idhidingUhSlelRbEmIgHtBInG8Y theRb PSR, said first

pr ocessi ng.
electromagnetic energy measurement measuring first electromagnetic

energy reflected from said surface of said substrate responsive to said
directing,

f) employing said chuck temperature measured using said contact
measurement technique and said first electromagnetic energy
measurement to create said mathematical model; and

calculating said temperature of said substrate during said plasma processing,
including

obtaining second electromagnetic energy measurement, said
second electromagnetic energy measurement measuring second
electromagnetic energy reflected from said surface of said substrate during
said plasma processing, and

employing, using a digital computer, said chuck temperature
measured using said contact measurement technique, said first
electromagnetic energy measurement, said second electromagnetic energy
measurement, and said mathematical model to perform said calculating

said temperature of said substrate during said plasma processing.



