PROCESSI NG METHODS AND APPARATUS W TH TEMPERATURE

Dl STRI BUTI ON CONTRCOL CROSS- REFERENCE TO RELATED APPLI CATI ONS [ 0001] Thi s
appl i cat iwo 20l1zion4t he benefit of the filing date of USpPraseeinoness Pat ent
Application No. 61/307,497 filed February 24, 2010, the disclosure of which
is hereby incorporated herein by reference. BACKGROUND OF THE | NVENTI ON

[ 0002] The present invention relates to wafer processing apparatus, to wafer
carriers for use in such processing apparatus, and to nethods of wafer
processi ng. [0003] Many sem conduct or devices are fornmed by processes
performed on a substrate. The substrate typically is slab of a crystalline
mat eri al, conmonly referrgPieSddCaMEvaPey  ANCTWHPEERIYS the wafer is forned

froma crystalline matefial rprapdsd Syd dReRE0HM Of @Oﬂl%ﬁ One common

process is epitaxial growh. For exanple, devices formed from conpound
sem conductC8OSSSBENERSVAH ITOVRESATED MRIUIGAS IOYHBI cal |y are fornmed by grow ng

successi ve | s of...the ound sem conduct iLng. metal _organic
chem cal va{ggp?éepos?%llhsongﬁﬁ%ﬁ\%?ﬂ mfanlqrf%hi ts%prggréggl,t t %g v%acl)jfeer%;llalrn
exposed todateondi hat Pooviofigese®ateypi saplycdticinudiong 6a/fet ad 9orgardadc

conpound a source,of a up JEII tal, and also including a.source of a
group V el zr?err]fla\r/%i c%gf I o@vgég’er ® gﬁ%?%%%suo °t hoerowa%elrcqlvmﬁgse the Wafer is
mai nt ai ned iatoanoehevatied dienper at tkeenckypi cal ly, the netal organic

conpound a%g&g%%%@g/@o%&&e Iﬁ(/ﬁN?? ined with a carrier gas which does not

participate ap y in thereaction as, for exanple, nitrogen. One
exanpl e of [@0bR]-V sEm conduetor ihsegal bd urenbtes dep wh th canobes fiorgred by

reaction of an og‘gano_t%al | i gm con ouindr ang ammnéa on a s#%bst rate Shie}]vi ng a

suitabl e cAYSEar-tattice $pacingt=as" ¥or exanpleS a'sapphirePhafets "

Typi cal |y, apherwafer 4rsd rai akahbed at wafenpepatusen®n t he order of
[0003] Many semiconductor devices are formed by processes
performed on a substrate. The substrate typically is slab of
a crystalline material, commonly referred to as a "wafer."
Typically, the wafer is formed from a crystalline material,
and is in the form of a disc. One common process 1is epitaxial
growth. For example, devices formed from compound
semiconductors such as III-V semiconductors typically are
formed Dby growing successive layers of the compound
semiconductor using metal organic chemical vapor deposition or
"MOCVD." In this process, the wafers are exposed to a
combination of gases, typically including a metal organic
compound as a source of a group III metal, and also including
a source of a group V element which flow over the surface of
the wafer while the wafer 1s maintained at an elevated
temperature. Typically, the metal organic compound and group
V source are combined with a carrier gas which does not
participate appreciably in the reaction as, for example,
nitrogen. One example of a III-V semiconductor 1s gallium
nitride, which can be formed by reaction of an organo gallium
compound and ammonia on a substrate having a suitable crystal
lattice spacing, as for example, a sapphire wafer. Typically,

the wafer 1s maintained at a temperature on the order of



1000- 1100 C during deposition of galliumnitride and rel ated conpounds.

[ 0004] Conposi te devices can be fabricated by depositing nunerous |ayers in
successi omoanitfteeosgur f ace of the wafer under slightly dipCTarsern/os@agti on
conditions, as for exanple, additions of other group Ill or group V

el enments to vary the crystal structure and bandgap of the sem conductor. For
exanple, in a galliumnitride based sem conductor, indium alum num or both
can be used in varying proportion to vary the bandgap of the sem conductor.
Al so, p-type or n-type dopants can be added to control the conductivity of
each layer. After all of the sem conductor |ayers have been forned and,
typical ly, 1abverlapprophirdthng elepottttotontaghslhavenbeeitapptd ethldthel waf er
is cut into indi VI dual devices. Devices such as light-emtting di odes
("LEDs"), IR8BPE™Yand other optoel ectronic devices can be fabricated in
this way. [[0002]!n acdipistal cheneal yapobedeposiiltia®@BdpPNOLessyoSUHTBIOUS
wafers are held on a device commonly referred to as a wafer carrier_so that

a top sur f A8BoPUBacRYFEPertl sSBXP Pat OF hé PfopS ' SUr¥Sece®bf HRe WHfSr
carrier. ThedJeaf enigRFlyedifsddign pacedn rbadatieact i &N g@@ﬁ@%mp@_@d

mai nt ai ned %% the desired tenperature while the \gas m xture flows over the
itions of other group III or group elements to vary the
crystal structure and bandgap of the semiconductor. For
example, 1in a gallium nitride based semiconductor, indium,
aluminum or both can be used in varying proportion to vary the
bandgap of the semiconductor. Also, p-type or n-type dopants
can be added to control the conductivity of each layer. After
all of the semiconductor layers have been formed and,
typically, after appropriate electric contacts have Dbeen
applied, the wafer is cut into individual devices. Devices
such as light-emitting diodes ("LEDs"), lasers, and other
optoelectronic devices can be fabricated in this way.
[0005] In a typical chemical vapor deposition process,
numerous wafers are held on a device commonly referred to as a
wafer carrier so that a top surface of each wafer 1is exposed
at the top surface of the wafer carrier. The wafer carrier 1is
then placed into a reaction chamber and maintained at the
desired temperature while the gas mixture flows over the
surface of the wafer carrier. It is dimportant to maintain
uniform conditions at all points on the top surfaces of the
various wafers on the carrier during the process. Minor
variations in composition of the reactive gases and in the
temperature of the wafer surfaces cause undesired variations
in the properties of the resulting semiconductor device. For
example, 1f a gallium and indium nitride layer is deposited,
variations in wafer surface temperature will cause variations
in the composition and bandgap of the deposited layer.
Because 1indium has a relatively high wvapor pressure, the

deposited layer will have a lower proportion of indium and a



surface of the wafer carrier.It is inportant to maintain uniformconditions
at all points on the top surfaces of the various wafers on the carrier
during thwopoocws®4M nor variations in conposition of tiReTASaCiO¢@sgases
and in the tenperature of the wafer surfaces cause undesired variations in
the properties of the resulting sem conductor device. For exanple, if a
galliumand indiumnitride |layer is deposited, variations in wafer surface
tenperature will cause variations in the conposition and bandgap of the
deposited | ayer. Because indiumhas a relatively high vapor pressure, the
deposited |layer will have a |lower proportion of indiumand a greater
bandgap i natrkeserr eygirslisirof 1nhehwafeer raheees t g sthé acefteanpehater elhiss

hi gher. |f posi er. | ctiv i ght - em.tting .l ayer. of. an LED
structure, Stuﬁgfag%ﬁ gg%n%%gé\l/véa@%ﬁ elnégtskljﬁl 0 e%t'he ffED%s}Jlgfgogéler'ﬁg%g ttreéjmglt e wafer will

al so vary. athase, conshiiderralylte ngf ferer has deekEldedrotued uira, t hiee a¢midreiraat of or e
towards mal,lahning. upkf orm cendi thonsy LOOPS]Qne, Lype of, OV} apRaraf us

whi ch has been w dely accepted I n e i ndustry uses a wafer carrier “in the
formof a I[Tange dicsuswi¢tmgneradi®rwaf éeshobdieng degdond, vachltadaptzd to
hol d one valer.  The. valer Larrier 1 s synparted on.a spiqdie within the
reaction chamber So that the taop Surface of the wafer carrier havi ng the
exposed surl0a0é3 of e waber ff aCeés upmardkyst owarcd ahgas bekest rwiriglivon

el ement. Wiile the spindie is fotajed, the gas is directed domnwardly onto
the top surfac Phe War " "Earri 87 and 11 ows 4érdss the Pop  SUF fHcé
toward t he lpepgephiersy ofithhewwafrenscanreerholiindisedygass,i sesevacadedd rom
t he reactiQCn cﬁl er _through ports di s%)sed bel ow the wafer carrier. The
waf er carri€ 1% falhtai'fied dat the dedited &révated Cenpdtature by héating
el enents, tsyphcatl yiehectiticalearesbst cventheatdiang helcement sodi sposeadt kel ow
the bottomsurface of the wafer carrier. These heating el enents ar

mai nt ai ned "XE & CERpEraTarE JE0VE0t AL CIESTTEa L SHBGPACEr & Tof he Verer
surfaces, wheeeaspltrhedgastdivsidi butbhondekenenit igpi caddepnti.s maiintcaigred at a
tenperature wel| below the desired reaction. tecg_tperaé ure sg. as to prt(rsﬂvent
premat ure rrEACETHn 16f 1HEGased PTG ef bt e9 HeH®d SRS e r &4 I he
heati ng el empntsitcehesbothemeiet-ace aficttheawaf erogar ecessandntl aws
upwardly thr ough the wafer carrier to the individual wafers. [TOhOeO7JSAéIdt hough

consi der ablS8TéfFBr t OHAE  beBR BEVREF Y Ph ngie water carrier.

gas 1s evacuated from the reaction chamber through ports
disposed below the wafer carrier. The wafer carrier 1is
maintained at the desired elevated temperature by heating
elements, typically electrical resistive heating elements
disposed below the bottom surface of the wafer carrier. These
heating elements are maintained at a temperature above the
desired temperature of the wafer surfaces, whereas the gas
distribution element typically is maintained at a temperature
well below the desired reaction temperature so as to prevent
premature reaction of the (gases. Therefore, heat 1is
transferred from the heating elements to the bottom surface of
the wafer carrier and flows upwardly through the wafer carrier
to the individual wafers.

[0007] Although considerable effort has been devoted in the
art heretofore to design an optimization of such systems,

still further improvement would be desirable. In particular,



art heretofore to design an optim zation of such systens, still further

i nprovenent would be desirable. In particular, it would be desirable to
provi de beotervwsishor mty of tenperature across the surfPatasedto@enhs waf er .
SUMVARY OF TEE | NVENTI ON [ 0008] One aspect of the invention provi des nethods
of processing wafers. A nethod desirably includes the step of holding one or
nore wafers on a carrier so that a bottom surface of each wafer directly
confronts a surface of the carrier with a gap defined between the
confronting surfaces and so that a top surface of each wafer is exposed. The
met hod preferably further includes the steps of heating the wafers at | east
in part by iteatiovdidnsber fleohrathee cabrqi arrcédes s beheegapsnahenidur i i t he

heat i ng st%gm_ g{yfﬁgﬂgxgrogggsﬁg fi %a%%p sed top surfaces of the
od Tur

waf ers. Most erably, the net udes the step of varying a
t her mal co@@MMﬂRV|®@'HﬁldNWENEIgﬁs dlsposed |n the gaps during the applying

step. For %%Eb] ’ &e%ullvbeg S Y A8 SHP\P%A& fIP%Q\?lo%aSDS dupLig the

appl yi ng step and the e o € supplie gas he conmposition
of the fillprgasssbng bether sray @erMHﬂKEUcMﬁﬂhabﬂyel@uﬂhdgstheeapwbplnq st ep.

As further dlgpgased belom%othe v%rlatlon |n(&ﬁelegernaltggnductlV|Q%1of

the fill gas can"mnim ze varrations in thé surface

surface of each wafer directly confronts a surface of the
carrier with a gap defined between the confronting surfaces
and so that a top surface of each wafer is exposed. The
method preferably further includes the steps of heating the
wafers at least 1in part by heat transfer from the carrier
across the gaps and, during the heating step, applying a
process gas to the exposed top surfaces of the wafers. Most
preferably, the method further includes the step of varying a
thermal conductivity of a fill gas disposed in the gaps during
the applying step. For example, the fill gas may be supplied
to the gaps during the applying step and the flow rate of the
supplied fill gas, the composition of the f£ill gas, or both,
may be varied with time during the applying step. As further
discussed below, the wvariation in the thermal conductivity of
the fill gas can minimize wvariations in the surface
temperatures of the wafers. The step of wvarying the
conductivity of the fill gas can be performed in response to
monitoring of the temperature distribution of the wafers.

[0009] In certain embodiments, the process gas tends to
enter gaps between the wafers and the carrier at the periphery
of the wafers. The fill gas may be supplied so as to maintain
a gradient in the concentration of the fill gas in the gap
beneath each wafer as, for example, a relatively high
concentration of process gas and low concentration of fill gas
near the periphery of the wafer and a higher concentration of
fill gas near the center of the wafer. This can provide

graded thermal conductivity to counteract other effects which



tenperatures of the wafers. The step of varying the conductivity of the fil
gas can be perforned in response to nonitoring of the tenperature

di st ri butworzoafi1o6tse wafers. [0009]1n certai n enbodi mnent PCTIUSR01PNORESS gas
tends to enter gaps between the wafers and the carrier at the periphery of

the wafers. The fill gas may be supplied so as to naintain a gradient in
the concentration of the fill gas in the gap beneath each wafer as, for
exanple, a relatively high concentration of process gas and | ow
concentration of fill gas near the periphery of the wafer and a hi gher
concentration of fill gas near the center of the wafer.This can provide

graded t hertmald tondaet¢ vwaniatgogodnt ehactuntder tefifoecesunhi ehrosempato
cause variatian in the surface tenperature across each wafer. [0010]A

further aspect of the invention provides a wafer
[0010] A further aspect of the invention provides a wafer

carrier. The wafer carrier according to this aspect of the
invention desirably has a body defining a central axis and a
top surface transverse to the central axis. The Dbody
desirably has wafer-holding features adapted to hold a
plurality of wafers so that top surfaces of the wafers are
exposed and so that there is a gap between a bottom surface of
each wafer and & surface of the body. The wafer carrier
desirably has structure defining one or more gas conduits
extending to the wafer-holding features of the body so that a
fill gas supplied to the gas conduits will be directed into
the gaps between the Dbottom surface of the wafers and the
body. The carrier most preferably also includes a fitting at
the central axis of the body, the fitting being adapted to
releasably engage a spindle of a wafer processing apparatus
and hold the wafer carrier on the spindle so that the one or
more gas conduits are in communication with one or more gas
passageways of the spindle. For example, the fitting may
define a recess open in the downward direction for receiving
the spindle and the one or more gas conduits may communicate
with the recess. The wafer-holding features may include a
plurality of pockets in the top surface of the body, and the
passageways may communicate with the pockets.

[0011] Yet another aspect of the invention provides wafer
processing apparatus. The wafer processing apparatus
according to this aspect of the invention desirably includes a
processing chamber and a spindle mounted within the chamber
for rotation about an axis extending in upward and downward
directions. The spindle desirably has a gas passageway having
an opening adjacent the upper end of the spindle. The upper

end of the spindle 1is adapted to releasably engage a wafer



carrier.The wafer carrier according to this aspect of the invention
desirably has a body defining a central axis and a top surface transverse
to the cewOnrall/mxies. The body desirably has wafer-hol di rRgTiGS20100eR58Rdapt ed
to hold a plurality of wafers so that top surfaces of the wafers are
exposed and so that there is a gap between a bottom surface of each wafer
and a surface of the body. The wafer carrier desirably has structure
defining one or nore gas conduits extending to the wafer-holding features
of the body so that a fill gas supplied to the gas conduits will be
directed into the gaps between the bottom surface of the wafers and the
body. The carrier aosthar efter abifgralksoriac| e aniceilhy avnrdetcerita al
axis of th oqy itti ' 0 rel a n ggﬁ. i ndl e
of a mafer%ggogéggﬁgg %%%a%%?ﬂ%ﬁgﬁggﬁgfgkﬁﬁ%&§a gr%ggrg%g?ﬁo% t éﬁéég%dle
so that theénomengrnposelgasyigdnduic Sraneénpnocofmenpeat Pensaddwrione fmr nore
gas passag f L . r | e, frLiti y. _defin

oceoe openiatBiRy bhE SR aell sRFOR Fushily nptin e e e one
or nore gasicondai b§ payatenmuar ciaire as tdistdwesedcebsve TheThaf eppdiod disng
features may _i.n de a urality of .pockets in the top_surface of.the body,
and the: pactagenays nayt i Late With (RE BOERet s LT OULA] val aHbtNer
aspect of tdeemunveation wircovicdesgwnafers roeeeys bngtappariatdis.. The waf er
processi ng r i-ng i ect of the invention desirably

i ncl udes angggegégﬁéﬁﬁﬁgﬁgQ? gﬁg %Qéipﬁ%fe nmounted within the chanber for
rotati on adoott2an axiss.ext endi ng isnmppwated andctdewawnas d sdicteohbonsuickhe

spi ndl e desj rab has.a gas. passage havi.ng an _openi ng .adj acent .t he upper
ondof 1 ho SEBERGTBS  FRETURRE ERa or e AP e SR Ao ah PSS aBably
engage a wafieh cat¢rémsodioantiabrt hee waiwrmtdamr.i er i s mechani cal ly connect ed
to the spindl nd s hat .a gas condujt of the wafer carrier is in

communi oot AT ChEE oering. of SOHE Gas pal SRy EaG - Lo RE R e Vi

spi ndl e mayichbaveiagfi kliengneonplognentas y tpphhecdd tt bag aofica.wafer carrier
as di scussed above, The apparatus desirably includes a rotary connection
havi ng an FﬁPéPDEBﬁﬁﬂﬁFéﬁfﬁnﬁa&th the gas passageway of the spindle. BRIEF
DESCRI PTI ONOGE4TEE DRAW NGS 5[ G052k Ek&nmdt i tasigiphi fied, oschen@tdnent
sectional view depicting chem cal V%EOH_deposition apparatus in accordance

with one emS6di MBnt o HHE dtHieRti b

[0015] FIG. 4 is a fragmentary diagrammatic top plan view
depicting a portion of the elements of FIG. 2.

[0016] FIG. 5 1is a wview similar to FIG. 4 depicting the
elements of the apparatus and the wafer shown in FIG. 2 during
a different operating condition.

[0017] FIG. 6 is a graph depicting certain signals used in
the apparatus of FIGS. 1-5.

[0018] FIG. 7 is a fragmentary, diagrammatic sectional view
depicting components of apparatus according to a further
embodiment of the invention.

DETATILED DESCRIPTION

[0019] Chemical wvapor deposition apparatus 1in accordance
with one embodiment of the invention includes a reaction
chamber 10 having a gas distribution element 12 arranged at
one end of the chamber. The end having the gas distribution
element 12 1is referred to herein as the "top" end of the

chamber 10. This end of the chamber typically, but not



[0013]FIG 2 is a fragnentary, diagrammtic sectional view depicting

el ement sof the apparatusof FIGS. 1-3in conjunction with a wafer. [0014] FI G
3 is a diwgrammbtics t op plan view of an el enent used i nPChaISappas@sts of
FIG 1. [0015]FIG 4 is a fragnmentary diagranmatic top plan view depicting
a portion of the elenments of FIG 2. [0016]FIG 5 is a viewsimlar to FIG
4 depicting the elenents of the apparatus and the wafer shown in FIG 2
during a different operating condition.

necessarily, 1s disposed at the top of the chamber in the
normal gravitational frame of reference. Thus, the downward
direction as used herein refers to the direction away from the
gas distribution element 12; whereas the upward direction
refers to the direction within the chamber, toward the gas
distribution element 12, regardless of whether these
directions are aligned with the gravitational upward and
downward directions. Similarly, the "top" and T"bottom"
surfaces of elements are described herein with reference to
the frame of reference of chamber 10 and element 12.

[0020] Gas distribution element 12 is connected to
sources l4a, 14b, 1l4c for supplying process gases to be used
in the wafer treatment process, such as a carrier gas and
reactant gases such as a metalorganic compound and a source of
a group V metal. The gas distribution element is arranged to
receive the wvarious gases and direct a flow of process gasses
generally in the downward direction. The gas distribution
element 12 desirably is also connected to a coolant system 16
arranged to circulate a liquid through the gas distribution
element so as to maintain the temperature of the element at a
desired temperature during operation. A similar coolant
arrangement (not shown) can be provided for cooling the walls
of chamber 10. Chamber 10 1is also equipped with an exhaust
system 18 arranged to remove spent gases from the interior of
the chamber through ports (not shown) at or near the bottom of
the chamber so as to permit continuous flow of gas in the
downward direction from the gas distribution element.

[0021] A spindle 20 is arranged within the chamber so that
the central axis 22 of the spindle extends in the upward and
downward directions. The spindle is mounted to the chamber by
a conventional rotary pass—-through device 25 incorporating
bearings and seals (not shown) so that the spindle can rotate

about axis 22, while maintaining a seal between the spindle



[0017]FIG 6 is a graph depicting certain signals used in the apparatus of
FIGS. 1-5. [O018]FIG 7 is a fragnentary, diagranmatic sectional view

depi ct i ngvoanponewstts of apparatus according to a furthercCerdseadionsnss of t he
i nvention. DETAI LED DESCRI PTI ON [ 0019] Chemi cal vapor deposition apparatus
in accordance with one enbodi nent of the invention includes a reaction
chanber 10 having a gas distribution elenent 12 arranged at one end of the
chanber. The end having the gas distribution element 12 is referred to
herein as the "top" end of the chanber 10. This end of the chamnber
typically, but not necessarily, is disposed at the top of the chanber in
t he nor mal agdavireatirdhabff capebef tef er EheespThidiss ftdre downviaimd di4r edt i on

as used herein refers ta the diregtio g J as. -distrihuti
el enent 12;1%\Rhetro§a;%n?ﬁe tjgv'vér %tdiecr eectél%ogﬁvé?%fgeregr%%lmﬁ% dclngeS%tsirto%%V\/itt in the
chanber, t owarddidieigas idnstelidngntonlel enehs I2rthegardlesssefl whetdver

these di re%ﬁg%% ang alJ gned Wi h d hleq%g AV hat i f&%‘ e”pa“@%gf%“dcgfmvﬁrd
di rections. |n1?arly, the ™top" and otto surfaces of elenents are
descri bed Her eitre woa it Y@eflerreneebddinehe fdaametefl, r effer enicte iofg chéanber a10 and
el ement 12generally frustoconical element tapering toward the top end of
the spindle and terminating at a flat top surface. A
frustoconical element 1s an element having the shape of a
frustum of a cone. Spindle 20 1is connected to a rotary drive
mechanism 26 such as an electric motor drive, which 1is
arranged to rotate the spindle about axis 22. As best seen in
FIG. 2 spindle 22 has an internal gas passageway 28
terminating at an opening 30 in fitting 24, adjacent the upper
end of the spindle.
[0022] The spindle has a gas entry port 38 communicating
with gas passageway 28 remote from the upper end of the
spindle, below chamber 10 and pass—-through 25. A rotary
connection assembly 40 defines a space 42 surrounding port 38,
so that port 38 remains in communication with space 42 during
rotation of the spindle. The rotary connection has an inlet
44 communicating with space 42 and hence with port 38 and gas
passageway 28 o0f the spindle. The rotary connection also
includes conventional seals 46 which isolate space 42 from the
external environment. Although these seals are
diagrammatically depicted as simple O-rings for simplicity of
illustration, the seals may be of any conventional type.
[0023] The inlet 44 of rotary connection 40 is connected to
fill gas supply sources 48a and 48b (FIG. 1). These sources
are arranged to supply two different gas components having
different thermal conductivities. Flow control elements 50a
and 50b are provided to regulate flow of gas from each of

sources 48a and 48b independently. The flow control elements

are connected to signal outputs of a control system 52. The



[ 0020] Gas distribution el enent12i sconnected to sources 14a, 14b, 14c for
suppl yi ng process gases to be used in the wafer treatnent process, such as
a carri erwgasiianaoneact ant gases such as a net al or gani c PCogseumnac@sgl a
source of a group V netal. The gas distribution element is arranged to
receive the various gases and direct a flow of process gasses generally in
the downward direction. The gas distribution elenent 12 desirably is al so
connected to a coolant system 16 arranged to circulate a liquid through the
gas distribution element so as to naintain the tenperature of the el enent
at a desired tenperature during operation.A simlar coolant arrangenent
(not shown)lean benprolvi dégmtotscootd ngrrkagrdl | o ofticttanteryl0c@haiser 10

is also equij it n _ex t 1 e o.r spe ases
from the | HEOrrof fof e EhaRbsr Thf outh BorFa (ot Showy ot or REar the
bott om of tlelchdnber tse asntoopermbterconti nubas Ekawbd, gakow ncerterol

downwar d di_r | f t ga i stribution t 00 indle 20 is
arranged mf?%%%hfﬁe %ﬁghbggdso§%%ai${%eq%%nt?%%ﬁggggh E o%}%€%§§%¥%3fe
ext ends i ncohérupharte andl dosvnwar dagls r ecew onsnt el es ey lidednomnttéet t o
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22, whil e rgibnt Eonengra seal ofetmedrentehe spindl ean be used to regulate
flow from a gas source 1in response to a control signal can be
used.
[0024] The spindle is also provided with internal coolant
passages 54 and 56 (FIG. 2) extending generally in the axial
directions of the spindle within gas passageway 28. Internal
coolant passages are connected via a further rotary
connection 58 (FIG. 1) to a coolant source 60, so that a fluid
coolant can be circulated by the source through the coolant
passages and back to the coolant source. Coolant source 60
may include conventional devices for regulating the
temperature and flow of the circulating coolant.
[0025] A heating element 70 1s mounted within the chamber
and surrounds spindle 20 below fitting 24. The chamber is
also provided with an entry opening 72 leading to an
antechamber 76, and a door 74 for closing and opening the
entry opening. Door 74 1is depicted only schematically in
FIG. 1. and is shown as movable between the closed position
shown in solid lines, in which the door isolates the interior
of chamber 10 from antechamber 76, and an open position shown
in broken 1lines at 74°'. The door 74 1s equipped with an
appropriate control and actuation mechanism for moving it
between the open position and closed positions. In practice,
the door may include a shutter movable in the upward and
downward directions as disclosed, for example, 1in US Patent
No. 7,276,124, the disclosure of which is hereby incorporated

by reference herein. The apparatus further includes a loading



and the wall of chanber 10. The spindle has a fitting 24 at its top end,
i.e., at the end of the spindle closest to the gas distribution elenent 12.
As furthewodnsicws®wed bel ow, fitting 24 is adapted to relPeagmsbiyoenrgage a
wafer carrier. In the particular enbodi nent depicted, the fitting 24 is a
generally frustoconical elenent tapering toward the top end of the spindle
and termnating at a flat top surface. A frustoconical elenent is an

el enent having the shape of a frustumof a cone. Spindle 20 is connected to
a rotary drive nmechani sm 26 such as an electric notor drive, which is
arranged to rotate the spindle about axis 22. As best seen in FIG 2

spi ndl e 22rkasaansinterhabhgas) passdgenayt 28>tera hard frr ataanisgpeiriary 30
infitting 28 Adiacenbelhe UPRST, end, obnLfg. SPLRA! €1 L00R2] The spingl e has
a gas entry port comruni cating wth gas passageway remote fromthe
upper end chrtherspindl ehe bepowiichanberhel Grand tpass cbhdougin 25 ndA alotaar y
connecti on ly:-4 e ne d 8, t hat port
38 renmi ns %ﬁggg%n%ﬁ|%%? £ ‘%ﬁg%e i% durlng@rgﬁgt?§£ﬁd$ I§Psﬁﬂ%ﬁle
The rotaryt@@naetec@mmhas an |nlet 44 communi cating with space 42 and hence
w th port i%oagg lpasgsg f thgmﬁgbngle ngrg taryogonqg tion

al so includes conventiona i'sol at & spac m t he

external enwirroanento. Aluhoughet®@ﬁmabmﬂ@ &xametdbagmawwatumaﬁhyadépleied as
simpl e O- rlngs fgéf3| Ilclg¥ %ba . ratlog l%g§dge%%amga% 8 of, any
convent i onal typd T FO023f Tha™i A&t 34 orPrstar y "EoAReStTBR 40 s connected
to fill gaspsmpphyesqmm¢E$oA8avamdeéSb 4Fb@hoﬂ¢ Whﬁ$ﬂ~50mwmﬁs:asebanmanged
to supply tmo dlfferent gas cgnggnents glng feren t her ma 8
conduct i vi {88 SR ow roI Fefr s’ 505° and Dar &° p?6V|8%iF%o regul ate
fl ow of ga&nbnoaeeaehkmknsomwC@Bléﬂalanduﬁgbammﬂﬁm@ndﬁnttye ThEmbeWa
control elenent? § connected to S|gna£ outgugg Zélg control §gste

The flow cORtror el endnt s°4re7 af r ahged” so*that °th an beAdj dit ed &hrlng
operati on icmer espoaserd pdntival ssbgnals appl ied t-mé theteant £0ls syustarm 52.

For exanple, flow control elenents 48a, and 48b convent i onal
electrlgglFyec§ﬁFF6lF§5Fée§aP9 of HRSSC I €Bﬁ¥¥6ﬁﬁef§< r 6vi ded 5% t he

connect i ongphetineen rot: asydcowmeety o 40 rand seurcesngdBa pmd:é&ﬁ adowever,
any ot her el enent which can be used to regulate flow froma gas source in

response t G°4PEBET oft ST gHalt &4 che - uskd” T%ﬁ@%ﬁTh@SSSFﬁaﬂﬁs < Hi oS
provi ded wptup1iBhednaktefdl apblication No. 20090155028, the disclosure

of which is hereby incorporated by reference herein, the wafer
carrier body may include a hub 86 defining a small region of
the body surrounding the central axis 84 and a larger portion
defining the remainder of the disc-like body. The body
desirably is formed from materials which do not contaminate
the process and which can withstand the temperatures
encountered in the process. For example, the larger portion
of the disc may be formed largely or entirely from materials
such as graphite, silicon carbide, or other refractory
materials. The body has a generally planar top surface 88 and
a bottom surface 90 extending generally parallel to one
another and generally perpendicular to the central axis 84 of
the disc. The body also has a plurality of wafer-holding
features adapted to hold a plurality of wafers.

[0027] As best seen in FIGS. 2, 3, and 4, each

wafer-holding feature includes a generally circular pocket 92
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passages 54 and 56 (FIG 2) extending generally in the axial directions of
the spindle within gas passageway 28. Internal cool ant passages are

connect edwoi2ar1a0baent her rotary connection 58 (FIG 1) t@Ca/useabani2ssour ce
60, so that a fluid coolant can be circul ated by the source through the
cool ant passages and back to the cool ant source. Cool ant source 60 may

i ncl ude conventional devices for regulating the tenperature and flow of the
circulating coolant. [0025] A heating elenment 70 is nounted within the
chanmber and surrounds spindle 20 below fitting 24. The chanber is al so
provided with an entry opening 72 |leading to an antechanber 76, and a door
74 for cl osxngnendsopeningrdhe enteytopehpry. fhoor tr4 itwrdepicteed oy
schemati cally,in 1. d.Js blg, bet he e

posi tion sho%ﬁ |ﬁg%%%%le%£e§; Fﬁgmﬁm %§ ﬁ%xgoé% |§%@§§§§&th%&%ﬂfegior of
chanber 108ﬁ¢@nua@t@@nawﬂ@mnﬁ6ofamﬁeamoop@nrp@setB@n shawn pochrtokedrsd i nes
at 74 gloar o2d b LOULANGD L LD.BN, APRLORLIAHS CONLY Pl oaPd. aetall on
nechanlsn1 oV $" bet'ween the open position an osed positions.
practi ce, Bhd deoin ey uhﬂﬂpﬁﬁapaesmubfeth$npﬁﬂﬂa$| nTmhepupmphek&ﬂuWaMimnward
directions Aasdischos xa US Patent No, 7,276,124 e

di scl osur e °0 fg 8 h% % ﬁere 8?%%@%M%Pht éébf%}egé)eﬁ%gfﬁgFeﬁk dF 4%

appar at us b@d&he@alhhbudﬁsxa‘Iswmﬁaqp wecﬁanlgastnoﬂxshomm)Eﬂ&pabletﬂk

noving a maf%r arrjer Qecantgghan? - 78, dfhe chanb% 5 q
engagi ng t e "Arer carrler mnth the" §7| dr’e” i A ﬁ@ra?lv% conﬁl |on and

al so capabkenobrnnwfnguaaqu&memarrbeerofitotukha spi ngbetand i¢f o tiHee

ant echanber. [0026] The arat.u also |ncludes a pluraglity of wafer
carriers 8@.F% gﬁﬁiopeﬂgfp %ﬁbéﬁﬂ1 £ on §W8wﬁx”ﬁlﬁg , %ﬁ%i?%%l%%ﬁﬁﬁl
carrier 80aalls dm&masedfmm3hdetchanbethéOcentaalopenatBwecﬁosﬂkiommﬂmhereas
a second waf er carréer g%@_ gﬁ gose 'tgin antech%?b gh @gfer
carrier 80 AEIGHes S Yoty Y82 wAP "Ehstant TEH y it h ?or

circul ar disxeshavi ag ah@eméfé& @xt15i 34 i(FItGS. d2 randidp. dbﬁmttﬁm&m@nﬁk;ve
position shown in FIG t he cengral x S e waf er garrler body is

4
coi nci dent "wi°th fﬁﬁféiﬁssﬁb of “fHE &pI° 8Fe5§&hﬁsb8590 82 TMyIDe f'offed as a
si ngl e pi egru@klasy accoppastd-eaefrtpldtipbrpkeces exFenaexqamabes raas, dixsed osed
in U S Publlshed Pat ent plication No., 20090155028, the_disclosure of
whi ch is héféby i°REorporat d96yar“8f EPERER B 700 Fhet Waf BFOTar 18 Body

may includeud BuboB6:iefianinngod saBFdcd e 0F ehet herdbodin sURFOUBE NG t he
central axis 84 and a larger portion defining the renainder of the

di sc-1ike B88¢81The Hﬁﬂywﬂ€%¥r§BF§l?§ forred ¥Tlorerater FaFsithi ¢A%ddthot

cont am nat echheapregesssand whiehnganowi t hstanshdde tenpesafUre&sh the
encountered in the process. For exanple, the lar portion of the disc may

be forned IF&F§ery or? ertir Ry Fﬁﬁﬁ@%ﬁterlémgfséégtégggﬁé5h|9801§@?$06h

carbi de, orrQthekokefdactRiyshBt i alisvitle hodyoham@iigenerathy pl@nar top
surface 88 and a bottom surface 90 extending generally parallel to one
anot her and&"§ehefalFyCpethbendleal AFVEBCEHe CentiedlesExils S4B vé ditsc. The

body al so hag acphur@d) ty.Rf wabershokdi ng.d eatdy-es adaptedid. hol dra

plurality of wafers.
frustoconical fitting 100 has an included angle slightly
larger than the included angle of the male frustoconical
fitting 24 of the spindle. In the operative condition shown,
the frustoconical fitting 24 of the spindle is engaged within
the fitting 100 of the wafer carrier and abuts the wafer
carrier along a generally circular line o0f engagement. This
arrangement provides a stable mounting for the wafer carrier,
so that the wafer carrier is held firmly fixed in position,

but can be disengaged by 1lifting the wafer carrier upwardly

along axis 22. In the engaged position, the male fitting 24
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[ 0027] Asbest seeni nFI GS. 2, 3, and4, each waf er-hol ding feature includes a
generally circul ar pocket 92 extending dowmwardly into the body fromthe
top surfawe288/1068%8h pocket has a floor surface 94 di spesgdshebovn2she
surroundi ng portions of the top surface 88. Each pocket also has a

peri pheral wall surface 96 surrounding the floor surface and defining the
peri phery of the pocket. The peripheral wall surface 96 extends downwardly
fromthe top surface 88 of the body to the floor surface. As best seen in
FIG 2, the peripheral wall surface may sl ope outwardly, away fromthe
center of the pocket, over at |east a portion of the periphery. In

parti cul ar oft hbse spontionseoiindtespécilphetak wabl esdri@teof urlthestndlcom t he
central axi 4 _of e f reier. desirabhl p r , from
t he centralﬁggllg%ﬁg@? %A%e%va Cgrgllcog{lrogersd isﬁgtcﬁﬁ i%rgg?ly%%@d%év\% ttoga\/\/;vv.e?ﬁ(?lthe
floor surfadetB4. sEachlpooketti@0toy ahdol Pt ovi ded viitth iagplariahe twe fofr
spaced- apar orts e i up fr the flo 94 and
term nati néjraar%g\glg'theT Iéoo%(&g%ﬂz}glet bﬁg{‘gée %th?lkl%]e ?ﬁﬁgnl ggS[) Eg% 12%%8 of

t he waf er cabstentbodyy [O028]tiThe walér ledmeeer taksepanel udés aadf itthtd ng
100 at central axis 84. Fitting_1 i s _.arranged t e wih the fitting
2 of the SHERATE Ehe SPEEEThg 160 F noldee a1t uskahaareal Flocéds 00
havi ng a dewswartlhy facpngvopenaendbi®Rui{dlG p)fethe Sfaalstaacariiical limecess
is closed at. iew Lop ¢ nd 104, and tapers in the upward direction. The

frust oconi ¢al “FPets ng 100 has an included angle slightly larger than the

i ncl uded ar@be9dpf t heharal €& fuarstreconifcalhki t tengr24cofride s@pimhidles. lan t he
operative condition shown he fr oconical. fittin of the spindle is
ohgaged v FHRRELhETt T Randotr of (DRe ehrar ot P eosAihont o RE Aaer
carrier al enghangener aklfgrcicaeular. | i nenotiengagemestmunihi=s carwiamgement
provi des a stabl e nmounting. for e wafer carrier that the fer carrier
" hel d 1 PREGPEPRed T h-DOSTqi 1P U Bhn BE Al Sangagedt By TTH ) 1y e

waf er carrivaniupoar df yradngy axios 22n tnet beeengagedopastibon, widre gyl e
fitting 24 of the spjndle term nates hel ow the top end 104 of .the fenale
f i ng 1061550 8s Th SrOARE anopacd TF00 "BF becr T i op CBRALBHS t HaL

spi ndl e andothent optenei 104 10f dthef iltolsi Rg fiActihBeWad@t Cad ri@r .enthe s
engagenent between the fittin praovi des_a substantia fluid-tight seal

bet ween t h&"§paRer40% it tt}}‘?egcs%)r PoURBF ng* Fint & i 161° 'splglg’\édb\ﬂﬁi h°% et s©

chanmber. | tcommiuAdtaessenti alodr@tRr ovi derangabsel et epyriperfect sealpadt this

e of engagement., [90291The gtructyre of the vater carrler defines 2

’

opening through the floor surface 94 of the pocket adjacent
the center of the pocket, and preferably at the center of the
pocket. The pattern of conduits 108 depicted in FIG. 3 1is
merely schematic. In practice, the conduits may be routed so
that a conduit extending to one pocket does not run beneath
another pocket. Also, the conduits may be branched. It 1is
not necessary to provide an individual opening 110 at the
fitting for every pocket. Conduits connected to multiple
pockets may be connected to a single port 110.
[0030] The apparatus further includes a temperature
monitoring apparatus 120 arranged to monitor the surface
temperatures of wafers being treated during the process and to
provide signals representing the distribution of surface

temperatures across the wafers during the process. The

temperature monitoring apparatus may include pyrometers 122

12



plurality of conduits 108 extending generally horizontally wthin the wafer
carrier. Conduits 108 comrunicate with the interior of fitting 100 through
openi ngs WOQoHdjoement the top wall 104 of fitting 100. POTIUSRO10pE2E% | Ve
condition, with the fitting 24 engaged with the wafer carrier, openings 110
communi cate with the space 106 defined between the top end of the spindle
and the top of the fitting 100. Conduits 108 al so conmuni cate with pockets
90 through inlet ports 112. As best seen in FIGS. 2 and 4, each pocket 92
has an inlet port 112 opening through the floor surface 94 of the pocket
adj acent the center of the pocket, and preferably at the center of the
pocket. The&opateér hootheondainbsr 108, depi ehedni ntFl Gre39ks peselibwchemti c.
In practice, copduits y r th ui ing.to one
pocket doe%lﬁggﬁFunﬂ%éneagﬁaaﬁgghégﬂgggwggf A?%%%iﬁﬁglcoﬁgﬁﬁéggﬁhngg
branched. Itenpsrabtraecessaryino gurevedesannchdies dued ppermatgprklOlzta t he

fitting for, _ever ocket its nected ip p. S be
connect ed Fgga é?%gfe poFYgﬁﬁ%ﬁg%o @Whgsapﬁgggﬁgé$ur%ﬁer8§§€%ﬁ%gggm

t enper at ur éemparbonieag dpplar dtwis ch20 armeasgedHeo nondfagrest heo Surviate s
tenperatures of .wafers being treate [ing the proc and_t rovi

signal s reﬁPQggﬁﬁg%g %%elﬁﬁseFFbugfgﬁg%?dSU? %%§Q¥en§§§at ?5@83%965§gfhe
waf ers duridigctheker ogesiser Thelyt éperdtareesnprirboetag appar at usr raygddicl ude
pyromet ers 122, mounted, Lo the. chamber of.. a9, shown, ta {he gas e

di stribution eferent” 12.°°1 n°the Par tTEuT ar enbodi fent” depi' ct 8d, The

t enper at ur eonmpaibed i ngn appareat upockRet vdes2 t wii yrsenet ergat@2a anchth2ab.
Pyrometer 122a '§ arr ed to nn@itor %Ee t erat ure gistributtgn acr oss
the surfac&$ 5f “waf er s ‘cont& e +h°pocket s diSpoded adfacent’ the Peri phery
of disc-likescanneetrs botly:182, t wheregs fapr ereingelc122hoss asr@ngetbt acHeoni t or

the surface t er at Lsthd buti of wafers contained,in inner pockets
09 sposed “A0F Aabt EOHLFAr "als SHe TRE Sy STV aE hay e
convent i onallaiinst ewremts irk.he Thypeyasnet @fs exaiplae, vt hoseaspdthdamder t he
trademar k REALTEMPTm by t he Veeco .l nstrunent Corporation of Plajnview New

York. The (YrofEter§ dedic abiy®Sare tar ridngetf t 8V ot T et PT 019 t ReP e s vi ty

of the surfracesxbebng, it @redmeber @XANMPd & reackdpybonel eve ey tHigrst
arranged to deliver a first signal representing the radiation emtted from
a point bei*dg AdniTEBFEECANd A St oht &t 'grral &Seritiofg & HE& €t ¥ Vit y of
t hat poi nt nbhetsignabsdf komlhadpyrigABl erspaE oot L o KO €RNEL 6l tyydem

52. As further explained below, control systemb52 is arranged to derive a

si gnal représéntitigtrhe i f &rented ROt erpér AVGPESTBET WeehA t1etFer itheri es

of the waf ersteont aipedi nsthe pogkets.andrt hexgenters okibhe waders1 Such
a signal may be an aqgregate signal representing the average difference

over all ofSYEh&Mvati difs eFErETohPaitidd ien al IS16FRather PIERELS I The-ont r ol

systemis furtbeenads anged digderinvesanifhn &hgﬂabeEﬁfﬁ@ﬁfgﬁiBg tthe.
devi ation of the aggregate tenperature difference signal froma desired
val ue, and"PéeEdntrdtat e filowlCoRPFBERL & FfeMtS SEATERE SObthespoifsisve to

that error ssignal , sagnal safurdhen,expaicnadebeligwai[ 003 reparatien, a
waf er 124, such as a disc-like wafer
average difference over all of the wvarious wafers contained in
all of the pockets. The control system is further arranged to
derive an error signal representing the deviation of the
aggregate temperature difference signal from a desired value,
and to control the flow control elements 50a and 50b
responsive to that error signal, as also further explained
below.
[0031] In operation, a wafer 124, such as a disc-like wafer

formed from sapphire, silicon carbide, or other crystalline

substrate, is disposed within each pocket 90 of each wafer

13



formed from sapphire, silicon carbide, or other crystalline substrate, is
di sposed within each pocket 90 of each wafer <carrier. Typically, the wafer
has a t hiwRkressioesisch is snmall in conparison to the di measiusa&00602588 s naj or
surfaces. For exanple, a circular wafer about 2 inches (50nm in dianeter
may be about 430 1..imthick or less. As best seen in FIG 2, the wafer is
di sposed with a top surface 126 facing upwardly, so that the top surface is
exposed at the top of the wafer carrier. The opposite, bottom surface 128
of the wafer rests on supports 98 at the periphery of the wafer. The
supports engage only a small portion of the bottom surface. The remai nder of
t he bottomcsurfiace difyectdylworifrrontasetrhéafs| @orthdgkhagse Lot thesnpodket
but is el evat he fl.aoar . o th t her.e | 130 ween
t he bottom\iglufcﬁg%g(}%ggﬁo?ot ﬁgl%vvaofslg{etngggntghgtff ?E)tgr h%&%fa%ﬁ&%%gf'the%gf)cket.
As used i netaingldi sel ogsurcelart wafeferdpoe t20 trwdesur fdges, irhediaraner
"directly confronts"” urtre%@?j that for at |least a portion of one of the

, L e

surfaces r8P&r PEd 36 s 555 S0l197d TSBi%ect Hht’erfeni Sy bEt wekh tthe

surfaces reherredetoisShatessanother aynp asddmeecperpendichl aiphOr QNG
surface passes fromthat surface to the other surface w thout passing
t hr ough anyCsdified d¥j%ectoP Forr Bt e, S35 A32tFenmbPR Plorhthe'&iidport s

98 perpendiccukatrto the beptomsurfacenl28rebctheswafer td24rexdendssito t he
fl oor surface 94 wi t hout passing through any solid object. The gap 130

communi cat €8 WYPROThE €t éti g ofPahehwat e icdmS efafsand tHis WWRHP tHve

at rmSDhereew'gtaeien shgnber dihiat hF@HQ.hor@- gral inspacetddl hetmeen therpdge of
the wafer and the peripheral wall 96 of the pocket. [0032]1n operation,in a
process ac&6raiAget oCantEfbOATAERt SHFTRAR FhventboncoRiwfter s ri &80

with wafer s l-eaded dsheseopnts Jpaded fyem ant %@B@H@@% £BolBt @ nehagiogy: 10

and placed in the operative position shown in FIGS. and 2. In this
condi ti on, StAé2EBpSSuFRakes Ofe tHe vt s Fadetuprar aky, Pebwerr dsu e gas

itnl tet str ugtzglr%f%heH%tf@E £Qal snackuabedsyand-d hey rot any. drdM@+26 operates
O turn spilnale
pused in this disclosure with reference to two surfaces, the

term "directly confronts" means that for at least a portion of
one o0f the surfaces referred to, there 1is no solid object
intervening between the surfaces referred to. Stated another
way, & 1line perpendicular to one surface passes from that
surface to the other surface without passing through any solid
object. For example, a line 132 remote from the supports 98
perpendicular to the bottom surface 128 of the wafer 124
extends to the floor surface 94 without passing through any
solid object. The gap 130 communicates with the exterior of
the wafer carrier, and thus with the atmosphere within chamber
10, through a small space 131 between the edge of the wafer
and the peripheral wall 96 of the pocket.

[0032] In operation, in a process according to an
embodiment of the invention, a wafer carrier 80 with wafers
loaded thereon is loaded from antechamber 76 into chamber 10
and placed in the operative position shown in FIGS. 1 and 2.
In this condition, the top surfaces of the wafers face
upwardly, towards the gas inlet structure 12. Heater 70 1is

actuated, and the rotary drive 26 operates to turn spindle 20
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WO 2011/ 106064PCT/ US2010/ 060258 and hence wafer carrier 80 around axis

22. Typically, the spindle is rotated at a rotational speed from about

50- 1500 rwoabutiosrss per m nute. Process gas supply unit ®CTAS20104M258nd 14c
are actuated to supply gases through the gas inlet elenent 12. The gases
pass downwardly toward the wafer carrier, over the top surface 88 of the
wafer carrier and the top surfaces 126 of the wafers, and downwardly around
t he periphery of the wafer carrier to the outlet and to exhaust system 18.
Thus, the top surface of the wafer carrier and the top surfaces of the

waf er are exposed to a process gas including a mxture of the various gases
suppl i ed byntherarae owst g ocessigga$Osupptyndunitiss Rbst tHmicallly, tthe
process ga e.to ce.is p gdgn} tl ”Hﬁ% he. carsyi-er gas
supplied b%pgggtrl?erlgggrs?%gt%gl %tuna}t£ 4b. C{}%qa S%{oye(r;el%ca grﬁe%goc&atl %/(ggio%do
deposi ti on rprod¢essons heecamihete gas fregebe wmiatsr cyemlvanthifiendet at hel 4dr,0cess
gas at the p surface e r ier_Ls.p Lpant Ly nposed of
ni t rogen vvia%]% slo4lr¢re %Cn%u%{:t%%et%g{?e%?%%}é agéggo%gﬁgﬁﬁsekfo %'Ijh@ef%l |
gas suppl y edrimengd8alBuppl Tes ayddersst phss | dpagwanbéy easowshel setondvdfidd gas
supply unit,_48b_supplies differe fill s..The till gases are | ect ed
so that at Claéaré?rbngv%}f %}?ee thfFf Isugrasaé:se ﬁgsgg ttﬁgrr‘?’ﬁ e(r:o%%fjﬁjtelrviafnyd csfﬁjfef erent
fromthe propessugasesan &oofhatha heafews ,di bhér enmtinfrelkbl gasesuhdvehe
differing thernml conductivities. Preferably, .the fill gases are .sel ected
so that thé);?rélgg%%] P%t %&1 er's Wit ﬁ:atrﬁéeaegfjret “r eoélcttliect)n%nl h & t%ﬁ?)}ilacuaﬁeC

chem cal vaperedep®dsi tTioms,r eact itop, sthéadé rst tfHd lwagas seppléedamy tfid | gas
supply uni tt 48a_may_ be h%gro%gn, E%%I iumor a _m xt retthereof whereas the
second fil 1" §as SUpHiG%ed by UnTt "486 may” be HHrSgen ® Hydr 8§8ARSaRhd el i um
have subst amtiiablyghisghet xt les melt conduetirvbty tdwaesni stgered [ 0934]nEhe
fill gases pass through flow contﬁjol el enment 50@C and igb and m x with one
anot her as "Ehéy"pals T o’ T &ioar y "e8nKebtt on 40, °int'og6Ft 38 ?IIE? &A% %nd
upwar dl y t hmeught gasiepassagenmyra2d t 0souytdeiomdbanThe mowedskid | ogases: t hus
pass into the space 106 defi,ngd lg)/ the,matig%% fittings 24 and 100_and pass
t hrough por£st11d, 9ESndiitPs 1288 PYarid \5dfts P2 WGt HE 'gaps 130 Bét een

t he waf er hebtenlsuréaces k2®oandebbeifl@orpisdidsacesn8dcotride pockels.
Sone of the fill gas will |eak out around the%aperi heries of the wafers.

Al so, sone P6f "tHECPETT §AS REYCT eBk® f PO SHacE °L0%- t hiough st 129%edks

bet ween t henebtiatgrf idhatririgs 24 andddROnakowevesmpadna féd | n gasodeakiing
through the mating fittings will pass downwardly bel ow the bottom surface
90 of the Waf&r 2BArPY &t d TREREEVW 935 BE"PaKERTBut of the system by the
exhaust sygloessi8, widopiimedesiabpynafdect i thepriecess. rikhe gaps 130
bet ween the wafer bottom surfaces and the floor surfaces will be filled
with a gas 9{fir cHEPAEREdESSt FECPPFI Tgad, J8Rd SMEPLH aY tal<s® i fitIrddESséne of

the processi@@srent fill gas. The fill gases are selected so that at
least one of the f£fill gases has a thermal conductivity
different from the process gas, and so that the two different
fill gases have differing thermal conductivities. Preferably,
the fill gases are selected so that they do not interfere with
the desired reaction. In a typical chemical wvapor deposition
reaction, the first £fill gas supplied by £fill gas supply
unit 48a may be hydrogen, helium or a mixture thereof, whereas
the second fill gas supplied by unit 48b may be nitrogen.
Hydrogen and helium have substantially higher thermal
conductivity than nitrogen.
[0034] The fill gases pass through flow control elements

50a and 50b and mix with one another as they pass to rotary
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[ 0035] Because the fill gas m xture passing into the wafer carrier includes
sone of the first fill gas, this fill gas mxture differs fromthe process
gas w t h wopaetetss t her mal conductivity. Wiere the firCTiiské10gerss ncl udes
a gas having a substantially higher thermal conductivity than the carrier
gas incorporated in the process gas, the fill gas mxture typically wll
have a thermal conductivity higher than the thermal conductivity of the
process gas. The flowrate of the fill gas is | ow enough that the fill gas
in the gaps 130 does not |ift the wafers off of the supports 98. Stated
anot her way, the in-flow of fill gas tends raise the gas pressure wthin
gaps 130. Koweeerion el ,spades rb3t dfouhdGt e edges vefvatrbéy walfevsstaldasw

| eakage of _fi.l o] ckets. er ef , «::he S within the
pockets do Ssﬁ%?g??%eg%ogghgngé?gt%ﬁheréﬂ?%éﬁﬁg%ggafg'éﬁ%%%tggﬁfh %ﬁ%eﬂs
of f of theistppohes.spheeellyobyehaycdfbexanpl vat oy &Hisyistiosmypr coesslaty

waf ers of 4-in 1 di e Wi et i I | ar t han 100
mmin di anétngr %gtsfgquggg}ghf Fg\g\?%a %O of E?%@%ﬁ% Ilsoggzs al‘qﬁ Oeratcsh 18%2 ler{la%

typi cal ly itsel esgst hiaiD aboutectO0tist andaed cubtenmcentifaeter $2perngi rutee.

[ 0036] Heat er,s 70 _transfer he the battomgurfac 0. of. t.he waf er
carrier, p%ilﬁgffpgflf[§a ?/S r%lgi g%t%]ﬁ%a?o%]?egcnss'f er?omﬁeoﬁetg}e agplpjlll ed t owjtlhle
bott om sur flace ofitt heowad erhe avaiighefrliows otipwardivyf¢hs oughl dde dody B2 of

t he waf er %%Eri r to thr&P égﬁa%?OQBEP%CFh61 f%krcgrri%%alye t %§sing
upwar dl y throug %%eg%ody | SO passSes upﬁbr&ly roug the gaps 1 o the
bott om sur batecd28tiod reacimonafier ingnd2 apwad dloo .t htoughet heamaf 2111 ayadshe t op
surface 126 of .the wafer. Heat is radigted fromthe top surfa 8 of the
waf or car t HEPCAHA FF BT ha o B L APPactbt 98 P hd andt 8P - T ot e

el enent s oftheheopt ogessr thanb®r &S, tHomwaecanpkerito, t ied wadd s ofitthee
process ch er and to_the gas inlet elenment 12. at is also transferred
fromthe t%ﬁ §Urfﬁge 38 6§etﬁ%“ﬁéﬁe#H&aFP?eFX§ﬁHS{ﬁ£YF66ms %Pad%§: of

t he waf er snia@etrhel py oOe€ssciasy passi pgooyes. t hese supkaces. ddiedeenparaat ur e
at the top surfaces 126 of the wafers represents a bal ance _bet ween t he heat
transfer tKPSGGh PhECEolS'dTRGRY §§doﬁhﬁhéﬂ%§FeF“H§FFﬁér“Hﬁ& ?ﬁ% °30 and
the heat transfer Jaommthen t opcsudacendf rihe waker andhentiber maly also
conductivity of the gas in the gap 130 is less than the therna

conduct i vi t'yCoFIE he %ﬁﬁatﬁﬁtgfgﬁgs%dﬁ%%ituting body 82. Therefore, where
the wafer qaosbgr topesWdace8&ihas @Rl sskviuty pgualnd oiddo €8s ddat

em ssivity of the wafer top surface, the tenperature of each wafer top
surface 1263WIFTt AGIHE°T edERCa Val U | bkttt t hah! t ABSt efpefatidre &% he

surroundi ngit:eprsutt acer 88 0fm t hee WBESfc arsierviRegionseaf tdhercanidier
adj acent the edges of the wafer will be heated by the surrounding, hotter
portions off°PREChATEYY carfi®re U Sitéhddide Yrél dnalndmt uhi $o7 Mslirace

tenperature digidti-PEt bony WitRethenedge: r egh@ns: Ofittyhe nwaf erndotd.eri drhan
the central regions. Conversely, where the wafer carrier top surface has a
subst anti al®By | HGEPOERISS Vit yEEhaRTORES&ni%Sirvi the of 1t he 9R&f &1 S Faces,

the top surt\fxﬁg@agiytmlwafy%rvecaérit%rﬁgy heneaet erithanithert epsurdrace of
t he waf er, ich tends to cause the opposite effect. [0037]Di fferences in

t he heighttﬁeéma@h@ogﬁﬂpgﬁﬁmggsoﬁhéhe process gas. The flow rate of the
fill gas 1s low enough that the fill gas in the gaps 130 does

not 1lift the wafers off of the supports 98. Stated another
way, the in-flow of fill gas tends raise the gas pressure
within gaps 130. However, the spaces 131 around the edges of
the wafers allow leakage of £ill gas out of the pockets.
Therefore, the pressure within the pockets does not rise to
the point where the pressure elevates the wafers off of the
supports. Merely by way of example, for a system processing

wafers of 4-inch (100 mm) diameter, with pockets slightly
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extent of the wafer can cause differences in heat transfer. For exanple, as
showmn in FIG 5, a wafer which is bowed upwardly at its center provides a
gap 130 hwoi2og/meteei ght hc at the center of the wafer gPeatuseomwienss he

hei ght of the gap he at the edge of the wafer. The increases the thernal
resi stance of the gap at the center, so that the rate of heat transfer per
unit area to the bottom surface 128 of the wafer will be |l ower at the
center than at the edge. This tends to nmake the tenperature of the wafer
top surface 126 at the center |ower than the tenperature at the edge. The
opposite effect occurs when the wafers warp dowwardly at the center, so

t hat the héiagherhdhan tlHe centier dfandiergap-lis tessl t haawt hetdeioghttlise at
t he edge of..the . Also, -p it . fl.oor rfa 94 t he
pocket s carflééusgggi m tzjr & ?gcté. i0%323‘]37%%?%25@,lstohel%%asttgﬁglnofabogm

non- uni f or MOy st endsrd ccudhiangendunergyr prregessinnge For exanpl e, where the
process in chem cal__vapo |ty d i I r t top
surface of V['(taqu\éé%iubs?égaafccge,rst ﬁ@ éé%gg?%%dﬂ%ﬁ% atl%%nﬁao?é%%eggg%%m%, d¥
unconstr ai néd attrceaspaer ngyrdidifrerlént biyr oadt hat béat heraved & .matidre al .
T NStk N04eE. §ONDr e55 T XG: OF, 180SHE. dof ormlLon, oL Lhe.{ o qurface,
| eadi ng to warpa of t%ewaers. e em ssivity of faewaer?op surfaces
al so may chamgeddur thgotdie procesdsy §0039] The pyfonmetaersick22a ane I22b
nonitor em SSi ggefré)éﬂ the g\@éer K errriggrfand waf e gatduriar]g itnhe process. As
rotation of the“Wafer Carrier about axiE 227 brings®sudéessdiVe PoTtiOns of
the wafer carpugh tbp sodf ackes@nck veafserupwepdsur tacesgh ntloe ajdgnnmedit twi t h

h i gnal f
2011/ 10606 HPCTPUS2 0107 06055 Wi APy A Ty el “bAFCEFR-81 “FEMIE i BT i n o

si gnal represent itngtem sspossrfaom the sortacesadsr noNiéor eds byadi gnaconmet er
is showmn in FIG .6. In thi attern, the top surface 88 of the fer
carrier has 8%sUbSt 4AYi iﬁ)ﬁsﬁ%f fero e i Ss ATy tcﬁ‘éiﬁl?ﬁea?(gpfrsﬂ?f o5 %26 of
t he waf er, ssuchcdif filereence itheenvasévi tty behag @neatereidhahtanyodi fier ence
in tenmperature between the wafer carrier and the wafer. Therefore, the

si gnal SH PEPFESENCIAG T adf &t | g‘ﬁr e PR byt T e Sufiace Pr oviUdd Wier a
part of thenwaber caldiep sud ages88iristal gaeenmi tifz .t he yatoneterathas a
greater magni tude than_the corresgﬂondi ng signal_S126 provi ded when the
wafer top SUFPEERTIZS T5CQI Fignet®i ERTEHE gyt difet'€re The si Ghal S 6% he
pyroneter thdstbpckudescas recardi nthatdeen’d ob sheppwbses€hgngesadding
magni tude. By detecting these changes, the control system 52 can

di scri mi natt&°Betiedh FhDSE Port i Oifs GFEREtsrgnar SiFr Bpr eSehtd iy €miSsi ons

fromthe wafrercneanidRkst aRpsUEbAce andat hese petfdanstd the st gnad 5126
representi E% em ssions fromthe wafer top surfaces. Merely
0

b f
exanpl e, i AC6ABIS| Hpt eS&kltemedvt fé ebntiol &St &itfaf Tsanpl EP{? \Ah@/%%g?r?al at

successi ve ;samphingeb Nt eF ¥ Soo Scand thake opnlsyirtheses sanpl s, QCCUT rig
after a step-wi se reduction in the signal greater than a given magnitude

and bef or e t&e&Pap- WPEEUFT heFEasePd ntiheddF ghal tA8 Pépr dséntlisng @fe Saipl es

taken fromean imdividualowaien.iapd dehus d eps esenkihngrem sebavs: f f:omd he
waf er top surface. The control system may then process the set of sanples
from an i ndodvdidal- waferraf®@et eitte tive PHttTerdP 01 e mdr atwirfé@cgaritat i on.

The systemygRy -56k6¢l i PPEQhaTOEE SANPLES ahatk henbegi nning Oftihe,s08, one
or nore sanples at the end of the set, or both as representing the
emi ssi ons, teP tHefedge rié§ o RS athe ewefler aahd"ahAer ot CRore Isarpl esat t he

m ddl e of the;sel,as LepLgsenti RY1Lbe1eNLssians From oentral,Rordd ang of
the wafer. These signals may be converted to tenperatures of the wafer by
appl yi ng tkgrrounding top surface 88 of the wafer carrier. Regions of

the carrier adjacent the edges of the wafer will be heated by
the surrounding, hotter portions of the wafer carrier. This
tends to yield a non-uniform surface temperature distribution,
with the edge regions of the wafer hotter than the central

regions. Conversely, where the wafer carrier top surface has
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em ssivity signals fromthe pyroneters in the conventional manner. The
system may conpute the difference AT between the center and edges of the
waf er. Thwotenpwswture difference will have a magnit udepramasasolosizay e a
sign (positive or negative) indicating whether the center of the wafer is
hotter or cooler than the edges. The tenperature difference signals for the
various wafers can be conbi ned mathematically (as, for exanple, by

cal culating the nean or nedian of these signals) to yield an aggregate
signal representing the average tenperature difference over all of the
wafers. This signal can be conpared to a desired value (normally 0) of

t enper at ur e dﬂidbeélaehéélSD dsryor deni vyl drt verrhom sﬁfmaﬁémiasi\ftihef pdr ttiteul ar
exanple ill I e s _of e r o] r .t han
Tho bdges oF Fho uafers. sb Ehir it RoTarrT ofondt Al S pos e, Fo04t) The
control sysrtoeﬁrﬁreslp@rmdtshet a darhevadggregat et ee rorfesi,gnalictotvady tdhecause
conmposi tion, ?%\/Oso hoth Qf the fill gas mxture and thereby vary the
conposition of FiT gas W|th| n the gaps 130 between the wafers and the
floor surfd®€870f tH?elip’m:deeltcss For ®xanpdieghtwher eft hkecaggregatme ser rdgre
signal is %g{%le%ve,f indicating that the centers of the wafers_are cooler

t han the edges t e contro sys% em nmay ac tate Tl ow contro ers a and 50b
t 0 i ncr easéotrhee ypangpar,ti en oa‘hcamr eiat |E\E@I y 5hi gh- cerfductwhvidly fisl Ibgasi from
the first fill ~9as sourceCAé%t\é@ g&fm ntal n| _ng %Qe to%rgl th%w rate of t he
fill gas mxtdre Lonstant ,Cther eBy T heteasiong the thermal® dSndist ity of
the m xed ftnkl cgasepr esenhel wafde cpmzkt@tls th3o. thhi setigndsofothacgsasie t he
terrperature of .the central rtlon f _the fer 10 surface 126 relative to
the peri phétal CBor t FaRS of ¢ e el 8Fop. sulface " CTE REChaRf sni'et ¢ s
effect can r‘ealiytap%e r@f aﬁme/eja;p | aow HfrHd IceglaSrf,I ew thbesthd hedte i&f aheat
concentration gradient within each p 30. Ne r th es of t

waf er, difftlf@Pgﬁerp?ﬁ UIN o cESE gds t%rﬁgj FlTé’mpSEﬁ ?C%aﬁ%%s ome® o"faj{]eﬁe
process gasitio mex lwwth tbethel begﬁér Stﬂpamlﬁd tiee tdeypocketiBecause the
process gas has a different ther ond IVIt the resultjing m xed gas
B Cthe eogE tegi e, 6P ERE Bdkeb Wil HVESD GVPr GPaE CEher sl 2F Che
conduct i vi tegnthan 1bh@rsub§ﬁ anhé atlsrytp@wtmrfd Ialt gase ataddhe cerd espdstthe
pocket. For exanple, where the fill gas has a hlrgher t hermal conductivity
than the pfocESs GHEUTEhBRGAsTRR FRESERNTRTP r 8T O SH % e pdeketeMidd” have
a hi gher t ker faht comglucdiigrict y thanHhecgasrabr the: efdge ikegeopstoin the
pocket. By _increasing the proportion of the higher conductivity gas

conponent i"FiPRE Fi 19t gd 19SS U fé&t Can beqléeceﬁf’ﬂa?éﬂ“afrw Hi'gher®

conducti vi ty ook therdidd gasratntheo@etLric0f chhge pocketart rdscte, i ncrease
t he terrperature of the wafer center relative to the tenperature of the edge

regi ons, af@%8Rlis colfmsrvact theet ampératuret dlﬂPPeP]éh%%rWé’r etEReS pdtt ern

of tenperatyb@g¥ardatingn hso@PRAsit.e t odrhatxshow) | MnELG the Serddiads the
center regions are hotter than the edge regions, the control system nmay

take the oppusiyes ackibiralo iPREredSEOt Hel Ot Gibt tirdi a6tk PHWE cohddet i vity

fi } Il gas cepponertace[ 894L1idheconts Q. syst e FBY+ ahSQaVeF ¥at hef owd at e
0
a normal, unconstrained lattice spacing, different from that

of the wafer material. This tends to induce compressive or
tensile deformation of the top surface, leading to warpage of
the wafers. The emissivity of the wafer top surfaces also may
change during the process.

[0039] The pyrometers 122a and 122b monitor emission from
the wafer carrier and wafers during the process. As rotation
of the wafer carrier about axis 22 brings successive portions
of the wafer carrier top surface and wafer top surfaces into

alignment with each pyrometer, the signal from that pyrometer
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the fill gas mxture. This effect may cause a change in the concentration
gradi ent di scussed above. At a higher flow rate, the increased flow of the
fill gas woOxbwwewupplied through the central ports 112PCoarst@omci2sst he
effect of diffusion of the process gas into the pockets to a greater degree
and thereby reduces the concentration gradient. Conversely, a |ower flow
rate can increase the concentration gradient and thus increase the
difference in thermal conductivity between the gas in the central regions
of the pockets and the gas at the peripheral regions of the pockets. In

ot her situations, an increased flowrate of the fill gas may affect the
waf er surf adelt evperat uré thywiugh othetenmechdni sasiaThen f liow gassassi ng

t hrough co i i r ri.er b t ends he

caui 11'br i TR S UFTOae 1 octt ohg of TS Body: Thartorsor ature of
the fill gayremeeerngst hehpmkems Theough t hén cenmtisal p@btretrsn,llzhﬁa;tcme
sligntly higher Lha the Lemperalure of gther gas Wil 0 4ha Rockels 130
This ef fect nay cause I'ncreased heat “tFansf er e cen e waf er,

t her eby I‘alesllllﬂgltfhEYt enper atblee tdap t herCem$ all2r6egDDn ofe t Iwefwf ersual ative
to the tenper t.th egi.on th waf g

conposi ti glr%1 0 ifﬁeC? Hg gnés ma t\yg beln ng fi gﬁﬁea?g%f g%#erfelrﬁe glé]s and
t hus vary ttleelpeE&EMe of beheeéml I tgas @nafelne tcenpeérat ureddi sthrd buta ..

[ 0042] The present énvehntl an ':ﬁ pot 1 metsgrqtbly any, .t Qel%%y oftgggr at i QN For a
waf er carrier of “a gi ven siZé& and coﬁ)ﬁ guration and for warers off a gi ven
size, the eﬁ;freeteofarvaid@dlmmlm pdﬂetfofltgasmﬁemoeanm Juddacgassef | ow,
or both are repeat a | e, tq}artlcul a& agl atlon | the fil g astflo rate,
fill gas cOmposielon, "or Bdth RIS 8het abt y” Tt §2PAi 5890 i Bher % he'
surface temelratspbmmgthegmnt&r% Ogﬁrdxhlﬁjemﬂfveferf edkaat iwerdro tde swirface
tensi on at e edges .of the wafe Therefore t ef f ect of di fferent
vari ations l%gn be (iigtlgpﬁijne"ﬂl gﬁ%erﬁyﬁé)ﬁe Sand t HE%com¥H! s§§?@mt@§n be
pr ogr ammed pgeeaetdenglyhusThusclifies hea ag@rcegategerpsa)fte&lngnatf i pekcaties t hat
the surface tenperature at the centers of th is greater than the
surface tef @P%Ereg BRIV HE ISer i pHerFEECHINY h@%ﬁ é:rhanf—>J & coht rot isyst em
will vary tshetbil I5;gas:afnl O § &t nirG@RPOSEtddh  @hobet Modit ianganaer sid ch
has been determ ned b gerl ment to reduce the tenperature at the center

of the waf&rInft £ &8y rr-Ssitghal TRt c,tﬁteeé“’at trat e Gppdsit e

correction sh;tif@@@deiﬁl}d theOwn@b@lclsygt em Wwhé cammand 4.he tbpwecontig
devi ces 50a and 50b to bring about a variation in fill gas flowrate, fill
gas conposifieAIoNdr BEEh, tithi KATRAs HBenS HetEiSHi-ned M5y CeXpeti nBAY t4 have

the opposit&a@bfi€ftin one simple scheme, the control system may sample
the signal at successive sampling intervals I, and take only
those samples occurring after a step-wise reduction in the
signal greater than a given magnitude and before a step-wise
increase in the signal as representing the samples taken from
an individual wafer, and thus representing emissions from the
wafer top surface. The control system may then process the
set of samples from an individual wafer to determine the
pattern of temperature variation. The system may select one
or more samples at the beginning of the set, one or more
samples at the end of the set, or both as representing the
emissions, of the edge regions of the wafer, and one o0r more
samples at the middle of the set as representing the emissions
from central portions of the wafer. These signals may be

converted to temperatures of the wafer by applying the
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[ 0043] The control systemthus can act dynamcally, so as to vary the fil
gas flowrate, fill gas conposition, or both with tine during the process
and ef f ecwpDvely1osasppr ess undesired differences in surfa®eTiusSapenai2es e
during the process. Because the wafers are relatively thin and have | ow
thermal inertia, the response tine of the systemis relatively short
conpared to the tine scale of the process, and conpared to the tine scale
of undesired tenperature variations. [0044] The process continues until the
desired treatnent of the wafer has been conpleted. During the process, the
control system 52 may continue to vary the fill gas flow rate, conposition
or both, asmrdisstussedsdabowés dymanibgilyycnm@t¢h% PRocess hasvﬁm%ﬂpnal
conpleted the wafer carrier 80 is re fromthe s nd re |.aced
with a new"RAP&r - ca&P?ersTﬁbigfﬁﬁﬁxﬁgﬁﬁlFyeoﬁlgﬁgrﬁﬁg g{u%e “de the
fill gas techherwaier -€aydsyi g regi onRsecefl a Tesovahbersaies @ﬂfféﬁé’nce

provi des a S|%n|f|cant advant age. As di scussed, for exanple in US Patent

No. 6,685, 774 artl’s nausnﬁﬂfﬁusdﬁeda%téﬂtll ApPTTCafi oft Wb, PO6SBLESOZE, t he

di scl osur e&e@fat\i\béPhlraﬂﬁ:aft@rn@byrhbﬂﬁ@f porat echdy ref enengerber e mothe
mating fittings on the wafer carrier and spindle provide for easy
renovabi | i O &Rad18&at'Ag, tARdAYSD of Tiet Eﬁ@ﬂﬁﬁﬁFéréoﬁﬁééFF%%ceT%%WFﬁﬁbvable

waf er carrim@rsteanvhe; ssedid s aRspeet b efsy itoWgRL SUECESSI¥E, for
processes. Wafers can be | oaded and unl oaded while the chamber renalns in

oper ati on WEfPafot Rér CeaFPT&FINFurihePSat her cAF i1t s°tah B¥ cf died)

readily. The flawigas 6onnegfr-en:cas sdysaussedphes@itinr eses vesydhege
advant ages while also allowng effective connection of the flow gas to the
r enovabl e ﬁﬁﬁ@pr@5y¥qeglfference over all of the wafers. This signal

can be compared to a desired wvalue (normally 0) of temperature
difference so as to derive an error signal. In the particular

example illustrated in FIG. 6, the centers of the wafers are

cooler than the edges of the wafers, so that the difference AT
is positive.

[0040] The control system responds to the aggregate error
signal to vary the composition, flow, or both of the fill gas
mixture and thereby vary the composition of the fill gas
within the gaps 130 between the wafers and the floor surfaces
of the pockets. For example, where the aggregate error signal
is positive, 1indicating that the centers of the wafers are
cooler than the edges, the control system may actuate flow
controllers 50a and 50b to increase the proportion of a
relatively high-conductivity fill gas from the first fill gas
source 48 while maintaining the total flow rate of the fill
gas mixture constant, thereby increasing the thermal
conductivity of the mixed fill gas present in the pockets 130.
This tends to increase the temperature of the central portion
of the wafer top surface 126 relative to the peripheral
portions of the wafer top surface. The mechanism of this
effect can vary. At relatively low fill gas flow rates, there

is a concentration gradient within each pocket 130. Near the
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WO 2011/ 106064PCT/ US2010/ 060258 [ 0046] Numer ous vari ous and conbi nati ons of
the features di scussed above can be enpl oyed. The wafer carrier may include
nore or fwoeenivmber- carrying regi ons than shown and di seasdasdoaioenzss The
configurations of the wafer-carrying regions can be varied. The control
systemmay differentiate between signals representing em ssions fromthe
waf ers and signals representing em ssions fromthe wafer carrier in a
manner different fromthat discussed above. For exanple, for the rotational
position of the wafer carrier remains fixed relative to the spindle during
t he process. Therefore, the control systemmay be supplied with signals
repr esent i rgigehe afot QL ¢ owalfeposidtiifénsfwntl@é spiendpeocerr eay uoeot Hese
signal s todelermpe.aighsamples globhe, alissionsi gaal fromihe
pyroneter represent the e ges o nd which represent the Centers
of the waf euppl0647]dd rtgenopo@s@entl abetausmnither phecgst t @en ofas a
tenper atur e, yariali ons duni NG Le, P OCess, , F310L ¥enyalgro A1 eal ment
process using wafers of a given conpositi on and t hi CRness. waf er
carriers ofdgegi meniaonf ogurtats opocitdie pattermawcf Benqbie‘ifair@me thermal

non- uni form_t ich develops.in th e absent cor ctlve ctiqon will
be repeat abl e. U\Aﬁle\rf%ﬁ%r\é%a% g?}\lleen Suats'?e%r?ﬁ csé L ariati oﬁlﬁra] e f|1fl glas flow
rate, conpesinteonpforhbobhcieth tFoe mxdample,ndﬂlteorslmm e“sslltm@%hmd@sl red
vari ations | n.sur

higher E%ggmgfnp gUéglVlty than the process gas, the gas in
the center region of the pocket will have a higher thermal
conductivity than the gas at the edge regions of the pocket.
By increasing the proportion of the higher conductivity gas
component in the fill gas, this effect can be accentuated.
The higher conductivity of the fill gas at the center of the
pocket tends to increase the temperature of the wafer center
relative to the temperature of the edge regions, and thus
counteract the temperature difference. Where the pattern of
temperature variation is opposite to that shown in FIG. 6, sO
that the center regions are hotter than the edge regions, the
control system may take the opposite action to increase the

proportion of a lower-conductivity fill gas component.

[0041] The control system may also vary the flow rate of
the fill gas mixture. This effect may cause a change in the
concentration gradient discussed above. At a higher flow

rate, the 1increased flow of the fill gas mixture supplied
through the central ports 112 counteracts the effect of
diffusion of the process gas into the pockets to a greater
degree and thereby reduces the concentration gradient.
Conversely, a lower flow rate can increase the concentration
gradient and thus increase the difference in thermal
conductivity between the gas 1in the central regions of the
pockets and the gas at the peripheral regions of the pockets.
In other situations, an increased flow rate of the f£ill gas

may affect the wafer surface temperature through other
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distribution. This pattern can be determ ned experinentally as, for

exanpl e, by running a prototype process using equi pnment which perforns

noni t ori yoasidiossussed above and recordi ng the patter nPof/Usa01i0a602601s i n
the fill gas conposition, flowrate, or both. This pattern can then be
repeated by the control systemw thout active nonitoring of the pattern of
tenperature variations. In a further variant, a pattern of variation in the
fill gas flow rate, conposition or both with time can be sel ected by
treating wafers using several different patterns, neasuring the properties
of these wafers, and selecting a pattern which gives the best

properti esrEghaexanpl e, Tonef bow nvre Propert itdgosgbhcasgduits 108 in the

phot ol um nescence e]\{fére’l:% $ResL! e ?&Q%%%}n?aelme QRAYELOf, SUNT 3G

mor phol ogy, or ot properties correlated wth surface tenperature during
t he processucanubeéimeasantddnat ofl bhal bpdy nt sSTlon teapkraabee $¢Oried finlla

process usi I p. e e t n fi S ifi d flow
ot e with Coe CEan o o tot o s GO o h & vart Bt Tan Fot bsarvedy ¥
properties sdfighhéywaiensr This preceduperdarrcdhe r epgatredamtyititime tdesired

results are achjev [ 004 cr.i be for. exampl e, .in, co-pending,
commonl y a§§F§ﬁ%§ %%DPrg@P§%g%g%%%anﬁtgﬁ$%ﬁi%ﬂﬁﬁ%ﬁ%e%epﬁgF ﬁﬁgn%g:ﬁgﬁi494,
and US Pat ene Appltiecatdfon:tSerwafemNo. t U2/HBA49, 768 irtchec i stcdmsuragsiref iwhi ch
are hereby incorporated by reference herein, the bottom surfaces of the
Pocket s ) agrEhet aeRthiin ‘EPe AGET pf aralr V0P Saanbar e T Botom
surfaces ofthehedpgecketsomaytbens| iwghtty hCghegeat it heheentmerodio ijpmovitde

smal | er gaps at_.the centers of t waf er .than at th es..when t he fers
ore flat o REoaldo Lagssr Hea T (G FSFARREI CarFons (e Batyomuriibe o

t he waf er canki evampy thaves Netpl anartHeeaf il €S &G asnt a ey ovedee ch tfifrer ences
in thernaldpe%is£ance of the wafer carrier body in the region carrying each
pocket . | n%tiFrPBthet- variations, the wafer carrier body may be fornmed
from pl uralfopueges tTherovedemt nirerdraces wist hdu ghedi tdae oyl anye st isdance
than the surrounding material of the carrier body. Such arrangenents are
descri bed, %For CRXEPI%! - USIﬁUbI?sﬁgﬂﬂﬁhtéﬁfrﬁﬁbltht?oﬁﬁﬂﬁ¥l286?@18%§%3,
the di scl osuwnheighirsieh hisaakse ivacorpobat ed fayenefarencenkersifct of

variations in the fill gas composition, fill gas flow, or both
are repeatable. A particular variation in the fill gas flow
rate, fill gas composition, or both will repeatably tend to
raise or lower the surface temperature at the center of the
wafer relative to the surface tension at the edges of the
wafers,. Therefore, the effect of different wvariations can be
determined by experiment, and the control system can be
programmed accordingly. Thus, 1f the aggregate error signal
indicates that the surface temperature at the centers of the
wafer 1s greater than the surface temperatures at the
peripheries of the wafer, the control system will wvary the
fill gas flow rate, composition, or both in a manner which has
been determined by experiment to reduce the temperature at the
center of the wafer. If the aggregate error signal indicates
that the opposite correction is needed, the control system
will command the flow control devices 50a and 50b to bring

about a wvariation in fill gas flow rate, fill gas composition,
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[0049] In a further variant, the fill gas delivery features of the spindle,
the wafer carriers, or both may be varied so as to provide different flows

of fill ga®220n/wsdsier ent waf er hol di ng regi ons of the waCemseaonse@ss As
shown in FIG 7, for exanple, the fitting 200 of each wafer carrier may be
a generally frustoconical fitting simlar to the filling 100 di scussed

above. The wafer carrier may include a first set of conduits 208 connected
to a first set of ports near the top of the fitting. These conduits may be
connected to a first set of wafer holding regions such as a first set of
pockets near the central axis of the wafer carrier. The wafer carrier may
al so i ncl ude &doséecomttisbt hef beaduidese200nednimece ek tioea ts ecorth veett hef
ports 211 Q@%BEQQeiQEBa%he fitting at a location spaced axially fromthe
first set of "ports as, for exanple, at a location further fromthe top
surface 20406831 he fTit4 i agnt@ondiytte?0Rwdesiaraldgt adenaomedtyed stoo
second set _of er: holdi ng o] far. ,ex I . pocket.s near
t he periphggyvgggt%ggmg %? %%%r%ggf:%ﬁghsgﬁﬁ I§g§2%bm §§?%€%&déﬂéhﬁgﬁérally
frust oconi ealkhmaltémei t dumgn@24 téem lpapceest henfli t eifigecR4vall s cussaneazove
with referen to FIG,. Fitting .224 may. _have_a_groove 225 extendi
circunfere#?%gﬁﬁ§e%rogh§f? e cent ral é%Fﬁaigz SFmgﬁég%%ﬁ?uﬂ%frlﬂ% stg%indle
may i ncl uderacsesondBgasupassay el 22 % rikavieigtancdut tietn pord 123% low
conmmuni cat i with, the grogve 225. The first second gas passageways 228
and 220" ar S S HRb LA oddr SERRPATE TSI COimactr BRe E nee T ray £ o
separ at e sehsrof chbnphrgastcotita ol ired enerites.ofWier birbtengs 200 amtb2241 ar e
engaged with gﬂe notherq_mj%h th mangr carrigr in_an qgperative condition
on the spindl &'t he"f i Tt & BPopotts Zf0Pada the YTt 'S8 of conduits
are in commoouaat i ontivé tdrddee sspaeaei bet neett itthe Hcopleendeaf t thecdd it iarg 224
and the top,surface of the fitti 1Q0, and. th in communication with the
first 1111 Tg5s "BESE agandy o osiiNi £5°200 Are it gmmR CAET oht Wi ¢ HI i
recess or greeve 22b imayt heofit itidgtoandathushHen €oDMURGGAt ifoBwW tdt d,he
second fill gas passageway. 229. Thus, the fill gas s lied to the

di fforent SEIEOGECGRtarehoParhy PogrbRs csr ba> St ust B adpendertl Sy
[0050] I n funkhepryegdanthss NMosen t hafptwoedpnescCanaber prvirded. Red easabl e
fittings other than_ the frustoconical fittings discussed above can be used.
For exanpl €S8V Fferert™ f i°fi ngBr8uth £9'% ho§BLaRTWwn Tt he afof enEhitS oned
US Patent Nerr6e685, 774, and US Published Patent Application No.

20090155028 can_be used. ,
[0045] The ability of the apparatus to provide the fill gas

to the wafer-carrying regions of a removable wafer carrier
provides a significant advantage. As discussed, for example,
in US Patent No. 6,685,774, and 1in US Published Patent
Application No. 20090155028, the disclosures of which are
hereby incorporated by reference herein, the mating fittings
on the wafer carrier and spindle provide for easy removability
and seating, and also offer a secure connection. The
removable wafer carriers can be used to transport wafers
through successive processes. Wafers can Dbe 1loaded and
unloaded while the chamber remains in operation with another
carrier. Further, the carriers can be cleaned readily. The
flow gas connection, as discussed herein, preserves these
advantages while also allowing effective connection of the

flow gas to the removable wafer carrier.
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[ 0051] The i nvention can be applied in various wafer

t reat nent pr ocessesas, f or exanpl e, chem cal vapor deposition, chem cal etching
of waf er swoand/tobws4| i ke. [0052] As these and ot her vari &Cirarsgoianco2ss

conbi nati ons of the features discussed above can be enpl oyed, the foregoing
description of the preferred enbodi ments should be taken by way of
illustration rather than by limtation of the invention as defined by the
claims. CLAIMS: 1.A nethod of wafer processing including:

(a) holding one or nore wafers on a carrier so that a bottom surface of
each wafer directly confronts a surface of the carrier with a gap defined
bet ween t hd 08461 om Siurfcacrisof vaaichvanaded ardbihet cord r oht ithg stedtacesof t he

carrier, a%qs%BsEQél f%év%p §H£fQ%§ 8&p§8§@d“ﬁfe&hgs\E§£B§egérrier may

include more or fewer wafer-carrying regions than shown and
discussed above. The configurations of the wafer-carrying
regions can be varied. The control system may differentiate
between signals representing emissions from the wafers and
signals representing emissions from the wafer carrier in a
manner different from that discussed above. For example, for
the rotational position of the wafer carrier remains fixed
relative to the spindle during the process. Therefore, the
control system may be supplied with signals representing the
rotational position of the spindle, and may use these signals
to determine which samples of the emission signal from the
pyrometer represent the edges of the wafer and which represent
the centers of the wafer.

[0047] It 1is not wessential to monitor the pattern of
temperature variations during the process. For a given wafer
treatment process using wafers of a given composition and
thickness, and wafer carriers of a given configuration, the
pattern of temperature non-uniformity which develops in the
process absent corrective action will be repeatable.
Therefore, a given pattern of variation in the fill gas flow
rate, composition, or both with time will tend to suppress
these undesired variations in surface temperature
distribution. This pattern can be determined experimentally
as, for example, Dby running a prototype process using
equipment which performs monitoring as discussed above and
recording the pattern of variations in the fill gas
composition, flow rate, or both. This pattern can then be
repeated by the control system without active monitoring of
the pattern of temperature variations. In a further variant,
a pattern of wvariation in the fill gas flow rate, composition

or both with time can be selected by treating wafers using
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(b) heating the wafers at least in part by heat transfer fromthe carrier
across the gap between the bottom surface of each wafer and the confronting

surface ovothe/wereni er (c) during the heaCirng2ewep2sappl yi ng
one or nore process gasses to the exposed top surfaces of the wafers; and
(d) during the applying step, varying a thermal conductivity of a fill gas

di sposed in the gap between the bottom surface of each wafer and the
confronting surface of the carrier. 2. A nmethod as clained in claiml
further including the step of nonitoring a tenperature distribution on the
top surfaces of the wafers, the step of varying the conductivity of the
fill gas beiengrpér flof fertent bpadstrnisn paesuirhng esheonseororitires rasullteseof the

moni tori 99@%595,3: A et Dod. as; ¢l ai red é@t&rﬂi M Q Ci@}e”;' 2 wher gi gyt he
waf ers distort during the applying ste% so that the configuration of the
gaps changesowethi¢s me duer ngxtehelapplyiangost emreandroperteias t heckhardsati on

n conductiyitu gy il Jil) o3s.an least pachially counerasts an eftect of

such change 1'n configuration on a erature distri lon on the to
surfaces ofseimheondfiers:, 4. Aunttdwd asrphalowd | nocl aightkror plrepemtZasher ein

the step of, noLding,one . Or, [PF & MafGrs Q0,2 CALEL S LRSI Y8855 can e
measured at plural points on each wafer formed in a process
using a first pattern. The pattern of fill gas composition
and flow rate with time can be adjusted based on the variation
in observed properties of the wafers. This procedure can be
repeated until the desired results are achieved.

[0048] As described, for example, 1in co-pending, commonly
assigned US Provisional Patent Application Serial No.
61/190,494, and US Patent Application Serial No. 12/549,768,
the disclosures of which are hereby incorporated by reference
herein, the bottom surfaces of the pockets may have surfaces
which are not planar. For example, the bottom surfaces of the
pockets may be slightly higher at the center to provide
smaller gaps at the centers of the wafer than at the edges
when the wafers are flat. As also described 1in the
'494 Application, the bottom surface of the wafer carrier may
have non-planar features so as to provide differences in
thermal resistance of the wafer carrier body in the region
carrying each pocket. In still other wvariations, the wafer
carrier body may be formed from plural pileces to provide
interfaces with higher thermal resistance than the surrounding
material of the <carrier Dbody. Such arrangements are
described, for example, US Published Patent Application
No. 20070186853, the disclosure of which is also incorporated
by reference herein.

[0049] In a further variant, the fill gas delivery features
of the spindle, the wafer carriers, or both may be wvaried so

as to provide different flows of fill gas to different wafer
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holding a plurality of wafers within pockets defined by a top surface of
the carrier so that the top surface of each wafer is substantially copl anar

wi th the woposumbémee of the carrier. 5. A net hodpag/usb@omea®ss n cl ai m
4 wherein the step of holding a plurality of wafers on a carrier includes
supporting each wafer only at the periphery of the wafer. 6. A

nmethod as clainmed in claim5 wherein the step of supporting each wafer

i ncl udes supporting the wafer by a plurality of supports integral with the
carrier, the supports being spaced around the periphery of the wafer.

7. A nethod as clainmed in claim1 wherein step of varying the thermnal
conduct i vi thypldfma fevlomaoditdpovedeirnceheliggap Fet weennt he bBoEt om siarf ace
of each vaigr,3nd, t i, Copirontd ng gurface of e GarEher,includes,supplying
afill gas %6 the gap and varyling at [east one a conpositio }?

suppl i ed fidehegaslandrastbowniatle 6ﬁtthegswpplliﬂed fid | tigas.filling 1810 A

method as ¢l aiUed-hnoglal m duhereld one, or, MAre GaRShLL Uept 5, 0f g, o
process gasses form a deposit on he op surfaces 0 9. A
nmet hod of prodesssngoedermsdtrcl udi agfirst set of porta) nhet ding toe «r nore

wafers on a cartrier o tt}ﬁ% 2 bottomsurface of each ) fer overlies a
surface of t e carrl a gap tf| ned between the % om sursf ace of
each waf er candratfhe &urlﬁan@ oégtdres camqrﬁ exs amdf sostt hadt aoI oposiatfsaceaof each

\rll\g;tertlr:tngf e?sgganr%ea}éhsrrci’fert}ggr osseart r?gﬁ the ETRESuBket (821 Y R Y
also include a second set of condults 209 connected to a
second set of ports 211 opening into the fitting at a location
spaced axially from the first set of ports as, for example, at
a location further from the top surface 204 of the fitting.
Conduits 209 desirably are connected to a second set of
wafer—-holding regions as, for example, a set of pockets near
the periphery of the wafer carrier. The spindle 220 may
include a generally frustoconical male fitting 224 similar to
the fitting 24 discussed above with reference to FIG. 2.
Fitting 224 may have a groove 225 extending circumferentially
around the central axis 222 of the spindle. This spindle may
include a second gas passageway 229 having an outlet port 231
communicating with the groove 225. The first and second gas
passageways 228 and 229 are connected through separate rotary
connections (not shown) to separate sets of fill gas control
elements. When fittings 200 and 224 are engaged with one
another, with the wafer carrier in an operative condition on
the spindle, the first set of ports 210 and the first set of
conduits are in communication with the space between the top
end of the fitting 224 and the top surface of the fitting 100,
and thus in communication with the first fill gas passageway.
Conduits 209 are in communication with the recess or groove
225 in the fitting, and thus in communication with the second

fill gas passageway 229. Thus, the fill gas supplied to the
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(c) during the heating step, exposing the top surfaces of the wafers and
the carrier to a process gas mxture so that the process gas tends to

ent er thewQaps/@sosperi pheries of the wafers; and PCT/US2q1d)po@as8 | Nng t he
exposi ng step, supplying a fill gas having a thermal conductivity different
than the process gas into the gap beneath each wafer so that there is a
gradient in concentration of the fill gas in the gap beneath each wafer.

10. A method as clained in claim9 wherein the step of supplying a fill gas
i ncludes varying at |east one of a flowrate of the fill gas and a
conposition of the fill gas so as to vary the conposition of gases in the
gaps. diffgrept metdtod axf clvaifpedhphdthai meifomst hepncobpr i sdlgpttdde st ep
of monitoring, eﬁggp@gfture distribution on the top surfaces of the wafers,
the step of va yi ng ng performed at least in part in response to the
resul ts of [ORé0MoNI tri Mgrshep. variants]2 moXenrethod asocl zémesd canclta m 9

e R R SRR L eSS 2 R Dol the
t he waf er. fittings 18isiéfserd mrooes siang bappaedt us Foonpresphg; different
(a) a proc%ﬁ%kgggghggpgrés those shown in the aforementioned US Patent
No. 6,685,774, and UusS Published Patent Application
No. 20090155028 can be used.
[0051] The invention can be applied 1in wvarious wafer
treatment processes as, for example, chemical vapor
deposition, chemical etching of wafers, and the like.
[0052] As these and other wvariations and combinations of
the features discussed above can be employed, the foregoing
description of the preferred embodiments should be taken by

way of illustration rather than by limitation of the invention

as defined by the claims.
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(b) a spindle nounted within the chanber for rotation about an axis
extending in upward and downward directions, the spindle having an upper
end and awgQasiip@s®ageway havi ng an openi ng adj acent thePappseoiend2e t he
spindl e, the upper end of the spindle being adapted to rel easably engage a
wafer carrier so that the wafer carrier is mechanically connected to the
spindle and so that a gas conduit of the wafer carrier is in comrunication
wi th the opening of the gas passage; and (c)

ar ot aryconnect i onhavi ngani nl et comuni cating with the gas passageway of the
spindle. 14. Apparatus as clained in claim113 further conprising: (d) a

not or driv@Lﬂ@MSrotating t he spindle about the axis. 15. Appar at us as

clainmed in claimi4 g&%ﬁg&bggnwékéfgg%XESSln inciuad®). @ gas inlet

el enent nounted to t er adj ac an up er end of” the chanber, the
gas inlet elenent beiag dodsitingcbted andnare arsged st onder eetrprocesstigdsses

downvar dly .t ouat 0t be: SR 2 And 1,¥8L0aA YIRS GRILLAE MRUDLpe QN dohe

spi ndl e;
the carrier with a gap defined between the bottom surface of

each wafer and the confronting surface of the carrier, and so
that a top surface of each wafer is exposed;

(b) heating the wafers at least 1in part by heat
transfer from the carrier across the gap between the bottom
surface of each wafer and the confronting surface of the
carrier;

(¢} during the heating step, applying one or more
process gasses to the exposed top surfaces of the wafers; and

(d) during the applying step, varying a thermal
conductivity of a fill gas disposed in the gap between the
bottom surface of each wafer and the confronting surface of

the carrier.

2. A method as claimed in claim 1 further including the
step of monitoring a temperature distribution on the top
surfaces of the wafers, the step of varying the conductivity
of the fill gas being performed at least in part in response

to the results of the monitoring step.

3. A method as claimed in claim 1 or c¢laim 2 wherein
the wafers distort during the applying step so that the
configuration of the gaps changes with time during the
applying step, and wherein the wvariation in conductivity of
the fill gas at least partially counteracts an effect of such
change in configuration on a temperature distribution on the

top surfaces of the wafers.

4, A method as claimed in claim 1 or c¢laim 2 wherein

the step of holding one or more wafers on a carrier includes
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(f) a heater disposed wthin the chanber for heating a wafer carrier
carried nounted on the spindle. 16. Apparatus as clained in claim13
wher ei n twe 20ppwso6end of the spindle includes a taperedPseaSzan/0bEss ng
upper and |l ower end and the opening of the gas passageway is di sposed above
the |l ower end of the tapered section. 17. A wafer carrier

conpri si ng: (a) a body defining a central axis and an top
surface transverse to the central axis, the body further having and

waf er - hol di ng features adapted to hold a plurality of wafers so that top
surfaces of the wafers are exposed and so that there is a gap between a
bott om sur fhadeiod eachuwafery and veafeust adehoh pthekdbelydefined by a top (b)

structure i-niL.pg..en r as_.c i e ndi 0 e - di ng
Featur o6 of Fha Body S5t Rarr oo 1T 5a5 stmol | oh ©bTHE gbb Sntui s |
be directedsi stbsthet apy erweear t hetlbdtitcomopusfatecofolt hdewaberseand t he

body; and (c) afitting at the central axis of the body, the
fitting being adapted horn®l easabl yingage @ =Spi ndlgndfeiad oMl eyt gpr @eessi ng
apparatus and hold the wafer carrier on the spindle so that the one or nore
gas condui t'$14FB9i A BbMAMiTYatitof2WEER BRhe? of 2 ord gas Pass ageys- 8 t he

spindle. cach wdBer AMBS @ €ALr h&Fi @S G} *IfMRdei Ragdal M 17 wherein the
fitting defines a recess open in the dowward direction for receiving the

spindle and thegone or, Ipre, 0as GANGMIS S SO At NN 1he rRees%e
supporting each wafer includes supporting the wafer by a
plurality of supports integral with the carrier, the supports

being spaced around the periphery of the wafer.

7. A method as c¢laimed in c¢laim 1 wherein step of
varying the thermal conductivity of a fill gas disposed in the
gap between the Dbottom surface of each wafer and the
confronting surface of the carrier includes supplying a £fill
gas to the gap and varying at least one of a composition of

the supplied fill gas and a flow rate of the supplied £fill gas.

8. A method as claimed in claim 1 wherein one or more
constituents of the process gasses form a deposit on the top

surfaces of the wafers

9. A method of processing wafers including:

(a) holding one or more wafers on a carrier so that
a bottom surface of each wafer overlies a surface of the
carrier with a gap defined between the bottom surface of each
wafer and the surface of the carrier and so that a top surface
of each wafer is exposed;

(b) heating the wafers at least 1in part by heat
transfer from the carrier across the gaps;

(¢} during the heating step, exposing the top

surfaces of the wafers and the carrier to a process gas
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19. A wafer carrier as clainmed in claim18 wherein the recess is tapered in
the upward direction. 20. A wafer carrier as clainmed in claim17
wher ei n twe 2eaf®sochol di ng features include a plurality etCTpsekeso2s$ t he
top surface of the body, and wherein the conduits conmunicate with the
pockets. 21. A wafer carrier as clained in claim20 wherein the each
pocket includes a floor surface recessed bel ow top surface, a peripheral
wal | extending upwardly fromthe floor surface to the top surface and a
plurality of supports extending above the floor surface but below the top
surface for supporting a wafer above the floor surface. 22. A wafer
carrier asmékaimedsien tdlagi miZEl wheresisn @acht¢hdorteuehbee has agpertat

di sposed agjeggﬁﬂgr%&e Ocincth%r wg%egglle pocket and the conduits communicate
wi th the pockets through the ports.

(d) during the exposing step, supplying a fill gas
having a thermal conductivity different than the process gas
into the gap beneath each wafer so that there is a gradient in

concentration of the fill gas in the gap beneath each wafer.

10. A method as claimed in claim 9 wherein the step of
supplying a fill gas includes varying at least one of a flow
rate of the fill gas and a composition of the fill gas so as

to vary the composition of gases in the gaps.

11. A method as claimed in claim 9 further comprising
the step of monitoring a temperature distribution on the top
surfaces of the wafers, the step of varying being performed at
least in part in response to the results of the monitoring

step.

12. A method as claimed in claim 9 wherein the step of
supplying the fill gas 1is performed by introducing the f£fill
gas into each gap through a port in the carrier adjacent the

center of the wafer.

13. Wafer processing apparatus comprising:

(a) a processing chamber;

(b) a spindle mounted within the chamber for
rotation about an axis extending in upward and downward
directions, the spindle having an upper end and a gas
passageway having an opening adjacent the upper end of the
spindle, the upper end of the spindle being adapted to
releasably engage a wafer carrier so that the wafer carrier is
mechanically connected to the spindle and so that a gas
conduit of the wafer carrier 1s 1in communication with the

opening of the gas passage; and
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(c) a rotary connection having an inlet

communicating with the gas passageway of the spindle.

14. Apparatus as claimed in claim 13 further comprising:
(d) a motor drive for rotating the spindle about

the axis.

15. Apparatus as claimed in claim 14 further comprising:

(e) a gas 1inlet element mounted to the chamber

adjacent an upper end of the chamber, the gas inlet element

being constructed and arranged to direct process gasses

downwardly toward the spindle and toward a wafer carrier
mounted on the spindle; and

(f) a heater disposed within the chamber for

heating a wafer carrier carried mounted on the spindle.

16. Apparatus as claimed in claim 13 wherein the upper
end of the spindle includes a tapered section having upper and
lower end and the opening of the gas passageway 1is disposed

above the lower end of the tapered section.

17. A wafer carrier comprising:

(a) a Dbody defining a central axis and an top
surface transverse to the <central axis, the body further
having and wafer-holding features adapted to hold a plurality
of wafers so that top surfaces of the wafers are exposed and
so that there is a gap between a bottom surface of each wafer
and a surface of the body,

(b) structure defining one or more gas conduits
extending to the wafer-holding features of the body so that a
fill gas supplied to the gas conduits will be directed into
the gaps between the Dbottom surface of the wafers and the
body; and

(c) a fitting at the central axis of the body, the
fitting being adapted to releasably engage a spindle of a
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wafer processing apparatus and hold the wafer carrier on the
spindle so that the one or more gas conduits are 1in

communication with one or more gas passageways of the spindle.

18. A wafer carrier as claimed in claim 17 wherein the
fitting defines a recess open 1in the downward direction for
receiving the spindle and the one or more gas conduits

communicate with the recess.

19. A wafer carrier as claimed in claim 18 wherein the

recess 1is tapered in the upward direction.

20. A wafer carrier as claimed in c¢laim 17 wherein the
wafer-holding features include a plurality of pockets in the
top surface of the body, and wherein the conduits communicate

with the pockets.

21. A wafer carrier as claimed in claim 20 wherein the
each pocket includes a floor surface recessed below top
surface, a peripheral wall extending upwardly from the floor
surface to the top surface and a plurality of supports
extending above the floor surface but below the top surface

for supporting a wafer above the floor surface.

22. A wafer carrier as claimed in c¢laim 21 wherein each
floor surface has a port disposed adjacent the center of the
pocket and the conduits communicate with the pockets through

the ports.
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