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BACKGROUND

10
' The bresent invention relates to an apparatus and method for

depositing material on a substrate by chemical vapor deposition.

In integrated circuit fabrication, electrically conductive metal-
15 containing material is deposited on substrates to form intert_:ohnect lines
and/or filled contact holes and vias, which are used to electrically connect
active devices formed on substrates. The metal-containing interconnect lines
are typically formed by (i} depositing stacks of electromigration, diffusion
barrier, electrical conductor, and/or antirefiective layers, on the substrat_e,.
20 {ii) forming a patterned resist layer on the deposited layers, and (iii) etching
the unprotected portions of the deposited fayers to form the_ interconnect
lines. An electrical insulator layer, such as silicon dioxide, is deposited over
the interconnect lines to electrically isolate the interconnect .lines. Contact
holes or vias are etched through the insulator layer to expose underlying
; 25 interconnect lines, or to expose semiconductor devices such as gates. The
' contact holes or vias are filled with additional metal-containing material to

, form plugs that connect the devices and interconnect lines formed on the
substrate.
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15 containing material is deposited on substrates to forminterconnect
lines and/or filled contact holes and vias, which are used to electrically
connect active devices formed on substrates. The netal -cont ai ni ng

i nterconnect lines are typically formed by (2) depositing stacks™df o™=

el ectrom gration, diffusion barrier, electrical conductor, and/or
antireflective layers, on télﬁ\véHm{af éﬁé‘fmcgpvapor depdsition! Rf\fb)né]wdaprﬂ%iéa?r ned
resi st |layer on the deposi t ed Iagers (1) etching the unprotected
portions of the d¥pRAidepasitian 4P\ wchwﬂm #re ysged & GSH‘P%Tc?'eF‘i"ﬁ  cogductive

el ectrical insul ahfieda®¥6 thé Viab a8 cohtdct ABlesl iféhriedcon the sldBasie edn@ver t he

I nterconnect lines to electrically isolate the interconpect |ines.
‘holes- or vias ar 8robjemmth ?H’IYSBW’H']Q"?"Iﬁ?ﬁsa?'HPS pegaMsethe éﬁbﬁ%h?}ﬁﬂé’ﬂ y| ng
25 | g er conRRei(whicher eQpedishce dd Fsfe@EdtE REIEINCAOThOERY) 6fen BUMBrisdS

O e o Bt 5 gt b e bl 8 o vy o
| ntier connect | i nediahieté® df greatdrathan 1. The aspect ratio of the holes increases as
advances in technology Yield more closely spaced features. Referring to
Figure 1, a substrate 10 comprises holes 11 formed within an electrically
10 insulative or dielectric layer 12, such as for example, silicon dioxide or silicon
nitride. It is difficult to deposit a uniform metal-containing layer 13 into the
high aspect ratio holes 11 using chemical vapor deposition processes
because the metal-containing layer 13 often preferentially deposits on tﬁe
sidewalis 14 of the holes growing grains that eventually converge to form -
15 voids and discontinuities 15 within the metal-containing material 13.
Thereafter, the high mobility of metal atoms, such as aluminum atoms,
surrounding the voids causes the atoms to diffuse and minimize the surface
area of the voids forming circular shaped voids 15, as shown in Figure 1.
These voids and discontinuities result in poor and unreliable electrical
20 contacts. |

Another problem with conventional deposition processes arises
because such methods deposit crystalline grains 16 having random
crystalline orientation. Highly oriented crystals can reduce electromigration

25 of the atoms within the crystal. Electromigration is a diffusive process in
which atoms diffuse from one region to another region within the deposited
layer under the influence of electrical fields across the substrate, causing
voids that result in “open” junctions and unreliable electrical conductivity.
Conductive layers having a highly oriented crystalline structure exhibit

30 reduced electromigration of atoms, because in certain crystallographic

' orientations, the conductive layers have lower diffusion coefficients. For
example, deposited aluminum grains that are highly oriented in the
crystallographic plane having <111> miller indices are found to exhibit
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Substrate. 2 Conventi.onal .chemical vapor deposition (CVD) and physi cal
vapor deposition (PVD) techniques are used to deposit-electrically
conductive material into the vias and contact holes forned on t hE. o
substrate. One problemw th conventi onal pr@cesses ari ses because the -

conEact h9|es or 5 _ vias (which for expedience are referred to herein
as "holes") oft erbmna-itl r&asfangh taemeﬂbniglauoqedlfﬁuelon tHayvever eonyentional hei ght

of the holes to their ct
ratio of the hol egeq°ﬁ5'r°8é§8§esz§§s é’fﬂ} '(‘f ed§p??1t ];a%g'tn Qr'éerJ Egyr gélc osel y
spaced features. gairer16 bg thesubstrate that limit the current densuty that a conductive

plug or interconnect line can carry to typically about 10° A/cm?, beyond

5 which excessive electromigration would occur.

The randomly oriented crystalline grains provided by
conventional CVD and PVD processes can also result in depbsition of layers
having non-planar surfaces, which is undesirable for modern VLSI circuits

10 that use multiple layers of submicron sized features to form high speed
circuits. The surface 17 of the filled holes 11 in such circuits need to be
planar and flat in order to accurately fabricate high density miniaturized

i . features using conventional photolithographic processes. Conventional CVD
. deposition processes form a deposition layer having irregular ridges 18 on

15 features_ adjacent to the holes 11 that result in an uneven and irregular
surface 17, as shown in Figure 1. The uneven deposition layers produce
unfocused or blurred resist patterns in the photolithographic process, and on

being etched, provide features having irregular line widths.

20 Conventional PVD methods, such as spuftering, also have other
problems that result because material sputtered off a sputtering target by
energetic plasma ions travels to the substrate 10 in a relatively straight-line
path to deposit primarily on those portions of the substrate withif sight of
the target. The line-of-sight deposition makes it difficult to fill high aspect

25 ratio contact holes or vias that have an aspect ratio exceeding 1. Oftén, less
than 5% of the material deposited by conventional PVD processes is formed
within the holes 11, the remaining deposits being formed on top of the

' features adjacent to the holes 11. In the deposition of aluminum layers, a
reflow process can be used in conjunction with the PVD process, in which
. 30 the substrate 10 is heated to reflow temperatures causing the deposited'
aluminum to flow into the bottom of the contact holes and/or vias.
. However, because the PVD aluminum layer is only deposited on _p.ortions of
the substrate 10, the layer must be heated to temperatures of about 400 to
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Figure 1, a substrate 10 conprises holes 11 formed wilthin an electrically
10 insulative or dielectric layer 12, such.as for exanple, silicon
dioxide or silicon nitride. It is difficult to deposit a uniform__ .
met al -containing layer 13 into the high asped ratio holes 11 using

chem cal vapor deposition processes because the netal -containing | ayer 13

of ten preferenti al §50eeniariér t@rbrb\h@e % stesdrtly 18w vidcobibe alberinem Gayenitheg

grai ns that eventual I conve nd di sconti.nuiti
15 within the netale¥ fﬂtg ithe hg'eﬁe?tqe'}“lté? sé@t'aﬁé?eyfgi'g tr‘?@‘"r‘ffagfﬂr B 'fr\ey
of nmetal atorns, SUEVD%d&’eﬂBWﬂBBhMM&o only thobé SugratdretheDaisnot alanmged by
atons to dlffusea mnlmzethesrface rea of the v0|ds é:mng
can’cause

circul ar shaped volngigl termperatiires, For exag\ples 1gmPsFALLES ?Poovas an
di scontinuities r edxﬂﬂutuonrofmwamamﬂtamar aid/ehdezombesition ofithe?fubstrate. Newt act s.
Anot her problemw th conventional .depasiii on ALocesses arl ses
generations of ever miniaturized integrated ¢IfCUIts requiré low processing
temperatures to obtain the required levels of miniaturization, and to allow use
of low temperature materials that are often unstable at temperatures
exceeding 400°C.

10
Thus, there is a need for a process for filling high aspect ratio

holes in a substrate with metal-containing material, without forming voids or
defects in the deposited material. [t is also desirable for the deposition
prdcess to deposit grains that are highly oriented in particular

15 crystallographic planes. It is further desirable for the deposition process to
deposit layers having substantially planar and flat surfaces. Itis also
desirable for the deposition process to operate at a low temperature to
reduce thermal damage to features that are sensitive to high temperatures.

20 SUMMARY

The present invention is to a chemical vapor deposition process
for depositing a substantially planar, highly. reflective, layer on a substrate, -
and is particularly useful for filling high aspect ratio holes in the substrate.

25 The substrate is placed in a process zone, and successive seeding and
oriented crystal growth deposition stages are performed on the substrate. In
ihe seeding stage, the substrate is heated to temperatures T within a first
lower range of temperatures A T, and seeding gas is introduced into the
process zone, The seeding gas deposits a substantially continuous,

, 30 non-granular, seeding layer on the substrate. Thereafter, in a subsequent
: oriented crystal grthh stage, the substrate is maintained at deposition
temperatures T, within a second higher range of temperatures A To, and

deposition gas is introduced into the process zone. The deposition gas formé
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because such net hods de?@sit crystalline grains 16fmivi ng randém
crystalline orientation. H ghly oriented crystals can reduce

el ectrom gration 25 of the atons within the crystal. Electromgration
is a diffusive process in which atons diffus® from one region to anot ner
region within the deposited | ayer under the influence of electrical fields

acrolss L Ihe sinst rfihealrieﬁeét(ﬁad:rvgtavgﬁod\&htléﬁi' oh @Rl kéediry 1avaﬁl1lhe btiemtéd! @F»&tﬂnd
unreliable electrica nduct i vi t nducti ve ers hayjn

oriented crystal | i9RVH gME’t WV@%Q*f%ﬁ?'egﬁct've sun%agéﬁlaaetdeg %cg?'Brﬂ' t| on of
at oms, because i n otiented) fargé yGistdis €@t gEdw ©nané esddirig lawer, t he  conducti ve

| ayers have | ower diffusion coefficients. For exanple, deposited al um num

grains that are highly oriented in the crystallographic plane having < 111
> mller inBlices are found Tie prdeess is Usefil AccHbinhig aHubstraie dontprikig/a

substantially pianar, highly refiective, aluminum-containing layer that has

< 111> miller indices crystallographic planes that exhibit an x-ray diffraction
peak with a full width at half maximum of less than about 3° 8. The '
reflectivity of the substrate is at least 190% as compared to the 100%

10 reflectivity of a monocrystalline silicon wafer. The highly reflective and
planar surface of the substrate allows accurate and reproducible formation of

highly miniaturized circuits on the substrate.

-Another aspect of the present invention comprises a computer
15 program product for operating a process chamber for depositing a
substantially planar, highly reflective, layer on the substrate. The computer
product comprises a compufer usable medium having computer readable
program code means embodied therein. The computer program code means
 comprises:
20 ' (a) substrate positioning code for positioning the
substrate in the process chamber;
{b) heater control code for operating a heater in_ (i a _
seeding stage, wherein the substrate is maintained at temperatures T, within
a first lower range of temperatures A T, and (ii) an oriented crystal growth
25 stage, wherein the substrate is maintained at deposition temperatures T,
within a second higher range of temperatures A T,; and
{c) process gas control code for (i) in a seeding mode,
introducing seeding gas into the process zone during the seeding stage to
deposit a substantially continuous seeding fayer on the substrate, and (ii} in a
30 deposition mode, introducing deposition gas into the process zone during the
' oriented crystal growth stage to grow an oriented crystal growth layer on the

seeding layer, the oriented crystal growth layer comprising large crystals
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2 . - . . . _\ .
3 excellent resistance t'o electronigratory diffusiont However, conventional

deposition processes typically deposit nore randonmy oriented crystalline
grains 16 on the substrate that limt the current density that a_gonductive

plug or interconnect line can carry to typi dally about 10[err] A/cn{“e“r"?‘],
beyond 5 whi ch excessive electromgration would occur. The randomy

oriented crystal | sosstgntiEiip Origntedi tdashe RinotHen Vs havira) a G\bstanudbily\flanar anasses

can also result inp. ogjiti.on of |ayers having non-planar surfaces, which
i s undesirabl e foﬁ'gﬁfféa?'ﬁciwsvu CPruits 10 that use nultiple layers of
submi cron sized features to form high speed-

In yet another aspect, the present invention comprises a
5 computer readable program product for operating a process chamber that

comprises positioning program code means for positioning the substrate in
the process chamber. Seeding program code means are provided for
(i} heating the substrate to temperatures T, within a range of temperatures
A Ts, and (i) introducing a seeding gas into the process zone to deposit a

10 substantially continuous seeding iayer on portions of the substrate. Oriented
crystal growth program code means for are used to (i) maintain the-substrate
at a deposition temperatures T, within a range of temperatures A T,, and
(i) introduce .deposition gas into the process zone to form an oriented crystal
growth layer that is grown on the seeding layer to form a substantially

15 planar, highly reflective layer on the substrate. '

DRAWINGS

These and other features, aspects, and édvantages of the
20 ' present invention will become better understood with reference to the
following description, appended claims, and accompanying drawings, which
- illustrate examples of the present invention, where:
Figures 1 is a schematic illustration of a partial cross-sectional
25 view of a prior art substrate shbwing a randomly-oriented, fine-grained,
granular, deposition layer in the etched holes in the substrate, with voids and

discontinuities, and a non-planar surface.

Figures 2a is a schematic illustration of a partial cross-sectional
30 view of a substrate processed according to the present invention showing a
substantially continuous seeding layer deposited on the substrate;
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circuits. The surface 17 of the filled holes 1 1 in $uch circuits need to
be planar and flat in order to accurately fabricate high density
mniaturized features using conventional photolithographic procegses.
Convent i onal CVD deposition processes form a deposition |ayer having
irregular ridges 18 on 15 features adjacent to the holes 11 that

result in an uneven and i r rRigurkab is @rdchemafic illustisatidroohthersubstyatesof IFigurbe.

uneven deposition,layers. produc ocused or. bl urred: | tterns in
‘the phot ol i t hogr agft %mp“r"BQ@sssutésgaﬁ'ﬁaB’np'ﬁg?'n&gé{ycﬁréed‘fe ° E}'\%?Ad??‘ggbl Itﬁ?’és havi ng
irregul ar |ine w dordred &#0the seeding layer; Conventi onal PVD net hods, such

as sputtering, also have other problens that result because materi al
sputtered off a sputtering target by energetic plasnma ions travels to the
substrate 1® in a rel ati velKigwer3a iglatschemetip pattiat seatiopalsviewnfi ansintegyated

those portions of _t it hi i Y
| i ne- of - si ght depgél ?‘?ﬁ%é@ﬁf sd%ﬁ;t? PIEJﬁfﬁﬁrggrp\fﬂﬁec%ﬂﬁa?éé@?ocesses on
. the substrate;

Figure 3b is a partial sectional schematic view of a CVD
10 deposition chamber suitable for performing the CVD deposition process of
the present invention; .~ -

Figure 4 is a simplified block diagram showiné the hierarchical

control structure of a computer program of the present invention;
15 '

Figure 5a and bb are scanning electron micrographs of the
surface of (i) a thin granular layer of material deposited by a conventional
process, and (i) a substantially continuous, non-granular, uniformly wetting,
seeding layer deposited by the present process, respectively;

20 '

Figure 6a and 6b are scanning electron micrographs of the
surface of (i} a deposition layer grown on a granular layer of material
deposited using a conventional process, and (ii) an oriented crystal growth
deposition layer grown on a seeding layer by the present process,

25 respectively:

Figure 7a and 7b are X-ray diffraction rocking curves of the
' < 111> miller indices crystallographic plane of (i} an aluminum layer
deposited using a conventional process, and (ii) an aluminum layer deposited

30 by the present process, respectively;

" Figure 8a and 8b are X-ray diffraction curves of the <111>

and <200> miller indices crystallographic plane of (i) an aluminum layer
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25 rati o contact ‘holes or vias that have an aspect ratio exceeding 1.
O'ten, less than 5% of the material deposited by conventional PVD processes
is formed within the holes 11, the renmining deposits being fornmed on top
of the features adjacent to the holes 11. |8 the deposition of alum num

| ayers, a reflow process can be used in conjunction with the PVD process,

in which 30 deBSs.ﬁémﬁé.ﬁ;fhEhomemﬁnbuea«besbst @nd @f) | apvalimimDAT R er @sposhesi Ng
the deposited alumnumto ow into the bottom of the contact hol es and/or

vias. However, bédWatheLreseat piasessJasrastivelyer is only deposited on portions
of the substrate 10, the layer nust be heat ed to tenperatures of about 400

to REPLACEMENT SHEET 2 9 DF‘lgure 8 is a graph showing a comparison of the surface
5 reflectivity of various thickness of (i) a conventional layer deposited on the
substrate, and (ii) a seeding and oriented crystal growth layer formed by the
present invention; and

~ Figures 10a and 10b are graphs of secondary ion mass
10 spectroscopic analysis showing the aluminum and carbon content in the
surface of (i) a conventional aluminum layer, and {ii) an aluminum layer

deposited by the present process, respectively.

DESCRIPTION
15 .
| The present tnvention is directed to an apparatus and method
for depositing a highly crystallographically oriented, substanttally planar, layer
of material on a substrate 20, as shown in Figures 2a-2b, by a chemical
vapor deposition (CVD) process. The substrate 20 can include glass, -

20 polymer, metal, and semiconductor substrates, including for example,
monocrystalline silicon, gallium arsenide, or polysilicon substrates. The
method is particularly suitable for depositing a layer of highly oriented
crystals of electrically conductive material into holes 22 etched through
insulative layers 24 (such as silicon oxide, phosphosilicate glass (PSG), or

25 borophosphosilicate glass (BPSG) layers). The insulator layer 24 is typically
deposited to a thickness of about 3000 to 15,000 A, using a conventional |
chemical vapor deposition processes for depositing insulator layers on a

" substrate are (i) silicon source gas for example SiH, or SiCl,H,, and oxygen
source gas such as CO, and H,, or N,O; (i) a single gas containing both

30 silicon and oxygen such as Si(OC,H.l,, or {iii} gases such as SiH,, and NH, or
N,, for depositing Si;N,. Thereafter, holes 22 having diameters of 0.25 to 1
p#m, and heights ranging from about 0.3 ym to about 10 ym, and more
typically from about 0.3 to 1.2 um, are etched in the insulator layer 24, as
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4 550[err]C, in order to provide a sufficiently | owj/i scosity al um num

| ayer that flows into the holes 11 in the substrate 10. Such high
tenperatures limt the PVD and refl ow technigues to only those sybsttales
that are not danaged by the high terrperatur&. For exanpl e, tenperatures
above 4000C can cause 5 di ffusion of dopant material and/or

deconposi ti on of flbstratebdn Fijuee 2Alcby gamentidnab meactie éneetchingiraetheds that

integrated circuits uire | ow processi et h
oquired |evel o obSePAPRL R aHng: SR ThY shEFHGY BlleEh dhenabt 2al | 7
materi al s that areypiddigratisust abtwt Gt 5uampad atenedypicallycatdéssy ahoa] @5rgre. 10

Thus, there is a gged fQf . 3REYLRSvel Arndrb 'ahti gl 96 aAG REG4 highidsBect ratios

5 of at least about 1, and more typically about 2.

The material deposited on the substrate 20 is typically a metal-
containing material, such as an aluminum-containing material, for example
alloys of aluminum, copper, and optionally silicon. Typically, the aluminum

10 alloys contain 95 to 98 wt% aluminum, O to 3 wt% silicon, and 0.5 to 1
wt% copper. Copper is added to prevent electromigration of aluminum
atoms to extend the lifetime of the conductive features, and silicon is added
to reduce inter-diffusion of atorhs between the aluminum layer and the
underlying silicon sdbstrate. Each component of the aluminum alloy can be

15 deposited in. separate processing steps, or the multicomponent alloy can be
deposited in a singie process step. Instead of a metal-containing material, the
present invention can also be used to deposit other materials, such as

~ oxides, nitrides, and silicides, including or example polysilicon, silicon oxide,
and silicon nitride. '

20

With reference to Figures 2a and 2b, the metal-containing
material is deposited over a nucleation sublayer 28, typically comprising a
titanium-containing layer having a thickness of 50 to 500 A, that serves to
enhance nucleation of deposited metal-containing layers. In the present

25 process, material is deposited on the substrate 20 to uniformly fill the high
aspect ratio holes 22 without forming voids in the holes, using a multistage
process, comprising an initial seeding stage and at least one subsequent
oriented crystal growth deposition stage. The initial seeding stage is used to
deposit a substantially continuous, non-granular, and planar seeding layer 30

30 on the substrate 20. The seeding layer 30 uniformly wets the substrate to
provide a substantially continuous and non-granular |aye'r at low thicknesses,
i.e., less than about 300 A, which is particularly desirable to proyide uniform

deposition in small contact holes and vias in the substrate. In a subsequent
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holes in a substrate with netal -containing material, -]without form ng voids

or defects in the deposited material. It is also desirable for the
deposition process to deposit grains that ar, hi ghly oriented |nuga&uhgylar
15 crystal l ographic planes. It is further desirable for the

deposition process to deposit |ayers having substantially planar and f1 at
surfaces. It is alosientedsirystel groish stdge. abjablyi etientedhpod epitaxiallyogrowat levert a

Low tenperal ur e 1 &7 GethiGfind Ridtiely 18Rty didhs sBBLR Rty iR fb SRNERAhYE 1 ©

hi gh tenperatures
present inventi on and haying a bebstantielly sisoar anqablshlmreﬂeqimcs@sf@ce# egionin i ng

a substantially pl f ?g&g nl S
particul arly usefu n?'% 9 hﬁ\Fﬂd& £rﬁi llhﬁﬁc%’fse\ée tlg‘?ﬁt | oopﬁagzé{?%&% trate.
25 % substlayer &0 @afpb%t@%&!i Mﬁ%"&h@befﬂ‘sthzdwb Aler ngtl‘&i\é's‘éﬁe\ﬁévﬁ eedi ng
and ori ent ed CrYStibodbt Ut baftfl) Fiillthe Rofe! #8lfoWed’ty # FlidtRielPRvP terhfitature

subst rate. In
PVD deposition process, to completely fill the hole.

A schematic of a multichamber proces_sing apparatus 35

10 suitable for performing the CVD process of the present invention, is
illustrated in Figure 3a. The apparatus is an "ENDURA” system commercially
available from Applied Materials, Santa Clara, California. The particular .
embodiment of the apparatus 35 shown herein, is suitable for processing
planar substrates 20, such as semiconductor substrates, is provided only to

15 illustrate the invention, and should not be used to limit the scope of the
invention. The apparatus 35 typically comprises a cluster of inferconnected
process chambers, for example, CVD and PVD deposition, and rapid thermal
anﬁealing chambers.

20 Thé apparatus 35 includes at least one enclosed PVD
deposition chamber 36 for performing PVD processes, such as sputtering.
The PVD chamber 36 comprises a sputtering target (not shown) of sputtering
material facing the substrate 20. The target is electrically isolated from the
chamber and serves as a process electrode for generating a sputtering
25 plasma. During the sputtering process, a sputtering gas, such as argon or
xenon, is introduced into the chamber 36. An RF bias current is applied to
the sputtering t.arget, and the support supporting the substrate in the
chamber is electrically grounded. The resultant electric field in the chamber
36 ionizes sputtering gas to form a sputtering plasma that sputters the target
30 causing deposition of material on the substrate. In sputtering processes, the
plasma is typically generated by applying a DC or RF voltage at a power level

of from about 100 to about 20,000 Watts, and more typically from 100 to
10,000 Watts, to the sputtering target.
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the seeding stage, the substrate is heated to terrperétures T[err] within a
first lower range of tenperatures A T[err], and seeding gas is introduced
into the process zone. The seedi ng gas deposits a substantially gQn.LRuous,
30 non- granul ar, seeding | ayer on theldubstrate. Thereafter, in a
subsequent oriented crystal growh stage, the substrate is maintained at
~deposi tion tenperatures T[eThg amatétuslatsosmnmndedwagmndem@bnmhm&%t ures

e RSkt PR el 6 WS b ! HfelbrBBEPag e, The
| ayer on the seedlcngmdnaqsaa pradess gas dlst_r&marr?;&tcaldlstnbutmg process gas. Mass
. flow controliers and air operated valves are used to control the flow of
5 ~ process gas fnto the deposition chamber 40. The gas distributor 55 is

typically mounted above the substrate (as shown), or peripherally about the
substrate 20 (not shown). A sup.port 65 is provided for supporting the
substrate.in the depdsiﬁon chamber 40. The substrate 20 is introducea into
the chamber 40 through a substrate loading inlet in the sidewall 45 of the

10 chamber 40 and placed on the support 65. The support 65 can be lifted or
lowered by support fift bellows 70 so that the gap between the substrate 20
and gas distributor 55 can be adjusted. - A lift finger assembly 75 comprising
lift fingers that are inserted through holes in the support 65 can be used to
lift and lower the substrate 20 onto the support to facilitate transport of the

16 substrate 20 into and out of the chamber 40. A thermal heater 80 is
provided in the chamber to rapidly heat the substrate 20. Rapid heating and
cooling of the substrate ié preferred to increase processing throughput, and
to allow rapid cycling between successive processes operated at different
temperatures within the same chamber 65. The temperature of the substrate

20 20 is generally estimated from the temperature of the support 65 that is
measured using a substrate 20.

The substrate 20 is processed in a process zone 95 above a

horizontal perforated barrier plate 105. The barrier plate 105 has exhaust

25 holes 110 which are in fluid communication with an exhaust system 115 for
exhausting spent process gas from the chamber 40. A typical exhaust
'system 115 comprises a rotary vane vacuum pump {not shown) capable of
achieving a minimum vacuum of about 10 mTorr, and optionally a scrubber
system for scrubbing byproduct gases. The pressure in the chamber 40 is

30 sensed at the side of the substrate 20 and is controlled by adjusting a
throttle valye in the exhaust system 115.
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growt h layer having a highly reflective surface that!results fromhighly
oriented, large crystals that grow on the seeding layer. 5

The process is useful for form'ng a substrate conprising a substantially
pl anar, highly reflective, alum numcontaintdg |ayer that has < Ii1 >

m |l er indices crystallographic planes that exhibit an x-ray diffraction
peak with a full width at mbfasﬁia@eﬁwmafﬂa%ambﬂm &hcgeher%ﬁng @ plasmd re

reflectivity of the substrate o the 100% 10
reflectivity of a W88?§fs{°5'ie|#i8'aé'ﬁcl‘?‘88h (,\gﬁ)é?' P 3? E& VIR and
pl anar sur f ace of dgﬁm.mmmcessesalﬂne\msmgdmtaoahm capgenhtetebé piaismuamat i on
of hi ghly m niatug il & dﬁ?\',e‘i\g gta%BNg\a:%f %Br?&{t oan .cht&eémr’%gc‘?& he Ne

present invention program pro
operating & pr ocesepasitiorbehartmer (oepshonn i) ea:zanbwetyrbv splying laarRf g:urhergrtby

ref lective, layer ppo%egpgleéggéé iﬂttﬁe c;m%bg ngﬁ)eJoth mductlvely and capacitively.
A DC or RF current at a power level of from about 750 Watts to about 2000 -
Watts can be applied to an inductor coil (not shown) to inductively couple
energy into the deposition chamber to generafé a plasma in the process zone
10 95. When an RF current is used, the frequency of the RF current is typically
from about.400 Khz to about 16 Mhz, and more tYpicalIy about 13.56 Mhz.
Optionally, a gas containment or plasma focus ring (not shown), typically
made of aluminum oxide or quartz, can be used to contain the flow of
process gas or plasma around the substrate 20.
156 _
" The process can be implemented using a computer program
product 141 that runs on a conventional computer system comprising a
central processor unit (CPU) interconnected to a memory system with
peripheral control components, such as for example a 68400 microprocessor,
20 " commercially available from Synenergy Microsystems, California. The
computer program code can be written in any conventional computer
readable programming language such as for exampie 68000 assembly
language, C, C+ +, or Pascal. Suitable program code is entered-into a single
file, or muitiple files, using a conventional text editor, and stored or embodied
25 in a computer usable medium, such as a memory system of the computer. If
the entered code text is in a high level language, the code is compiled, and
the resultant compiler code is then linked with an object code of precompiled
windows library routines. To execute the linked compiled object code, the
system user invokes the object code,'causing the computer system to load
30 the code in memory, from which the CPU reads and executes the code to
perform the tasks identified in the program.
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product conprises a conputer usable medium having colrrputer readabl e program
. code means enbodi ed therein. The conputer program code neans conprises: 20

(a)  substrate positioning code for positiogping the substrate idu.ldMomm
process chanber; (b) heater control code ?S operating a heater in (i) a
seedi ng st age, \/\herel n the substrate is maintained at tenperatures T[err]
within a first |ower range Figuré érghenatan ifigstfative okjckrdidgramnef thejhjeragghical

oriented erystal Soh it of e bARng BERAHT 1ARC A UARIGHRGS o oderitl ncd
[err] dT[ err]; agdgzﬁd:):roceﬁ oltaa‘slsergamb:eommd proozse sp[gctc(ns}.l rautige g i Fie mode,
deposi t & Subst anbieairysedafs hABeRRATESeEAHD gw%rﬁ‘“{ie&s?ﬁ%’“‘fﬁf’“e’“tiﬁﬁ (i)
in a 5 carry out specified processes in a specl c process chamber, and are

identified by predefined set numbers. The process set the desired process

chamber, and (ii) the desired set of process parameters needed to operate

the process chamber for performing the a particular process. The process

parameters relate to process conditions such as, for example, process gas

10 composition and flow rates, temperature, pressure, plasma conditions such
as RF bias power levels and magnetic fieid power levels, cooling gas

pressure, and chamber wall temperature.

A process sequencer subfoutine 143 comprises program code

16 for accepting the identified process chamber and set of process parameters
from the process selector subroutine 142, and for controlling operation of the
various process chambers. Multiple users can enter process set numbers
and process cha-mber numbers, or a user can enter multiple process set
'numbers and process chamber numbers, so the sequencer subroutine 143

20 operates to schedule the selected processes in the desired sequence.
Preferably the sequencer subroutine 143 includes a program code to perform
the steps of (i) monitoring the operatiori of the process chambers to
determine if the chambers are being used, (ii) determining what processes
are being carried out in the chambers being used, and (iii} executing the

25 desired process based on availability of a process chamber and type of
process to be carried out. Conventional methods of monitoring the process
chambers can be used, such as polling. When scheduling which process is
to be executed, the sequencer subroutine 143 can be designed to take into
consideration the present condition of the process chamber being used in

30 comparison with the desired process conditions for a selected process, or the
"age" of each particular user entered request, or any other relevant factor a

system programmer desires to include for determining scheduling priorities.
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30 deposi tion node, introducing deposition ga;\] nto the process zone
during the oriented crystal growh stage to grow an oriented crystal growh
| ayer on the seeding layer, the oriented crystal growth |ayer conprising

| arge crystals REPLACEMENT SHEET 2 9 DEC 199Y4 6 substantially oriented
to one another, and having a substantially planar and highly reflective

surface. In yet another asp@ce théeeqUent&éubrditingt143derenmminess ahich frocess
conputer readabl e Bl oGt AT PSS dof bomBinbtin R bogto e SRec A SR, ™
sequencer subroutine 143 causes execution of the process set by passing
the particular process set parameters to chamber manager subroutines
5 144a-c which control multiple processing tasks in different process chambers
according to the process set determined by the sequencer subroutine 143.
For example, the chamber manager subroutine 144a comprises program code
for controlling CVD process operations, within the described process |
chamber 40. The chamber manager subroutine 144 also controls execution
10 of various chamber component subroutines or program code modules, which
control operation of the chamber components necessary to carry out the
selected process set. Examples of chamber component subroutines are
substrate positioning subroutine 145, process gas control subroutine 146,
pressure control subroutine 147, heater control subroutine 148, and plasma
15 control subroutine 149. These different subroutines function as seeding
program code means for (i} heating the substrate 20 to temperatures T,
within a range of temperatures A T;, and (ii) introducing a seeding gas into
the process zone to deposit a substantially continuous seeding layer on
portions of the substrate; and deposition growth program code means for
20 (i) maintaihing the substrate 20 at a deposition temperatures T, within a
range of temperatures A Ty, and (ii) introducing deposition gas into the
process zone to form an oriented crystal growth layer that is grown on the
seeding layer. Those having ordinary skill in the art would readily recognize
that other chamber control subroutines can be included depending on what
25 processes are desired to be performed in the process chamber 40.

In operation, the chamber manager subroutine 144a selectively
schedules or calls the process component subroutines in accordance with the
particular process set being executed. The chamber manager subroutine

30 144a schedulés the process component subroutines similarly to how the
sequencer. subroutine 143 schedules which process chamber 40 and process
set is to be executed next. Typically, the chamber manager sybrputine 144a

includes steps of monitoring the various chamber components, determining
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conprises positioning program code neans for positiDni ng the substrate in
the process chanber. Seedi ng program code neans are provided for (i)
heating the substrate to tenperatures Ts Wltgll n a range of tenpeLatiLes
[err] T[err], and (ii) introducing a seedi n gas into the process zone to
deposit a 10 substantially continuous seeding |ayer on portions of
t he substrate. O wbithawmpopentsl negdsd he ppegtehbased ®nmherrgsodess paramefessd t o

(1) mintain the AR bREe e todSRRLIAR P ERRR! M udh 6f Blonbiubli 1 2

range of terrperatures eposition gas into
the process zone ¢ampenent subioxtinm rasponsivestathegnenitdiing zandrdetermining stgrsan on
the seeding layer to forma substantially 15 pl anar, highly
reflective | ayer on the substrate. DRAWNGS These and ot her feat ures,
aspects, a®d advant ages of Qreestipp of particular chember eorapenant sibroutines with

better understood,y,dd deRERESH)CEhd Subsh@te positioning code or subroutine 145

comprises program code for controliing chamber components that are used
to load the substrate 20 onto the chamber support 65, and optionally to lift
the substrate to a desired height in the chamber 40 to control the spacing

10 between the substrate and the gas distributor §56. When a substrate 20 is
loaded into the process chamber 40, the substrate support 65 is lowered to
receive the substrate, and thereafter, the support is raised to the desired
height in the chamber. The substrate positioning subroutine 145 controls
movement of the support 65 in response to process set parameters related to

156 the support height that are transferred from the chamber manager subroutine
144a.

The process gas control subroutine 146 has program code for
controlling process gas composition and flow rates. Generally, the process
20 gases supply lines for each of the process gases, include (i} safety shut-off
valves (not shown) that can be used to automatically or manually shut off
" the flow of process gas into the chamber, and (ii) mass flow controllers (also
not shown) that measure the flow of a particular gas through the gas supply
lines. When toxic gases are used in the process, the several safety shut-off
25 valves are positioned on each gas supply line in conventional configurations.
The process gas confrol subroutine 146 controls the open/close position of .
the safety shut-off valves, and also ramps up/down the mass flow controllers
to obtain the desired gas flow rate. The process gas control subroutine 146
is invoked by the chamber manager subroutine 144a, as are all chamber
30 component subroutines, and receives from the chamber manager subroutine
process parameters related to the desired gas flow rates. Typically, the
process gas control subroutine 146 operates by opening the gas _supply lines,

and repeatedly (i) reading the necessary mass flow controllers, (ii) comparing
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foll owi ng description, appended clains, and accorrpa’r]}i ng draw ngs, which
Illustrate exanples of the present invention, where: Figures 1 is a
schematic illustration of a partial cross-sectional 25 view of a_
prior art substrate showi ng a randony- ori erted, fine-grained, gra?fﬁ’l“ar’f
deposition layer in the etched holes in the substrate wi th voids and

di scontinuities, 3RE réadiys 1 thBWesifed fiew Patebiraieied f?c&nltbe ehasahemmbhager
illustration of a partial cross-segt

f
processed accor di rRyPItNR el 4ftae 886 il #ﬂ?‘éﬁ?‘ﬂ&g §'ﬁMafﬁf ot p £UP F‘it i %
conti nuous seedi Nghdcaysiry.d egga;ﬁrﬁﬁe,qne tphetess! Bas eaitesl subroltine 146 lncludes

steps for monitoring the gas flow rates for unsafe rates, and activating the

5 safety shut-off valves when an unsafe condition is detected.

The process gas control subroutine 146 comprises program

code for operatirig the chamber in a seeding mode or an oriented crystal
growth mode. In the seeding stage, the seeding gas program code 152

10 flows seeding gas into the chamber 40 for an amount of time necessary to
form a seeding layer on the substrate 20. Thereafter, in the de'position
growth stage, the deposition gas program code 154 flows deposition gas
into the chamber 40 for an amount of time necessary to grow the desired
thickness of the oriented crystal growth layer on the seeding layer.

15 Sputtering gas program code 156 can aiso be provided to introduce
sputtering gas into the PVD chamber. 36 during performance of the PVD
process step; ' '

The prodess gas can be formed from a gas or liquid precursor.
20 When a process gas is vaporized from a liquid precursor, for example
' dimethyl aluminum hydridé (DMAH), the process gas control subroutine 146
is written to include steps for bubbling a carrier gas such as hydrogen, argon,
or helium, through the liquid precursor in a bubbler assembly. Fdr this type
of process, the process gas control subroutine 146 regulates the flow of the
25 carrier gas, the pressure in the bubbler, and the bubbler temperature in order
to o_btain the desired process gas flow rates. As discussed above, the
desired process gas flow rates are transferred to the process gas control
subroutine 146 as process parameters. Furthermore, the process gas control
subroutine 146 includes steps for obtaining the necessary carrier gas flow
30 rate, bubbler pressure, and bubbler tehperature for the desired process gas
flow rate by accessing a stored table containing the necessary values for a
given process gas flow rate. Once the necessary values are obta_ined, the

carrier gas flow rate, bubbler pressure and bubbler temperature are
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Figure 2b is a schematl"g\}i | lustration of the subst ﬁ/;t)e of Figure 2a,

showi ng a substantially planar, highly oriented crystal growh |ayer forned
on the seeding layer; 5 Fi g_v,ée 3a is a schemati G Rattdad!
sectional view of an integrated nultichanber apparatus suitable for

perform ng CVD and PVD processes on the substrate; Figure 3b is a partial
sectional schenat i moniteradotorapfed td Bhe necessate vekies,i and adjasted pressutedbltbe f or

perforning the CVD ,ga%)@é dd Q\E i u%é;%g he ﬁ'z‘[é rﬁgF%gp%%’Lth%ﬁ\ﬁ?gf#oQﬁ? vaivg it Ehet ' S

asinplified bl ock® Iagram s I'ca ucture o

conput er program oéxtduet gystererit1s cfvtbatchamberlSTh'el openingssizeantitteitheattle yelveni ng
el ectron mcrogr apﬂssegfto %Wtrol the chamber pressure to the desired level in relation to the
5 total process gas flow, size of the process chamber, and pumping setpoint

pressure for the exhaust system 115.

When the pressure control subroutine 147 -is invoked, the

desired or target pressure level is received as a parameter from the chamber

10 manager subroutine 144a. The pressure control subroutine 147 operates to
measure the pressure in the chamber 40 by reading one or more conventional
pressure nanometers connected to the chamber, compare the measure
value(s) to the target pressure, obtain PID (proportional, integral, and
differential) values from a stored pressure table corresponding to the target

15 pressure, and adjust the throttle valve according to the PID values obtained
from the pressure table. Alternatively, the pressure control subroutine 147
can be written to open or close the throttie valve to a particular opening size
to regulate the chamber 40 to the desired pressure.

20 The heater control subroutine 148 comprises program code for
controlling the temperature of the heater 80 used to heat the substrate 20.
The heater control subroutine 148 includes seeding stage heating program
code 158 for'operating in a seeding stage in which the substrate’is
maintained at the desired seeding temperatures T, within the range of

25 temperatures A T,. Typically, the subroutine 148 is programmed to ramp up
the temperafure of the support from ambient chamber temperatures to a set
point temperature. When the substrate reaches the seeding temperatures Ts,'
the process gas control subroutine 146 is programmed to introduce seeding
gas into the chamber, as described above. The heater control subroutine

30 148 also comprises an oriented crystal growth or epitaxial growth heating
program code 160 for rapidly heating the substrate to deposition
temperatures T, within a range of temperatures A T, that are s_uit_able for
growing an oriented crystal growth layer on the seeding layer. In this step,
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surface of (i) a thin“granular |ayer of material a;bosited'by a
conventional process, and (ii) a substantially continuous, non-granul ar,
uniformly wetting, seeding |ayer deposited by the present procesg

ek 1307MCVOMB]

respectively; 20 Figure 6a and 6b are scannlthg. el ectron m crographs of the
surface of (i) a deposition-layer grown on a granular |ayer of material

deposi ted usi ng ahehedtiicontiol subka’neS148i8 Gnvoked barthe chamberdmanager al gr owt h
deposition |ayer grown, on t he esent

see a r r 0Cess,
respectively; Fi é°“f5’ea "2?983'5(35 é}?a"ﬂP¥?tFéﬁTBﬁ'ﬁ%‘F’S@E%ﬁ"g&E'u?fv8638?" t he
< 111 > mller i nsboues0eCyainal | ographi ¢ plane of (i) an alum num | ayer
deposited using a conventional process, and (ii) an alum num | ayer
deposited 30 by the present process, respectively;
' The heater control subroutine 148 measures temperature by

measuring voltage output of a thermocouple located in the support,
compares the measured temperature to the setpoint temperature, and
increases or decreases current applied to the heater 80 to obtain the desired
rai'np rate or setpoint temperature. The temperature is obtained from the

10 measured voltage by looking up the corresponding temperature in a stored
conversion table, or by calculating the temperature using a fourth order
polynomial. When radiant lamps are used as the heater 80, the heater
control subroutine 148 gradually controls a ramp up/down of current applied
to the lamp that increases the life and reliability of the lamp. Additionally, a

15 built-in fail-safe mode can be included to detect process safety compliance,
and to shut down operation of the heater 80 if the process chamber 40 is
not properly set up.

The plasma control subroutine 149 combrises program code for

20 forming a deposition plasma in the chamber during operation of the chamber
in a chemical vapor deposition mode. The subroutine 149 sets the RF bias
voltage power level applied to the process electrodes 60, 65 in the chamber
40, and optionally sets the level of the magnetic field generated in the
chamber, to form the deposition plasma. Similar to the previously described

25 chamber component subroutines, the plasma control subroutine 149 is
invoked by the chamber manager subroutine 144a. In operation, the plasma
condition 149 includes steps for reading both "_forward“ power applied to the
plasma generator 116, and "reflected” power flowing through the chamber
40. An excessively high reflected power reading indicates that the plasma

30 has not been ignited, and the plasma control subroutine 149 restarts or shuts
down the process. The read power levels are compared against target
levels, and the current is adjusted to control the plasm for _applyipg a

sinusoidal wave current to the generator to form a rotating magnetic field in
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Fi gure 8a and 8b are Xf?ay diffraction curves of t-@< 111 > and <200>

mller.indices crystallographic plane of (i) an alum numlayer REPLACEMENT
SHEET 8 deposited using a conventional process, and (ii) an al um num

Ooclet 1107AACVDMBE

| ayer deposited by the present process, resp’@:tlvely, Figure 9 is a graph
showi ng a conparison of the surface 5 reflectivity of various

thickness of (i) ahéenambér mmairhé @Maémdﬁnﬁﬂé febded tb lgeneratesa dasied and (i)

'?n\slgﬁ'? : g% agﬁdorl %latg%gt'g rf%?dt can g btamedewom afs%rgg QX %smugmgaﬁ va‘iues
corresponding to magnetic field strangths, or calculated using a sinusoidal
equation.

A multistage process including at least first and second
successive stages can be performed in different chambers, to uniformly fill
the high aspect ratio holes 22 without forming voids in the holes. The
muitistage process of the present invention is illustrated by way of an

10 exemplary process that is performed in separate CVD and PVD chambers,
however, it should be understood that the process can be performed in a
single deposition chamber capable of performing CVD and PVD processes.
Thus, the scope of the preseht invention should not be limited to the
chambers described herein. The multistage process generally comprises an

15 initial seeding stage, and a subsequent oriented crystal growth stage. In the
initial seeding stage, seeding gas is introduced into the process zone, and the -
process zone is maintained at process conditions suitable for depositing a
substantially continuous, non-granular, and planar seeding layer 30 on the
substrate. In at least one successive oriented crystal growth stage,

20 deposition gas is introduced into thé process zone and the process zone is
maintained at process conditions suitable for depositing an oriented crystal
growth layer 32 comprising large crystals substantially oriented to one
another, with a substantially planar, highly reflective surface 34.- The
seeding gas and the deposition gas, can comprises different gases or can

25 comprises the same precursor gas.

Preferably, a thin nucleation sublayer 28 is deposited on the
substrate prior to performance of the present process. The thin sublayer
provides active sites that enhance deposition of the seeding layer 30 on the

30 substrate, and serves as a diffusion barrier that reduces diffusion of silicon
from undeﬂying layers into the deposition layers. Suitable nucleation
sublayers 28 include titanium-containing materials, such as for example,

titanium, titanium nitride, and combinations thereof. The sublayer 28 can be
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Fi gures 10a and 10b are 'graphs of secondary ion mass '10 spectroscopi c

anal ysi s showi ng the al unmi num and carbon content in the surface of (i) a
conventional alum num |ayer, and (ii) an alum num layer deposited by the
present process, respectively. DESCRI PTION 120 The present invention is
directed to an apparatus and nethod for depositing a highly

crystal | ogr aphi caldepositddehy RemzEDApAR dbsdsitionD lor B phykiaxievapol depdstidnal on a

substrate 20, as shown in Figures 2a-2b, by a chem cal vapor. deposj.ti.on
(VD) process.  ThePTGERSSET-HEh 26 spufferin, pr eNepgration; usie conventignal mefnods o)

and sem conduct or Rrefesibiglhe sublageru28 ROddpoEite P tidckriess of apsitad0 toe
silicon, gallium kde, . or polysilicon substrates. .The di
particularly sui tgﬁoglf‘()?h%&%gm#ﬂahé{ eqpEFeHR °ﬂ'i“§ma§'°5r°|f Mgeposﬁed
5 titanium and CVD or PVD deposited titanium nitride as described in
aforementioned commonly assigned patent application to Guo et al. For

example, the sublayer can comprise 50 A of TiN deposited over 200 to 400
A of titanium.

10 In the first seedihg stage of the present process, a thin,
substantially continuous seeding layer 30 is deposited on the sublayer 28 by
introducing a short burst of seeding gas into the chamber, while the
substrate is still at relative low temperatures T in a first lower range of
temperatures A T,. Without being bound by theory, it is believed that the

15 seeding gas deposits a fhin seeding layer at the low temperatures that
passivates the titanium-containing sublayer, thereby reducing adsorption or
deposition of carbon and/or oxygen-containing species on the surface of the
substrate when the substrate is heated to the subsequent higher
temperatures used to grow a deposition layer ori the seeding layer 30.

20 Furthermore, the thin seeding layer 30 "wets" the substrate better than
conventional films to form a substantially continuous, non-granular layer
comprising crystal grains having © wetting angles of less than 40°, and
more typically less than 30°. The uniformly wetting seeding layer 30
provides a substantially continuous surface cdverage of the substrate 20 at

25 low ihicknesses of less than 300 A. In contrast, conventional deposition
processes deposit crystal grains having wetting angles of greater than 70°,
and more typically greater than 90°, that do not continuously cover the
substrate until thickness exceeding 400-500 A or even higher. It is believed
that the more granular conventional deposition layers occur because.of the

30 presence of carbon atoms on the surface of the substrate that act as active
sites which promote deposition of a granular layer. Also, in prior art
processes, the relatively high carbon and/or oxygen conceritra_tion on the

substrate surface increases the surface tension forces at the interface of the
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crystals of electrical I?/‘s conductive material into ;l.c\)ll es 22 etched through

I nsul ative layers 24 (such as silicon oxide, phosphosilicate glass (PSG,

or 25 bor ophosphosilicate gl ass ( BPSG% | ayers). The insul ai.Qf,Layer
24 is typically deposited to a thickness of4hbout 3000 to 15,000 A, using a
conventional chem cal vapor deposition processes for depositing insulator

| ayers on a substdeosited @rains), ssbétratenarxbvapoe phase ihahe ehampeére c8udidg or

Nerr]Q (1) a sPorgeied Retdias foffesattn Sigtler Ridra Alecllel rbingmvan ,.cp,
as Si (O err] H er wejtirgy arigle.oln ¢dritiapt, gae peesentcieeding Stage, parfrmiiiatdow N2, for
and hel ght's rangi TSP mepitb ite SATRART i sibetind o 2T
“typically from abprevides 3 rmoreluriifofmlyr Yvattingr corgingbiesd planart filen $tneatbicet that isayer
24, as substantially absent granular island-type crystals. The substantially
continuous seeding layer 30 allows growth of an oriented crystal growth
la'yer 32 héving large, highly oriented grains that exhibit improved planarity
and reflectivity.
10
In the seeding stage, seeding gas is introduced into the
deposition chamber 40 via the gas distributor 55 while the substrate 20 is
maintained at nucleation temperatures T, that are typically about 10 to 30°C
lower than optimal deposition temperatures T,. For the deposition of
15 aluminum from aluminum precursor seeding gases, preferably, the range of
temperatures A T, is from about 200°C to about 300°C, and more typically
of about 220°C to 250°C. Preferably, the seeding gas is introduced into the
chamber when the substrate is at temperatures less than 300°C, and more
preferably less than 250°C. When a substrate 20 is transferred to the
20 chamber, initially, the substrate is supported by lift pins extending out of the
support 65. The lift pins are withdrawn into the support to lower the
substrate onto the support. It is preferred to introduce the seeding ga.s as
soon as the substrate 20 rests on the support, before the temperature of the
substrate equilibriates to the temperature of the support and while the
25 substrate is still ramping up in temperature, This allow the substrate 20 to
be exposed to the seeding gas while it is being heated from its initial ambient
temperature to the temperature of the support 65 (which is in the range of
preferred nuc':lgation temperatures A Tg) without performing a separate heat-
up or cool-down step. This synergistic approach provides faster substrate
30 processing throughput. -

When the substrate is at temperatures T,, seeding gas is
introduced into the deposition chamber 40 via the gas distributor 55. The
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9 illustrated in Figure 2a, by conventi onal reacti'\;;i on etchi ng net hods
that use hal ogen-containing gases. The spacings between the holes 22 is
typically at |least about 0.15 ,um and nore typically at |east akQuiomQud
[err]m Some of the holes 22 have corners arﬁ?ledges 26 and have hi gh aspect
ratios 5 of at least about 1, and nore typically about 2. The

mat eri al deposi t edeeding lgas slebempases dicarsadtywitte thel yucteaipn sublayen28 ionithe

At um nam  copper . “UREE S P aapT . spRai ofihis selling apR & o 00 ©f

al 1 oys contain 95 substgtewtStitablensaeding gasenfd dapositnd he elmiawm-cgntrining 1 wt %

R PP ot A AT L SRl Tl 320

5 example, dimethy! aluminum hydride (DMAR), tri-isobutyl aluminum,

trimethylamine alane, dimethyleithylamine alane, and intermolecular
compounds between triethyl aluminum and dimethyl aluminum hydride. For
example, dimethyl aluminum hydride, which is a preferred seeding gas,
reacts with hydrogen in the reaction:

10 (CH,L,AIH + H, > Al + CH, + H,
For the deposition of aluminum using DMAH, optimal deposition -
temperatures are typically about 260°C, and a preferred range of
temperatures A T, is from about 180 to about 300°C. The flow rate of the
seeding gas is selected to provide a deposition rate of at least 20 A/sec, and

16 " more preferably from about 40 to about 100 A/sec. The seeding gas flow
rates range from about 100 to about 1000 sccm for the size of the
déposition chamber 40 desc'ribed herein. For example, DMAH is vaporized
from a liquid precursor by bubbling a carrier gas, such as for example,
hydrogen, argon, or helium, through the liquid precursor in a bubbler

20 assembly. Thus, the flow of DMAH is regulated by controlling the flow of
carrier gas, the pressure in the bubbler, and the bubbler temperature in order
to obtain the desired process gas flow rates. During the seeding stage, the
process zone 95 is maintained at a pressure of at least 0.5 Torr, and more
preferably from about 1 Torr to about 30 Torr. The nucleation process is

25 performed for a sufficient time to form a continuous, non-granular, and

planar seeding layer 30 in the holes 22, typically, for about 2 to about 60
seconds.

Thereafter, in the oriented crystal growth stage, the substrate

30 20 is heated to average deposition temperatures T, that are higher than the

average nucleation temperatures T, by about 10 to 30°C. For example, for
aluminum-containing précursor gases, preferably, the temperatures T, are

within a range of second higher temperatures A T, of from about 200°C to
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to reduce inter-diffusioh of atons between the al um-hum | ayer and the
underlying silicon substrate. Each conponent of the alum num alloy can be
15 deposited in separate-processing stgps, or the multi compaReiionme
all oy can be deposited in a single process ep. Instead of a

nmet al -containing material, the present invention can also be used to
deposit ot her mat 4RDACsand meite typically fesn abdutr240°€, topahbut 3308 Cd ddhen tied Ui ng

or exanpl e pol ysi L ?ééé:hg%ﬁweoﬁééﬂ%d 1@fferdtdrbs 8 debaédndwega{i% ittbrbduced

reference to Figures met cont ar nt’ material 1s deposited
over a nucleati on'@@n@ﬂ‘%@@ﬁosﬂwn ehashas| |The denpeition gas defiqﬂt‘WPﬁr?FcQﬂ-‘?F%ﬁtm ng

layer having a t hwﬁ%assee&méqaw 30 e%mak.ﬁw g.%%\v ¥ gty cRbaBgRpRiakeat i on

of deposited metal -containing layers. ent process,
materi al i P deposPliented dayen S2sMmhthe saedingdayes. Jrhiequlremeg# tfrma‘ growthlayer 32

comprises crystals that are oriented substantially planar and highly reflective
surface. By "oriented crystal growth™ or "epitaxially grown" it is meant that
the crystals within the oriented layer 32 have crystallographic planes that are
substantially aligned to one another, and preferably, also aligned to the
10 crystallographic planes of the seeding layer 30 formed on the substrate 20.
' This provides relatively large and highly oriented crystals within the oriented
crystal growth layer 32 that have a planar and highly reflective surface. The
large average diameter of the oriented crystal grown grains is typically from

about 1000 to about 8000 A, and more typically from about 4000 to about
15 7000 A.

Suitable deposition gases for depositing aluminum include
aluminum alkyls and aluminum alkyl halides. Suitable deposition gases
include for example, dimethyl aluminum hydride (D_MAH),’ tri-isobutyl -

20 aluminum, trimethylamine alane, dimethylelthylamine alane (DMMA), and
intermolecular compounds between triethyl aluminum and dimethyl aluminum
hydride; of which dimethyl aluminum hydride is preferred. The flow rate of
the deposition gasl is selected to provide a deposition rate of at least 20
Alsec, and more preferably at least about 60 Alsec. For aluminum

25 deposition using DMAH suitable deposition gas flow rates range from about

| 100 to about 1000 sccm for the size of the deposition chamber 40 described
herein. During the deposition 'process, the process zone 95 is maintained at
a pressure of at least 0.5 Torr, and more preferably from about 1 Torr to
about 30 Torr.

30

To form a planar, highly reflective layer 32 on the substrate,
the thickness of the seeding layer 30 should be controlled to form a

substantially continuous layer that uniformly covers a surface of the
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aspect ratio holes 22 &;éhout formng voids in the holes, using a

mul ti stage process, conprising an initial seeding stage and at | east one
subsequent oriented crystal growth depositiogystage. The initial seasag
stage is used to dep03|t a substantlally cont 1 nuous, non-granul ar, and

pl anar seeding |ayer 3 on the substrate 20. The seedln er 30
uniformy wets t hé@ﬁ%%ﬁer aRrszf?P'\prstlsaed'ag ans orisped Arysral Bawtn stages ngd

non- granul ar | ayereagh de%rrh@d! ekiifisigrRsses! oness dhﬁﬁ B0DhA foradudfidieOimé\thasfthe h

is particularly desirable to provide unif sition mall contact
hol es and vi as i n "eHe of thasthickngss phthe %ﬁ?ﬂ‘é‘g ﬁ‘éer’ilt%?ﬁ?ﬁ[' s Gfitps-ogentpg o
1997 crystal growth layer 32 is from about 1:10 to about 1:300. Typically, the

5 seeding layer 30 is deposited to a thickness of 10 to 500 A, and the oriented

crystal growth layer is grown on the seeding layer to a thickness of about
200 to about 6000 A, and more typically from about 500 to about 3000 A.

Thereafter, the substrate is transferred to the PVD chamber 36,
10 and a CVD or PVD process stége is performed to fill the hole 22 in the
substrate 20 substantially without forming voids in the filled material.
Preferably, a PVD sputtering process is performed to form a sputtered layer
(not shown) on the oriented crystal growth layer 32 using a sputtering
process gas, such as for example (i) a non-reactive gas, such as argon,
15 helium, or xenon, or (i) a reactive gas such as nitrogen, ammonia, methane,
or diborane. The mass flow rate of the sputtering gas is typically from about
1 to about 200 sccm, and the PVD chamber 36 is maintained at a pressure
ranging from about 1 mTorr to about 500 mTorr. A plasma is generated
from the process gas by electrically biasing the sputtering target using an RF
20 or DC bias, and electrically grounding the support or the chamber walls in the
PVD chamber. The sputtering target is bombarded by energetic plasma ions
causing sputtered material to be removed from the target and dep9sited on
the substrate 20. Preferably, the PVD process stage is performed for a
sufficient time to deposit the sputtered layer to a thickness of at least about
25 1000 A, and more preferably at from about 1000 to about 5000 A.

Although exemplary processes are described in relation to
deposition of aluminum, the process of the present invention can also be
performed to uniformly fill holes with other conductive materials, including

30 for example, the silicides of tungsten, titanium, tantalum, molybdenum, and
mixtures thereof; other metals, such as for example, copper or cﬁromium;
and semiconductor material.s, such as for example, silicon or poI\_/silicon. The

present process can also be used to debosit combinations of different
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10 oriented crystal gﬁ;;hh stage, a highly Orienté;]Lnd epitaxially grown

| ayer -32 conprising relatively large crystals substantially oriented to one
anot her, and having a substantially planar g&d highly reflective-surtaee
34, is grown on the continuous and thin seeding |layer 30. The oriented

crystal grown 5 an be used to co letely fill the hole.
Al ternatively, H@a@(fﬂsdg‘%@g% %’éﬁxﬁ'&ﬂer alupinymy ¢ ptpﬁ& ﬁ'ﬁ‘/ﬂ% Y dned by a

L e: atively |ow te;sma-awrrﬁf:ﬁma 66120 tirigeten) taMtetam, of enixmrgs wemoy. Suithble he
"hole. A schematic f:h mul.t i chanmber proc a ys 35
suitabl e for per f‘a(} ogifign @fospﬁbé’%@é’ ‘gfﬂs’ g“ﬁﬁga'rgd?c ‘I"?ﬁ/g?llf'fo'hgr{?mﬂa'ky'
illustrated i n Fi gumnetaBoarbdhdl meaasdt giuses. SFanea'c'dﬁhﬂI&J%i'omym‘i ean bemeposiied! | y
avail abl e from Applied Materials , Cah{ h r ul ar
arbod: ment Sof t heRABRTATIYE Saatd R formarnginy] S, PR BBk oy
copper carbonyl. Copper can also be deposited using a volatlle copper
coordination complex such as bis-(1, 1, 1, 5, 5, 5, hexafluoro-2,
4-pentanedionate) copper (2), Cu(Hfa),, CuCl,, and Cu(C,H,0,),. Thus, the
present invention should not be limited to a particular process sequence, or
10 to deposition of the exemplary materials described herein.
The following example demonstrates the effectiveness of the
process of the present invention. However, the process and apparatus of
the present invention can be used in other applications, and should not be
15 restricted to the illustrative examples provided herein.

In these examples, a single-wafer "ENDURA" multichamber
apparatus, commercially available from Applied Materials, Santa Clara,
California, was used to perform the present process, as shown in Figures 2a

20 and 2b. Silicon substrates 20 having a thickness of about 0.73 mm and a
diameter of about 200 mm were used in these examples. The substrates
had an insulator layer 24 of silicon dioxide having a thickness of about 3000
A with vias 22 having diameters of 0.35 to 0.8 as deposited on ti;e
substrate using conventional CVD techniques. Each of the substrates 20

25 were loaded using a mechanical arm into the process zone 95 of the
deposition chamber 40, from a load lock area {not shown) in which nitrogen
was flowed at a pressure of 7 Torr. The substrate 20 was placed on a
resistively heated support 65 in the deposition chamber 40.

30 : In the first seeding stage, the substrate 20 was heated at a
constant ramp rate of about 9°C/min, from ambient temperature to a
setpoint temperature of 260°C. During the time the substrate 20 was at

nucleation temperatures T, within the range of temperatures A T, of 220 to
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pl anar substrates 20, ‘suth as sem conductor substrates, is provided only to
15 il1lustrate the invention, and should not be used to limt the
scope. of the invention. The apparatus 35 typgcally conprises a chustepsof

I nt erconnect ed process chanbers, for exanpl e; CVvD and PVD deposition, and
rapi d thermal anneallng chanbers ratus 35

i ncl udes at | east Eﬁeceﬁéh%é’&'ﬁbﬁdd’éﬁﬂﬁ' glyrgigueyside @Eﬁ*%p aQP‘POQar% W8 PvD
processes, such agowRH!iht8the depdsitor dfAnstier @ocvia e gwmstrmesore‘éasgua flowi ng

t ar get (not shown) of sputterin erial facin thes rate 2
target is el ectri E#PI1%f 40055t bg ‘Wr’r‘gé‘fﬂgt fwgr mﬁ%?efa?ﬁf T& {}%‘g’ d Ee% 1p@rﬁocess
el eﬂ rode for genggsthithdugh SBdbbiRF IcBﬁtaﬂ'ﬁng liquid DMAS. T TThe [pressuce inhthe
spu ering process, a s utt on,. or _xenqn duced
into the chamber 36‘?"9?\?1 S%é&agsc‘&f blge uﬁ"f fg’dbf’ g 49 9% 'sgﬁﬁ?bgtrefinnag{?
target, and the suyRpSEddirig gaowias irgrddiceds ines theaprecess 2dme for a sufficient time to
form a continuous aluminum-containing seeding layer 30 having a thickness
of about 300 A on the substrate 20.

10 Thereafte'r,. a temperature stabilization stage was performed
after the initial seeding stage and before the deposition stage, to stabilize the
temperature of the substrate 20 at the deposition temperatures T,. In this
step, argon and hydrogen were introduced into the pr'ocess zone and the
pressure in chamber 40 was established by controlling the opening size of a

156 throttle valve on the exhaust system. The substrate 20_ was continuously
heated from the nucleation températures to the deposition temperatures of
about 260°C, and typically equilibrated within 60 seconds at a temperature
of about 5°C to 20°(_: lower than the temperature of the support 65.

20  After the substrate 20 equilibrated at the deposition
temperatures of 260°C, DMAH deposition gas comprising .dimethyl aluminum
hydride was introduced into the chamber 40 at a flow rate of about 400
sccm. The deposition gas was flowed into the chamber for about 15
seconds to grow an aluminum oriented crystal growth layer 32 having a

25 thickness of about 1000 A on the seeding layer 30. |

Theréafter, the substrate 20 was transferred from the CVD
chamber 40 to the PVD chamber 36, and a sputtering proéess was
performed to sputter material onto the substrate 20. In the sputtering stage,

30 an aluminum-containing sputtering target positioned above the substrate 20
was sputtered to deposit aluminum on the oriented crystal growth layer.
Argon was introduced into the chamber af a flow rate of 15 sccm through

the gas distributor, and the chamber was maintained at a pressure of about
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chamber is electrically grounded. The resultant el eét\_fi c field in the
chanber 36 ionizes sputtering gas to forma sputtering plasm that sputters
the target 30 causing deposition of material on the substrate. In
sputtering processes, the plasm is typicall®7generated by applyi Ag " 8" or
RF voltage at a power |evel of from about 100 to about 20,000 Watts, and

nore typically frog 9@t o égwgpgf 8866 %atk%éé@pﬁ@a‘ttﬁ Fhe %t*éanQEla?t to
REPLACEMENT SHEET 2 9 DEC 1997 he apparatus al so conprises a D

deposi ti on chamber 980emia/? nbsmrfrmam ﬂ@°§|"aé'%9a$ha§"% 49ndThe *@PPiPIRS™D. The
chanber 40 sputtered the aluminum target to deposit aluminum on the substrate 20 for

about 30 seconds, to deposit an aluminum-containing layer having a
5 _thickness of about 5000 A.

Several substrates were processed as described above. These
substrates were studied using various techniques as described below. Figure
b5a and bb show scanning electron micrographs of the surface of (i) a thin

10 layer of conductive material deposited by a conventional procéés, and (ii) a
seeding layer 30 deposited by the present process. Figure 5a reveals that
conventional processes deposit a granular layer of relatively large sized
crystals that form separated islands with high wetting angles. The individual
crystals or "grains” of the conventional layer have diameters of at least about

15 1000 A, and more typically from about 2000 to 6000 A. The crystals
formed discontinuous islands having apexes at the center of the grains, and
low regions at the grain boundaries. In contrast, Figure 5b shows deposition
of a thin, substantially continuous seeding layer 30 that is absent granular
nodules. The diameters of the fine crystallites range from about 100 to

20 500 A. Also, it is seen that the seeding layer 30 substantially uniformly and

continuously covers or "wets"” the surface of the substrate 20.

The scanning electron micrographs of Figure 6a and 6b afe

even more demonstrative of the unusual properties of the oriented crystal

25 growth layers 32 that are grown on the seeding layers 30. Figure 6a shows
the surface of a layer of conductive material deposited using a conventional
process, where it is seen that large crystal grains having diameters often
exceeding 6000 A form the deposited layer. The surface is rough and
uneven with randomly oriented crystal cleavage planes clearly visible in the

30 photograph. In contrast, Figure 6b shows a planar oriented crystal growth
layer 32 that is grown on a seeding layer 30 deposited by the present
process. This photograph shows a smooth, planar surface, that ﬁs

substantially absent large granular nodules, and having crystals with large
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conprises a process gas gistributor 55 for_distribd?}ng process gas. Mass
flow controllers and air operated valves are used to control the flow of 5
process gas into the deposition chanmber 40. The gas distributor 55 is
typically nounted above the substrate (as si28wn), or peripheral |l y*aBout™ t he
substrate 20 (not shown). A support 65 is provided for supporting the

substrate in the (fnAstetd @At alRAMBStantiBly JiURRHISH RS BiaRidtdrS oF MyeP@HReAls i Nt 0

t he chanber 40 through a substrate loading inlet in the sidewall 45 of the
10 chanber Aormginghgiededying geeding[9¥t 65. The support 65 can be
lifted or | owered by support lift bellows 70 so that the gap between the
substrate 20 and gas distributor 55 can be adjusted. Alift finger assenbly
75 conprising lift fingers Thasurigce plepasity atitherprisnipd ¢rystatasawtpiryes 3fhor t

65 can be uged to \id aeteﬂﬂinla@\agrméd%ariﬁgmﬁrrmcaeef@aﬁﬁnt.hcoﬁmmatméw

facilitate transport of the 1 substrate 20 into an

chanmber 40. A t heraxars.ionexampls. gluminum layers provide a highly ref?ecct)i% c(r))]:stglg %hat

are aligned to one another, and have a substantiaily planar seam of light on
the reflective surface of the deposited layer, and the intensity of light
scattered by the reflective surface is measured by an optical sensor, such as

10 a photoelectric transducer. The measured intensity of scattered fight is
compared to the intensity of light scattered from a monocrystalline-silicon
wafer to derive a relative percent number that provides a proportional
measure of the reflectivity and planarity of the surface of _the deposited layer.
Taking the intensity of the light beam scattered by silicon wafers to be about

15 100%, conventional deposition processes typically deposit metal.layers
having uneven surfaces that result in a scattered light refiectivity of about
140 to 200%.

ln' the present examples, the deposited aluminum layers 32
20 provided highly reflective surfaces that reflected the beam of light projected
- from an optical source of light. The reflectivity measurements were
dependent upon the thickness of the deposited layer, and the present
- reflectivity measurements were obtained on relatively thick deposited layers
32 having thicknesses in excess of 3000 A. In the present method,
25 reflectivity values of at least about 190% as cohpared to the reflectivity of a
monocrystalline silicon wafer, and more typically at least about 210%, were
obtained from the surfacé of the deposited metal-containing layers 32
demonstrating the highly planar surface of the layers.

30 | Figures 7a-8b show X-ray diffraction rocking curves of the
surface of aluminum layers deposited by conventional process, and by the

process of the present invention. The rocking curves were obtained at 2 ©
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pfovided in the chamber to rapidly heat the substratd 20. Rapid heating and
cooling of the substrate is preferred to increase processing throughput,
and to allow rapid cycling between successive processes operated at
different tenperatures within the same chant@g 65. The tenper at uré*8rt"he
substrate 20 20 is generally-estimated fromthe tenperature of the

support 65 that i SRt Uoiiddr R bighindlCord Qanddipiit B8 i | S

processed in a procéss zone ove a horizon perforated barrrer plate
105. The barrier pkafd&>1lodlenindiasshusing coaventional Xvediffragiompies etheds. n
fluid conmuni cation with an exhaust system 115 for exhausting spent process
gas fromthe chanber 40. A typical exhaust system 115 conprises a rotary
vane vacuum punp (not shownking B00efFigire Farshewsmaywidex-Favndiffrastion derbf about

10 mrorr, agd optigaghbd fdnds coARioANSAIGHINLRY filhe; th® RirGd fUNYRIGE BF thedSeaRS
The pressure in the chanber 40 i1s

at half maxima, as shown by the line A, evidencing the more randomly
oriented crystal grains deposited by the conventional deposition process. in
contrast, the narrow peak of the x-ray diffraction line 210 of Figure 7b and
the corresponding small width at half maxima line B evidences the highly

10 oriented crystal grains formed in the present process. Preferably, the full
width at haff maximum of the <111 > miller indices of the x-ray diffraction
peak of the present films are less than about 3° 6, a_nd more preferably, less
than about 4°-6.

15 Referring to Figures 8a and 8b, the intensity or height of the
two peaks of the lines 220 and 230 provide a measure of the amount or
number of crystals having an orientation corresponding to the <111>
crystallographic plane. The height of the line 220 in Figure 8a, demonstrates
a relatively low proportion of oriented crystallites in the conventionally

20 ‘deposited aluminum layer.' in contrast, the large height of the line 230 in
Figure 8b, demonstrates the relatively large proportion of oriented crystallites
formed in the oriented crystal growth layers 32 deposited by the present
process. In fact, the height of the line 230 is typically at least 15 times,
and more typically at least 4 times, the height of the line 220. This indicates

25 that the deposition process of the present invention provides at least 1.5 to
4 times more crystaliites oriented in the <111> miller indices

crystallographic plane, than provided by a conventional process.

Figure 9 shows a comparison of the surface refiectivity at
30 different thickness of (i} a conventional layer deposited on the substrate as
shown by the line 250, and (ii) seeding and oriented crystal growth layers
30, 32 formed by the present invention, as shown by the line 260.
Typically, the reflectivity and planarity of the deposited layeré de.creases for

. T
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30 ~ sensed at the side of the substrate 20 and }s controlled by
adjusting a throttle valve in the exhaust system 115. 12 A pl asna
generator 116 is provided for generating a plasna in the process zone 95 of
the chanber 40 for plasma enhanced chem cal 3@apor deposition processes. The
pl asma generator 116 can generate a plasma (i) inductively by applying an

RF current to an hhg Crfﬂ[' rﬁ&%nlesﬁgﬂﬂectilépﬁgitéchﬁyérs Howé&\RPO#t thicRRessaa iibeve

(not shown), (ii) capa ing an RF current to process
el ectrodes in the abhathBe0Q Aolas(shPW}" hyo%ﬁ PORANC26%Ng '%fi'ﬂft'c‘fﬁbai?ﬁt‘/ﬁife| y. A DC

or RF current at cBOMRIY byP¥siveRtiondi Proceasey rapify Yédrbases dorindteasing00
thicknesses. In contrast, the reflectivity of layers 30, 32 deposited using the
b present process decrease more linearly and at a slower rate, even above
thicknesses of 4000 A. Thus, it is seen that the present process not only
increases overall reflectivity, and consequently the planarity of thick layers of
deposited material, but also reduces the rate of decrease of refiectivity as the
thickness of deposited material is increased to higher levels. This provides a
10 larger processing window for deposition of material on the substrate. The
oriented crystal growth layer 32 forms a substantially smooth and planar top
surface at deposit thickness greater than about 3000 A allowing deposition
of thick planar layers on the substrate.

156 Figures 10a and 10b show secondary ion mass spectroscopic
analysis of (i) a conventional aluminum layer, and (i) an éluminum layer
deposifed by the present process. It is seen that the carbon content of the
conventional film, as shown by line 300 in Figure 10a, is much higher than
the surface carbon content of the film depoéited by the present invention, as

20 shown by Iiné 302 in Figure 10b. The present films have higher aluminum to
carbon content in their interfacial surface layers, which are believed to result |
in more oriented and larger crystal grains. Also, the lower carbon content
produces lower resistivity in the deposited layers. -

25 The resistivity of the aluminum-containing layer formed on the
substrate was measured using a four-point probe method. It is was
determined that the resistivity of the deposited aluminum layers 30, 32 was
typidaliy less than about 3.3 yQ cm, and more typically from about 2.8 to
about 3.1 #Q cm. This is considerably lower than the resistivity of aluminum

30 layers deposited by conventional methods, which are typically from about
3.2 to about 3.8 #Q cm. Also, the uniformity of resistivity of the deposited
aluminum layers 30, 32 was typically less than about 5%, and more typically

from about 4 to about 5%; which is considerably better than the uniformity
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Watts can be applied to an inductor coil (not shomn;\}o I nductively couple

energy -into the deposition chanber to generate a plasma in the process zone
10 95. Wien an RF current is used, the frequency of the RF current is

typically from about 400 Khz to about 16 Miz31and nore typically “BbSUT™1356
WVhz. Optionally, a gas containment or plasma focus ring (not shown),

typically made of g rdBistiity 8XésHveRfiorftl alunfinurh My ePEwhicBlark Qyiedkydrémtdbgud | OW
of process gas or él as% around the substrate 20. 15 The process can be

i mpl enent ed usi ng uter program product 141 that runs on a

conventional conputer system conprising a central processor unit (CPU)

I nterconnected to a nenory stem wi .t h peripheral caontrol copponents, such
- Ih 3 b @

as for exanple a 68400 micr guesdescri paratus and REPCRSEES Have seysral 1 rom
Synener gy Mscr osy ssigtificaritaldvantages overtonventional processes. First, the described

process allows deposition of a substantially continuous, planar, highly
reflective, electrically conductive layer on .'.-; substrate. Furthermore, the
process forms a highly oriented crystallographic layef that reduces
electromigratory effects consequently increasing the current density handling'
10 | capability of the layer. Also, the combined CVD and sputtering processes
deposit material uniformly into contact holes and vias, at faster deposition

rates than conventional processes.

The present invention has been described in considerable detail
15 with reference to certain preferred versions thereof. However, other versions
are possible. For example, the present invention can be used to deposit
many different materials on the substrate, and is not limited to processing of
semiconductor substrates. Therefore the spirit and scope of the appended
claims should not be limited to the description of the preferred versions

20 contained herein.
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corrputer pr ogram code can be vvr| any conventibnal conput er readabl e

programm ng | anguage mﬁm \‘E%&“ e 68000 assenbly | anguage, C, C + +,
or Pascal . Suitable ps\m ered-into a single file, 9‘[ Sl tiple
files, using a convepyitnal text editor, an®@2stored or enbodied in
a conputer usable medi'um such as a nenory system of the corrputer. If the
ent ered code text wHATnsxUMgEDIISYel | anguage, the code is conpiled, and
the resultant conpiler code is then Iinked with an obj ect code of

preconpil ed windows |library routines. To execute the |inked conpil ed object

code, the system user invokes th@cbéﬁwiemtvamddepashbaimgceslse‘ocdepnsttmg aystem

to |oad 30 t he}{ﬁ%ﬁﬁtl#l& Srgg IHP{V][ Oﬂ%‘mﬁq{\h acflgs{rg‘%d%heag%cgé geutes

t he code to perfor e pro
3 comprising the steps of:
4 (a) placing the substrate in a process zone;
5 {b) in an initial seeding stage, (i) heating the substrate
6 to temperatures T within a first lower range of températures A T, and
7 (i) introducing seeding gas into the process zone to deposit a substantially
8 continuous seeding layer on the substrate; and
9 (c) in a subsequent oriented crystal growth stage,
10 (i) maintaining the substrate at deposition temperatures T, within a second
11 higher range.of temperatures A T, and (i} introducing deposition gas into the
12 process zone.to form an oriented crystal growth layer on the seeding layer,
13 the oriented crystal growth layer having a highly reflective surface.
1 2. The prbcess of claim 1, wherein the seeding layer covers
2 portions of the substrate in a continuous layer that is substantially absent
3 . separated grains.
1 3. The process of claim 1, wherein in the oriented crystal
2 growth stage, the deposition gas grows large, oriented, crystals o'p the
3 seeding layer. -
1 4. The process of claim 1, wherein in the seeding stage,
2 the substrate is maintained'at temperatures T, within a range of temperatures
3 A T of from about 200°C to about 300°C.
1 5. The process of claim 1, wherein in the seeding stage,
2 the seeding gas is introduced into the chamber when the substrate is at
3 temperatures less than about 250°C.
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13 - re 4 shows an Ilustratlve bl ock di agram of the

hi er ar chi cal control le Hﬂlﬂ“ tl!llorrputer program 141. A user enters a
process set and proces into a process sel ector syfroutine
142. The process sets are predet erm ned set SSdf process paraneters

necessary to 5 carry out specified processes In a specific process
chanber, antl are identified6by pTWbbmcbf&ﬁlmnuerérem in lthe priemeds:rmal t he

e b 08, PR el s € g5 e SRR

process. Th2 procesishiparangd ef sempdratueest & Tp bb fressatmun @ODPCrte abouh428°CS or

exanpl e, process gas 10 conposition and flow rates, tenperature,
pressure, plasma conditions such as RF bias power |evels and nagnetic field
power |evel$, cooling gas 7. The process of claim 1, wherein the oriented crystal
2 growth layer formed on the seeding layer comprises a reflectivity of at least
3 190% as compared to the 100% reflectivity of a monocrystalline silicon
4 wafer.
1 8. The process of claim 1, further comprising a stabilization
2 stage performed after the seeding stage and before the deposition stage, the
3 stabilization stage comprising the step of introducing non-reactive process
4 gas into the process zone while heating the substrate from the nucleation
5 temperatures T, to the deposition temperatures T,.

-

9. The process of claim 1, wherein the seeding and
deposition gases comprise metal-containing gases.

10. The process of claim 1, wherein the seeding and
deposition gases are selected from the group consisting of aluminum alkyls,

" aluminum alkyl halides, dirhethyl aluminum hydride, tri-isobutyl aluminum,

BWN -

trimethylamine alane, dimethylelthylamine alane, and mixtures thereof.
11. The process of claim 10, wherein the seeding gas
2 comprises dimethyl aluminum hydride transported by a carrier gas.

1 " 12. The procéss of claim 11, wherein the carrier gas
2 comprises hydrogen, argon, or helium.

13. The process of claim 1, wherein the seeding and
oriented crystal growth stages are performed for sufficient periods of time,
that the ratio of the thickness of the seeding layer to the thickness of the
oriented crystal growth layer is from about 1:10 to about 1 :300..

AW N =
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pressure, and chanber process sequenper subroutine 143
conpri ses program code%‘!‘lﬂﬂﬁiﬂﬂ“ﬁ!ﬁmﬁ ng the identified process chanber
and set of process para ¢ ofn te *procesg, sel ector subrouting 142,..and
for controlling operation of the various pro &s chanbers. Ml ti pl e users
can enter process set numbers and process chanber numbers, or a user can
enter multiple process set nlfberkhezniacessaod sdaimchamiereintheiseeding stagelie
sequencer suprouti perfdfRed fbr a suffici@ﬂetril?\& & dfz JSHdntlalle c%ﬁ{iﬁgugdplanar
processes in_ the desired sequence. Preferab the sequepcer subr outfne 143
i ncl udes a p? ogr amseerieg fayepkr # shinknass of lesgshayi apout toring the
operation of the process chanmbers to determne if the chanbers are being
used, (ii) determ ning what frocesses are being carried out in the chanbers
bei ng used, &and (iii) executl®g tHe pracess of claimsl, vehereinsbe seeding stageris

avail ability2of a pede@déd fdrabBEI 230 @bbYiP20 Séconds.

1 16. The process of clairh 1, wherein the oriented crystal

2 growth stage is performed for about 4 to about 50 seconds.

1 17.  The process of claim 1, wherein the oriented crystal

2 growth layer comprises < 111> miller indices crystallographic planes having
3 an x-ray diffraction peak with a full width at half maximum of less than about
4 3°09.

18. The process of claim 1, wherein the process comprises

2 the step of etching holes in the substrate, and wherein the seeding layer and
3 the oriented crystal growth layer are formed in the holes in the substrate.
1 19. A substrate prepared by the process of claim 18.
1 20. A substrate prepared by the process of claim 1, wherein
2 the substrate comprises a substantially planar, _r_righly reflective, ali.uminum-
3 containing layer characterized by:
4 {a) < 111> miller indices crystallographic planes that
5 exhibit an x-ray diffractid_n peak with a full width at half maximum of less
6 than about 3° 6; and
7 {b) a reflectivity of at least 190% as compared to the
8 100% reflectivity of a monocrystalline silicon wafer.

21. A computer program product for operating a process
2 chamber for depositing a substantially planar, highly reflective, layer on the
3 substrate, o
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process to be carried out. Conventl met hods of rramitori ng the process
chanbers can be used, “\m‘“)m!“\ﬂé\ \V\hen schedul i ng which process is to
be executed, the sequem ! qie«143 ‘can be designed to take into
consideration the presert Eontition of the pl8cess chanber being Used in 30
conparison wth the desired process conditions for a sel ected process, or
the "age" ofteach parti e groductedontitisiges céRpHes isably mRdlundhiNihg cBmputdit
factor a sysjgem progrdamrer desires to include Jor det q.‘rm' ni ng schedul i n
priorities. 14 Feadable progig} gode,meant,efahedivd tharedythefempieRpatam fade
whi ch proces3 chaniyegansdniprisingss set conbination is going to be executed
next, the

4 (a) substrate positioning code for positioning the
5 substrate in the process chamber; ' '
6 {b) heater control code for operating a heater in (i) a
7 seeding stage, wherein the substrate is maihtained at temperatures T, within
8 a first lower range of temperatures A T, and (ii} a deposition stage, wherein
9 the substrate is maintained at deposition temperatures T, within a second
10 higher range of temperatures A T,; and
11 : {c) process gas control code for (i) in a seeding mode,
12 introducing seeding gas into the process zone during the seeding stage to
13 deposit a substantially continuous seeding layer on the substrate, and (ii} in a
14 deposition mode, introducing deposition gas into the process zone during the
15 deposition stage to form a deposition layer on the seeding layer, the
16 deposition layer'comprising large crystals substantially oriented to one
17 another, and having a substantially planar and highly reflective surface.
1 22. The computer program product of claim 21, wherein in
2 the seeding stage, the heater control code operates the heater to maintain
3 the substrate at temperatures T, within a range of temperatures A T; of from
4 about 200°C to about 300°C.

23. The computer program product of claim 21, wherein in
the deposition stage, thé heater control code operates the heater to maintain
the substrate at deposition temperatures T, within a range of temperatures
A T, of from about 200°C to about 420°C.

24. The computer program product of claim 21, wherein the
process gas control code performs a stabilization stage after the seeding
stage and before the deposition stage, in which non-reactive process gas is
introduced into the process zone, while heating the substrate from the

seeding temperatures T, to the deposition temperatures T,

P WN =0 DA ON =
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séquencer subroutine 143 causes execution of the procés; set by pgssing t he
articular process set anmber manager subroutines

E44a ¢ which control n'“lﬁl “ﬂrnllﬂmumg task‘% in different proceg,gmw,m_t
chanbers according to'the prdceds &et "deternitfed by the sequencer
subroutine 143. For exanpl e, _the chanber manager subroutine 144a conprises
program code'for controll i ng2%VD Theoswputermrograimoprodueti efhélaint B, wberein ined
process chanper 40.thd Beediftp5tage, %Wss%ﬁ? thgrbl%déz}ﬁtr@étﬁgsW&Lf@én%ammg
execution 10 of various chamber nmponent subroutines or de
nmodul es, Wm%h contSP8fing 9as iftp ghe BTOCF%Z@?éﬁbébOlﬁcﬁwths?%wesdary to

carry out the selected process set. Exanples of chamber conponent

subroutines are substrate positioning subroutine 145, process gas control
subrouti ne 126 pressure cont®ol ThgiHosIRUterpPragram preductr of alaimy 21, wheneuini ne

148, and pl agma 15 the deposﬁﬁj‘mt §t@be SHe rp%HehQ Basl éShtrol R88€ it ddueS Metal-

; a
subrouti nes \)‘gunct | %rc])nta?nmg %e %lon gas into the process zone for about 4 to about 50

seconds.

27. The computer readable program product of claim 21,

1
2 wherein in the seeding and deposition stages, the process gas control code
3 introduces into the process zone, gas selected from the group consisting of
4 aluminum alkyls, aluminum alky! halides, dimethyl aluminum hydride,
5 | tri-isobutyl aluminum, trimethylamine alane, dimethylelthylamine alane, and
6 mixtures thereof.
1 28. ' A computer readable program product for operating a
2 process chamber for depositing a substantially planar, highly reflective,
3 metal-containing layer on a substrate, the computer feadable program
4 product comprising: .
5 {a) positioning program code means for positiohing
6 the substrate in the process chamber: )
7 {b) nucleation program code means for (i) -heating the
8 substrate to temperatures T, within a first lower range of temperatures A T,
9 and (i} introducing a metal-containing seeding gas into fhe process zone to
10 deposit a substantially continuous séeding layer on portions of the substrate;
11 and
12 (c) oriented crystal growth program code means for
13 (i} maintaining the substrate at temperatures T, within a second higher range
14 of temperatures A T,, and (ii) introducing metal-containing debosition gas
15 into the process zone to grow an oriented crystal growth layer on the
16 seeding layer to provide a substantially planar, highly reflective, metal-
17 containing layer on the substrate. o
-
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pr'ogram code neans for (i) heati substrate 20 Do tenperatures T[err]
w thin-a range of terrrt H il r@ﬂ ﬂd (ii1) introducing a seeding gas
into the process zone __ S tantially continuous seeding |ayer

on portions of the substrat e; and deposition3drowth program code neans Tor
20 (i) maintaining the substrate 20 at a deposition tenperatures
Tlerr] wthiin a range of tergeer afké eompatdr reakdablel grograntprodugt oiélaiardag) ng
deposi tion gas intoht he roc’e?s zone to fé)rman or ?nteg}cr%siai rowt h
layer that is grow) ST he EESUITROPRRLFOSMEER NAMIHY SIS RAFG e 11 in
the art would r eadtdnyparawoenT 2eithiha ranpdr of tertymrdraresad M bbfrosudbont 2008€ tean
be i ncl uded [dependi t 25 processes are desired to be

per f or med ir?dt he p%ig)%’et?;b%nber 40. In operation, the chanber nanager
subroutine 144a selectively schedules or calls the process conponent

subroutines 4 n accordance Wdd thee RAplE réddable Si6aAnT flodl& SPaiSHEEE! €d-

The chanmber manager subroutine

2 wherein the deposition program code means maintains the substrate at

3 deposition temperatures T, within a range of temperatures A T, of from

4 about 200°C to about 420°C.

1 31. The computer readable program product of claim 28,

2 wherein the seedir_‘g program code means introduces metal-containing

3 seeding gas into the process zone for about 2 to about 20 seconds.

1 32. The computer readable program product of claim 28,

2 wherein the deposition program code means introduces metal-containing

3 deposition gas into the process zone for about 4 to about 50 seconds.
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30 144a schedul es 't he process conponent subrougines simlarly to how
the sequencer subroutine 143 schedul es which process chanber 40 and process
set is to be executed next. Typically, the chgnmber .manager subroutd«Rén-dededa
i ncl udes steps of nonitoring the various Eha der gogponents, deteranlng

15 whi ch conponents needs to be operated based on the process paraneters
for the proggss set to be executed, and cé@@lﬁéglxecution of a chanber
conponent subroutine responsive to the monitoring and determning steps. 5
Operation of particular chanfjer conponent, subroutjnes will now be

described. The substrate positiRRFIHY RUsaHOR /S 10 M Fhipicalvapge deposition process

for depositing a substantially planar, highly reflective layer on a substrate 20,
5 and is particularly useful for filling high aspect ratio holes 22 in the substrate

20 with metal-containing material. The substrate 20 is placed in a process
zone 95, and successive seeding and oriented cryetal growth stages are
performed on the substrate. In the seeding stage, the substrate 20 is heated
to temperatures Ts within a first lower range of temperatures A T, and a

10 seeding gas is introduced into the process zone 95. The seeding gas
deposits a substantially continuous, non-granular, and planar seeding layer
30 on the substrate 20, Thereafter, in an oriented crystal growth stage, the
substrate 20 is maintained at deposition temperatures T, within a second
Higher range of temperatures A T, and deposition gas is introduced into the

15 process zone 95. The deposition gas forms an oriented crystal growth layer
32 on the seeding layer 30, the oriented crystal growth layer having a highly
reflective surface that results from highly oriented, relatively large crystals
that grow on the seeding layer.

CACLIENTVAPPLIEDAT 129211 1292.APP Oclober 15. 1996
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conpri ses program code for controlling chanber corrpo??qnts that are used to
| oad the substrate 20 onto the chanber support 65, and optionally to |ift
the substrate to a desired height in the chanber 40 to control the spacing
10 bet ween the substrate and the gas distributor 55. When a substrate
20 is loaded into the process chanber 40, the substrate support 65 is

| onered to receive the substrate, and thereafter, the suppqpt Is raised to
the desired height in the chanber. The substrate positiogng subro {g ne 145
.controls nmovenent of the support 65 in,responseitro process set paga
related to 15 t he support hei ght theg-are tYyalsf eriped f ol
manager subroutine 144a. The process ¢ 5,"’::3'1:(?. bl U *E‘Zﬂa‘e’.@.’

. ) LR XA TA~Dr ogr am
~code for controlling process gas -;’&‘}F@wagﬂ“"-“’ 15’1;3!‘&'1 y, the
process 20 gases supply lines forf~datif~ot<

a .,'_Al'g?f*-i‘f.'.?_k_t’ ¢l ude
(i) safety shut-off

e craalr s
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val ves (not shown) that can be used to automatically &r manually shut off
the fl ow of process gas into the chanber, and (ii) mass flow controllers
(al so not shown) that neasure the flow of a particular gas through the gas
supply lines. Wen toxic gases are used in the process, the several safety
shut-of f 25 val ves are positioned on each gas supply line in
conventional configurations. The process gas control subroutine 146
controls the open/close position of the safety shut-off -val ves, and al so
ranps up/ down the nmass flow controllers to obtain the desired gas fl ow
rate. The process gas control subroutine 146 is invoked by the chanber
manager subroutine 144a, as are all chanber 30 conponent subrouti nes,
and receives fromthe chanber manager subroutine process paraneters rel ated
to the desired gas flow rates. Typically, the process gas control
subroutine 146 operates by opening the gas supply lines, and repeatedly (i)
readi ng the necessary mass flow controllers, (ii) conparin&z Q

*

S

G
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16 the readings to the desired flow rates received fromthe chanber manager
subroutine 144a, and (iii) adjusting the flowrates of the gas supply |ines
as necessary. Furthernore, the process gas control subroutine 146 incl udes
steps for nonitoring the gas flow rates for unsafe rates, and activating
the 5° safety shut-off valves when an unsafe condition is detected.
The process .gas control subroutine 146 conprises program code for operating
- the chanber in a seeding node or an oriented crystal growth node. In the
seedi ng stage, the seeding gas program code 152 10 fl ows seedi ng gas
into the chanber 40 for an anmount of tinme necessary to '
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forma seeding |ayer on the substrate 20. Thereafter, :in the deposition
grow h stage, the deposition gas program code 154 fl ows deposition gas into
t he chanber 40 for an anopunt of "tine necessary to grow the desired

t hi ckness of the oriented crystal growth | ayer on the seeding |layer. 15
Sputtering gas program code 156 can al so be provided to introduce
sputtering gas into the PVD chanber 36 during performan bfg t he PVD
process step. The process gas can be forned froma gas izyqui d precursor.
20 When a process gas is vaporized froma |iquid cur sor, for

exanpl e di net hyl al um num hydride (DVAH), the procesg cont r ol

subroutine 146 is witten to include steps for bubbl {ng Carrier gas such
as hydrogen, argon, or helium- through the liquid precur in a bubbler
assenbly. For this type of progess, the process gas ¢ontiCol subrouti 146
regulatestheflowof t he 3
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25 carrier gas, the pressure in the bubbler, and the bubbler
tenperature in order to obtain the desired process gas flow rates. As

di scussed above, the desired process gas flowrates are transferred to the
process gas control subroutine 146 as process paraneters. Furthernore, the
process gas control subroutine 146 includes steps for obtaining the
necessary carrier gas flow 30 rate, bubbler pressure and bubbl er
tenperature for the _desi Sk a¢ [ng a stored
tabl e containi ng t h@ i cHNRERIC N — };’ 4g/44» anP B”i flow rate.
Once the necessary ‘~g\4«gf~f“ S / ISR ot ¢, bubbl er
pressure and bubbl e N - ) ‘ N

12 25 Ky_xX3dk T \Gabnnm
Process without nucleation step

Fig. 5a

18t 14 21-SEP-9S5

3-10_ ~
sSMC 28 25 KV XS5e.ek " éaﬁﬁﬁ

Process with a hucleation step

Fig. 56
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noni tored, conpared to the necessary val ues, and adjusted pressure in the
chanber 40 by regulating the size of the opening of the throttle valve in
t he exhaust system 115 of the chanber. The opening size of the throttle
valve is set to control the chanber pressure to the desired level in
relation to the 5 total process gas flow, size of the process

- chanber, and punpi ng set poi nt pressure for the exhaust system 1 15. Wen
- the pressure control § o o | ar get

pressure | evel is rec manager
subrouti ne 144a. The | B neasure
the pressure in the c al pressure
nanonet ers connect ed 5) to the
target pressure, obtai ent i al )

val ues froma stored

1151_ —
SME 3 B5 KV XS8©. akssb'e‘r;ﬁ.

Process without nucleation step

| }"g. 6a

= 8 9

1150_
SMC 1 25 KV %X58.0K '

Process with a nucleation step

Fig. 66
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15 pressure, and adjust the throttle valve acgording to the PID

val ues obtained fromthe pressure table. Alternatively, the pressure
control subroutine 147 can be witten to open or close the throttle val ve
to a particular opening size to regulate the chanber 40 to the desired

pressure. 20 109 -8 -7 -6 - hg hgaﬁeq gpn§r~l3subr9ug|ae §48 [onpri ses
program code for CQqREferte -ate gd to heat
t he substrate 20. The heater control Subru t|ne 148 |ncludes seeclng st age
heati ng program code 158 for operating i Mseedi ng stage in whi¢h the
substrate is maintgined at the desired geedi Ng tenperatures Ts wijthin the
range of 25 kqoperatures A T[err] JF Typicadlly, the subrouting 148 is

programmed to ranp jup the tenperature pf the support from anbi enty chanber
tenperatures to a dqet pQiipgJELpRer aturfe. When fthe substrate reaclles the

seeding tenperaturgs TS, the process fas contro\ subroutine 146 ifs
programmed to i ntggduce seedi ng

2
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gas into the chanber, as described above. The heaté?\control subroutine 30
148 al so conprises an oriented crystal growh or epitaxial growh heating
program code 160 for rapidly heating the substrate to deposition
tenperatures T[err] within a range of tenperatures [err] T[err] that are

suitable for grow ng an orlented crystal gromﬁh | ayer on the seeding |ayer.
In this step,

1p—thre—eater——comtTor—subrouttne 1438 1S | nvoked by the
chanmber manager ﬁgg_outlne 144a and receives a ranp rate tenperature
par anmet er of at st about 50[err]C/min. 5 The heatfr
control subroutinepld8 neasures tenperature by
50 -
S 40}
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Fig. 86
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measuring vol tage output df a thernocouple Iocatedfr;)the support, comnpares
the nmeasured tenperature to the setpoint tenperature, and increases or
decreases current applied to the heater 80 to obtain the desired ranp rate
or setpoint tenperature. The tenperature is obtained fromthe 10

“measured vol tage by | ooking up the corresponding tenperature in a stored
conversion table, or by calculating the tenperature using a fourth order

. pol ynom al . When radi ant | anps are used as the heater 80, the heater

control subroutine 148 gradually controls a ranp up/down of current applied
to the lamp that increases the life and reliability of the |anp.
Additionally, a 15 built-in fail-safe node can be included to detect
process safety conpliance, and to shut down operation of the heater 80 if
the process chanber 40 is not properly set up. The pl asma contr ol
subroutine 149 conprises program code for

250
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160 —
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] —T T T 1
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20 formng a deQGg)tion pl asma in the chanbérﬁhuring operation of the
"chanber in a chem cal vapor deposition node. The subroutine 149 sets the RF
bi as vol tage power |evel applied to the process el ectrodes 60, 65 in the
chanmber 40, and optionally sets the |level of the magnetic - field generated
in the chanber, to formthe deposition plasma. Simlar to the previously
descri bed 25 chanber conponent subroutines, the plasma control
subroutine 149 is invoked by the chanber manager subroutine 144a. In

operation, the plgsma condition 149 includes steps for r Lng both
"forward" power plfied to the plasnma generatpr 116, and "refl ecged"” power
flow ng through thelchanber 40. An excessivefy high reflected poper reading

i ndicates that the gl asma 30 has not HeeprTgniNed, and the] pl asma
control subroutine } restarts or shuts do the process. The wkagl powner

| evel s are conpay@l inst target levels, d the cAirrept is adlusted to
control the plasm fq plying a '
Al
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si Ausoi dal wave current to the generator to forma rotating magnetic field
in ° 19 the chanber 40. The sinusoidal wave needed to generate a desired
magnetic field can be obtained froma stored table of sinusoidal values
corresponding to magnetic field strengths, or cal cul ated using a sinusoi dal
equation. 5 A nultistage process including at |least first and second .
successi ve stages can be perforned in different chanbers, to uniformy fil
the high aspect ratio holes 22 without formng voids in the holes. The
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si ngl e deposition chanber capable of perform ng CVD and PVD processes.

Thus, the scope of the present
chanbers descri bed herein.

initial seedi

I nvention should not be limted to the
The mul tistage process generally conprises an 15

ng stage, and a subsequent loriented crystal growth stage.

——

mul ti sfsage process of the present invention is illustrated by wagZQﬂn&qOé
exenpl ary process that is perforned in separate CVD and PVD chanber’spos

however, it should be understood that the process can be perforned in a

In

the initial seeding Stagﬁ"ﬁf@ﬂ'}‘?&‘\g?ﬁ }'ﬁugr}_tdepggpggrﬁ"@éo t he process zone,

and the process zone is nal

proces

conditions suitable for

deposi ting a substHIRHLY PRIENTED ANDIREFLECTIME GRYSHALLINEA-ANERSar seedi ng
| ayer 30 on the substrate. In at |east one successive oriented crystal

20 deposition gas is introduced into the process zone
and the process zone is maintai n€GRASS-BERERENCE ondi ti ons suitable for
depositing an oriented crystal

growt h st age,

10

15

20

25

This application is a continuation-in-part of U.S. patent
application serial no. 08/611,108, entitled "BLANKET-SELECTIVE
DEPOSITION USING A SELF-ALIGNED ULTRA-THIN NUCLEATION LAYER,”
to Guo et al., filed on March 5, 1996, which is incorporated herein by

reference.

BACKGROUND

The present invention relates to an apparatus and method for

depositing material on a substrate by chemical vapor deposition.

In integrated circuit f_abrication, electrically conductive metal-
containing material is deposited on substrates tb form interconnect lines
and/or filled contact holes and vias, which are used to electrically connect
active devices formed on substrates. The metal-containing interconnect lines
are typically formed by (i} depositing stacks of electromigration, diffusion
barrier, electrical conductor, and/or antireflective layers, on the substrate,
{ii) forming a patterned resist layer on the deposited layers, and (iii} etching
the unprotected 'portions of the deposited layers to form the‘ interconnect
lines. An electrical insulator layer, such as silicon dioxide, is deposited over
the interconnect lines to electrically isolate the interconnect lines. Contact
holes- or vias are etched through the insulator layér to expose underlying
inter_connect lines, or to expose semiconductor devices such.as gates. The
contact holes or vias are filled with additional metal-containing material to

form plugs that connect the devices and interconnect lines formed on the
substrate. .
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grow h layer 32 conprising large crystals substantially oriented to one
another, with a substantially planar, highly reflective surface 34.- The
seedi ng gas and the deposition gas, can conprises different gases or can 25
conprises the same precursor gas. Preferably, a thin nucleation sublayer 28
is deposited on the substrate prior to performance of the present process.
The thin sublayer provides active sites 4 hat enhance deposition of the
seeding | ayer 30 on the 30 substrate and serves as a diffusion

barrier that reduces dlgc{g‘lggﬁt%a mélc Whet ggnasﬂ% e(doﬁgrag‘gﬁ(’grs into the

deposition layers. Suit e nuc on s ers 28 1n
titani um cont ¥andrdgpasitien K%N@,teshmlme;sarémseéxadpﬂ)@,lt electripallyngondiuctive um

nitride, and gREHaNRib RS vibd GhE YbntadfRolsd ParheR or’the SaBstPSte. One
problem with conventional processes arises because the contact holes or
5 vias (which for expedience are referred to herein as "holes") often comprise
high aspect ratios, /.e., the ratio of the height 6f the holes to their width or
. diameter, of greater than 1. The aspect ratio of the holes increases as
advances in technology yield more closély spaced features. Referring to
Figure 1, a substrate 10 comprises holes 11 formed within an electrically
10 insulative or dielectric layer 12, suc_h as for example, silicon dio,xide: or silicon
nitride. It is difficult to deposit a uniform metal-containing Iayef 13 into the
high aspéct ratio holes 11 using chemical vapor deposition processes
because the metal-containing layer 13 often preferentially deposits on the
sidewalls 14 of the holes growing grains that eventually converge to form
15 ~ voids and discontinuities 15 within the metal-containing material 13.
Thereafter, the high mobility of metal atoms, such as aluminum atoms,
surrounding the voids causes the atoms to diffuse and minimize the surface
area of the voids forming circular shaped voids 15, as shown in Figure 1.

These voids and discontinuities result in poor and unreliable electrical
20 contacts. '

Another problem with conventional deposition processes arises
because such methods deposit crystalline gréins 16 having random
crystalline orientation. Highly oriented crystals can reduce electromigration

25 of the atoms witl;Iin the crystal. Electromigration is a diffusive process in
which atoms diffuse from one region to another region within the deposited
layer under the influence of electrical fields across the substrate, causing
voids that result in “open” junctions and unreliable elei;trical conductivity.
Conductive layers having a highly oriented crystalline structure exhibit

30 reduced electfomigration of atoms, because in certain crystallographic
orientations, the conductive layers have lower diffusion coefficients. For
example, deposited aluminum grains that are highly oriented in the
crystallographic plane having <111> miller indices are found to exhibit
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20:.deposited by chem cal vapor deposition, or by physical vapor deposition
processes, such as sputtering or evaporation, using conventional nethods.
Preferably, the sublayer 28 is deposited to a thickness of about 50 to 1000
A, and nost preferably conprises a conbination of PVD deposited 5
titaniumand CVD or PVD deposited titaniumnitride as described in

af orenentioned commonl y assigned patentgapplication to Guo et al. For

exanpl e, the subl ayer can conprise 50 A of TiN deposi ted over 200 to 400 A
of titanium In the firs of the present -
process, a tﬁixﬁe“eguf)%ﬁ'séﬂ?‘? ?e%BW'Pﬁg%MsJ'#é‘ésé Eﬁé eyg’r "t'°83'p05| ted on
the subl ayer d2Bosjtion ptamslmsl tygicallys hqsdsitbuo&tramdomlee:men@dgasstamhe t he
charber, whi 'g‘?giﬁé‘% on the substrate that limit the current'density that a conductive
plug or interconnect line can carry to typically about 10° A/cm?, beyond

5 which excessive electromigration would occur.

The randomly oriented crystalline grains provided by
conventional CVD and PVD processes can also result in deposition of layers
having non-planar surfaces, which is undesirable for modern VLSI circuits

10 that use multiple layers of submicron sized features to form high speed
circuits. The surface 17 of the filled holes 11 in such circuits need-to be
planar and flat in order to accurately fabricate high density miniaturized
features using conventional photolithographic processes. Conventional CVD
deposition processes form a deposition layer having irregular ridges 18 on

15 features adjacent to the holes 11 that result in an uneven and irregular
surface 17, as shown in Figure 1. The unéven deposition layers produce
unfocused or blurred resist patterns in the photolithographic process, and on

being etched, provide features having irregular line widths.

20 Conventional PVD methods, such as sputtering, also have other
problems that result because material sputtered off a sputtering target by
energetic plasma ions travels to the substrate 10 in a relatively straight-line
path to deposit primarily on those portions of the substrate within sight of
the target. The line-of-sight deposition makes it difficult to fill high aspect

25 ratio contact holes or vias that have an aspect ratio exceeding 1. Often, less
than 5% of the material deposited by conventional PVD processes is formed
within the holes 11, the remaining deposits being formed on top of the
features adjacent to the holes 11. In the deposition of aluminum layers, a
reflow process can be used in conjunction with the PVD process, in which

30 the substrate 10 is heated to reﬂéw temperatures causing the deposited
aluminum to flow into the bottom of the contact holes and/or vias.

However, because the PVD aluminum layer is only deposited on _pbrtions of

the substrate 10, the layer must be heated to temperatures of about 400 to
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substrate is still at relative |low tenperatures T[err] in a first |ower
range of tenperatures [err] T[err] Wthout being bound by theory, it is
bel i eved that the 15 seedi ng gas deposits a thin seeding |ayer at the
| ow t enperatures that passivates the titani umcontaining sublayer, thereby
reduci ng adsorption or deposition of carbon and/or oxygen-containing
species on the surface of the substrate when the substrate is heated to the
subsequent hi gher tenperatures used to é?ow a deposition layer on the
seedi ng | ayer_30. Furthernore, the thin seeding | ayer 30 "wets”
the substrat e%%‘f?«elf' BRI L0 REPNIde BisyFfigiently |lon VisSOSidY ﬂ#ua"@ﬁbéa\';sﬁfham ly

conti nuous, nﬂébvgir&auhaholbamrm GREBhHsHafD 16 BoER high! @hiperdtanss Mehieneet ti ng
angl es of | ess than 4 ﬂ‘1[’err and nore typically less than 30[err The

uni form y wet FYR@nE4etiow geshniques 30 aphvotiose substatassirah aie1qt Wamaaed Bious
surface COVGFﬁGGhIQﬁ tériferatipss. I Rdr@xdMpft!, tetRperatured 4bdve gDt ESaudl | €SS

than 3%0 A ff(x:.lsuon o dopar?tonqg&aﬂgll é)nrlﬁclar dqa% r?\%ogl'llon of the substrate. New
generations of ever miniaturized integrated circuits require low processing
temperatures to obtain the required levels of miniaturization, and to allow use
of low temperature materials that are often unstable at temperatures
exceeding 400°C.
10
Thus, there is a need for a process for filling high aspect ratio
holes in a substrate with metal-containing material, without forming voids or.
defects in the deposited material. l'_c is also desirable for the depdsition
process to deposit grains that are highly oriented in particular
15 crystallographic planes. It is further desirable for the deposition process to
deposit layers having s_ubstantially planar and flat surfaces. Itis also
desirable for the deposition process to operate at a low temperature to

reduce thermal damage to features that are sensitive to high temperatures.
20 - SUMMARY

The present invention is to a chemical vapor deposition process
for depositing a substantially planar, highly reflective, layer on a substrate,
and is particularly useful for filling high aspect ratio holes in the substrate.

25 The substrate is placed in a process zone, and successive seeding and
oriented crystal growth deposition stages are performed on the substrate. In
the seeding stage, the substrate is heated to temperatures T within a first
lower range of temperatures A T, and seeding gas is introduced into the
process zone. The seeding gas deposits a substantially continuous,

30 non-granular, seeding layer on the substrate. Thereafter, in a subsequent
.oriented crystal growth stage, the substrate is maintained at deposition
temperatures T, wit_hiri a second higher range of temperatures A T,, and

deposition gas is introduced into the process zone. The deposition gas forms
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processes deposit crystal grains having wetting angles of greater than 700,
and nore typically greater than 90[err], that do not continuously cover the
substrate until thickness exceedi ng 400-500 A or even higher. It is
believed that the nore granul ar conventi onal deposition |ayers occur
because of the 30 presence of carbon atons on the surface of the
substrate that act as active sites which pronote deposition of a granul ar

| ayer. Also, in prior art processes, the& relatively high carbon and/or
oxygen concentration on the substrate surface increases the surface tension
forces at thean eriestedieeystal grayeth layer bndtbp seedieg) layeki the oriepisdigystal and vapor

phase in the &BaRRfyer RAHRG Bhighly reflective surface that results from highly

oriented, large crystals that grow on the seeding layer.

5 | The process is useful for forming a substrate comprising a
substantially planar, highly reﬂective_, aluminum-containing layer that has
< 111> miller indices crystallographic planes that exhibit an x-ray diffraction
peak with a full width at half maximum of less than about 3° 6. The
reflectivity of the substrate is at least 190% as compared to the 100%
10 reflectivity of a monocrystalline silicon -wafer. The highly reflective and
planar surface of the substrate allows accurate and reproducible formation of

highly miniaturized circuits on the substrate.

Another aspect of the present invention comprises a computer
15 program product for operating a process chamber for depositing a
substantially planar, highly reflective, layer on the substrate. The computer
product comprises a compdter usable medium having computer readable
program code means embodied therein. The computer program code means
- comprises: |
20 ) {a)  substrate positioning code for positioning the
substrate in the process chamber;
(b} heater control code for operating a heater in (i) a
seeding stage, wherein the substrate is maintained at temperatures T, within
a first lower range of temperatures A T, and (ii) an oriented crystal growth
25 stage, wherein the substrate is maintained at deposition temperatures T,
within a second higher range of temperatures A T,; and
' (c) process gas control code for (i) in a seeding mode,
introducing seeding gas into the process zone during the seed'ing stage to
‘deposit a substantially continuous seeding layer on the substrate, and (ii} in a
30 deposition mode, introducing dehosition gas into the procesé zone during the
oriented crystal growth stage to grow an oriente_d crystal growth layer on the

seeding layer, the oriented cry'stal growth layer comprising large crystals
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deposited material to form separate granular island structures having a
hi gh wetting angle. In contrast, the present seeding stage perforned at
t enperatures before carbon species are absorbed on the substrate 20, 5
continuous planar filmstructure that
substantially absent granular island-type crystals. The substantially
conti nuous seeding |layer 30 allows growgh of an oriented crystal

provides a nore uniformy wetting,

| ayer 32 having large, highly oriented grains that exhibit inproved
| . q ot v N st . .
Al o ol sl 556 G 296l Mo

I ntroduced in
t he subst r at ehigllyireflectivetsurfiacel at nucl eati on tenperatures T.

eposition

grow h

| ow

S

utor 55 while
that are .

typically about 10 to 300C .| ower than optinmal deposition tenperatures Td.
For the deposition of '

5

10 -

15

20

25

30

In yet another aspect, thé present invention comprises a
computer readable program prbduct for operating a process chamber that
compfises positioning program code means for positioning the substrate in
the process chamber. Seed}ng program code means are provided for
(i) heating the substrate to temperatures T within a range of temperatures
A Ts, and (i} introducing a seeding gas into the process zone to deposit a
substantially continuous seeding layer on portions of the substrate. Oriented
crystal growth program code means for are used to (i} maintain fhe substrate
at a deposition temperatures T, within a range of temperatures A T,, and
(i) introduce deposition gas into the process zone to form an oriented crystal
growth layer that is grown on the seeding layer to form a substantially
planar, highly reflective layer on the substrate.

DRAWINGS

These and other features, aspects, and advantages of the
present invention will become better understood with reference to the
following description, appended claims, and accompanying drawings, which
illustrate examples of the present invention, where:

Figures 1 is a schematic illustration of a partial cross-sectional
view of a prior art substrate showing a randomly-oriented, fine-grained,
granular, deposition I'aye_r in the etched holes in the substrate, with voids and
discontinuities, and a non-planar surface. '

Figures 2a is a schematic illustration of a partial cross-sectional
view of a substrate processed according to the present invention showing a

substantially continuous seeding layer deposited on the substrate;
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15. al um num from al um num precursor seedi ng gases, preferably, the
range of tenperatures [err] T[err] is fromabout 200[err]C to about
300[err]C, and nore typically of about 220[err]C to. 250[err]C Preferably,
the seeding gas is introduced into the chanber when the substrate is at
tenperatures less than 300[err]C, and nore preferably |ess than 250[err]C.
When a substrate 20 is transferred to the 20 chanber, initially, the
substrate is supported by lift pins extending out of the support 65. The
lift pins are withdrawn into the support to | ower the substr ’t:.e'onto t he
support. It is preferrEguieo2t i§a srheatatic flustrauen H&"@eﬁ”ba?grag%Bﬁ 'qE" he
substrate 20 £ shewitg 4 BEostaHIRMNY blanBE Ry bhéntedrgpestal growvtivlayehe substrate
equi l'ibriates to the tenperature of the support and while the 25

substrate is fofmed °?z§'PFpg$Rj£’19p'aY?f7terrper'at ure. This allow the substrate 20
to be exposed to the seeding gas while it is being heated fromits initial

anbi enf, tenperature togkhe, LelPeL Ao Yardd SoB AP VP31 ffHesalsh 11 the
multichamber apparatus suitable for performing CVD and PVD processes on

the substrate;

Figure 3b is a partial sectional schematic view of a CVD
10 | deposition chamber suitable for performing the CVD deposition process of

the present invention; ' . -

Figure 4 is a simplified block diagram showin§ the hierarchical
control structure of a computer program of the present invention;
15
Figure 5a and 5b are scanning electron micrographs of the
surface of (i) a thin granular layer of material deposited by a conventional
process, and (ii) a substantially continuous, non-granular, uniformly wetting,
seeding layer deposited by the présent process, respectively;
20
Figure 6a and 6b are scanning. electron micrégraphs of the
surface of (i) a deposition layer grown on a granuiar layer of material
deposited using a conventional process, and (ii) an oriented crystal growth
deposition layer grown on a seeding layer by the present process,

25 respectively;

Figure 7a and 7b are X-ray diffraction rocking curves of the
< 111> miller indices crystallographic plane of (i) an aluminum layer
deposited using a conventional process, and (ii) an aluminum layer deposited

30 by the present process, respectively;

Figure 8a and 8b are X-ray diffraction curves of the <111>

and <200> miller indices crystallographic plane of (i) an aluminum layer
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preferred nucleation tenperatures [err] T[err]) w thout performng a
separate heat- up or cool-down step. This synergistic approach provides

faster substrate 30 processi ng t hroughput. Wen the substrate is at
tenperatures T., seeding gas is introduced into the deposition chamber 40
via the gas distributor 55. The 22 seedi ng gas deconposes on contact -

with the nucleation sublayer 28 on the spbstrate to deposit a substantially
continuous seeding |ayer on the substrate. Suitable seeding gases for

deposi 1119 an LWL AURLENL AL ALAG £ 20100 LAV ah BEhHFlin AyaPBpiRiAY! o and

by the present process, respectively;

Figure 9 is a graph showing a comparisoh of the surface
5 ~ reflectivity of various thickness of (i) a conventional layer deposited on the
substrate, and (ii} a seeding and oriented crystal growth layer formed by the
present invention; and

Figures 10a and 10b are graphs of secondary ion mass
10 spectroscopic analysis showing the aluminum and carbon content in the
surface of (i) a conventional aluminum layer, and (ii) an aluminum layer

deposited by the present process, respectively.

DESCRIPTION

15 _

. The present invention is directed to an apparatus and method
for depositing a highly crystallographically oriented, substantially planar, layer
of material on a substrate 20, as shown in Figures 2a-2b, by a chemical
vapor depositiori (CVD) process. The substrate 20 can include glass,

20 polymer, metal, and semiconductor substrates, including for example,
monocrystalline silicon, gallium arsenide, or polysilicon substrates. The
method is particularly stitable for depositing a layer of highly oriented
crystals of electrically conductive material into holes 22 etched through
insulative layers 24 (such as silicon oxide, phosphosilicate glass (PSG), or

25 borophosphosilicate glass (BPSG) layers). The insulator layer 24 is typically
deposited to a thickness of about 3000 to 15,000 A, using a conventional
chemical vapor deposition processes for depositing insulator layers on a
substrate are (i) silicon source gas for ekample SiH, or SiCl,H,; and oxygen
source gas such as CO, and H,, or N,O; (i) a single gas containing both

30 silicon and oxygen such as Si(OC,H,),, or (iii) gases such as SiH,, and NH, or
N,, for depositing Si;N,. Thereafter, holes 22 having diameters of 0.25 to 1
Jm, and heights ranging from about 0.3 ym to about 10 ym, and more
typically from about 0.3 to 1.2 um, are etched in the insulaior layer 24, as

: REPLACENENT SHEET

29 DEC 1997 ‘!




5 exanpl e, di methyl alum num hydride (DVAH), tri-isobutyl alum num
trimethylamne al ane, dinmethyletthylam ne alane, and internolecul ar
conmpounds between triethyl alum num and dinmethyl al um num hydride. For
exanpl e, di nmethyl alum num hydride, which is a preferred seedi ng gas, .
reacts with hydrogen in the reaction: 10 _ (CHerr])[err]AIH
+ Herr]---> Al + CHerr] + Herr] For the deposition of alum num using -
DMAH, optimal deposition tenperatures ar@ typical Iy about 260[err]C, and a
preferred range of tenperatures [err] Tlerr] is fromabout 180 to about

300[ err] C. Thdlustretedriatfigwé 2ah ey seadsrmigngaradtivesioh @tdhiry inetHado thate a

d I ti | . r]Lsec, and.l r referably from
aggats | 4IOO'? or Zttg’glej?] E"f%“‘fgﬁﬁ'}@@;g’%heﬁlc?ese"&f’ﬁ‘as aggw?qno ef‘%&?f‘énge from
about 100 to awgallvlmeasxabnuf 0115t fre, aridzmood tybieellylepleasttdbont Olsymacr 40
described her Yothe &D{he%‘f’égpéf hamnéé a%%pe%ghg % and have high aspect ratios

5 of at least about 1, and more typically about 2.

The material deposited on the substrate 20 is typically a metal-
containing material, such as an aluminum-containing material, for example
alloys of aluminum, copper, and optionally silicon. Typically, the aluminum

10 alloys contain 95 to 98 wt% aluminum, O to 3 wt% silicon, and 0.5 to 1
wt% copper. Copper is added to prevent electromigration of aluminum
atoms to extend the lifetime of the conductive features, and silicon is added
to reduce inter-diffusion of atoms between the aluminum layer and the
underlying silicon substrate. Each component of the aluminum alloy can be

15 deposited in separate processing steps, or the multicomponent alloy can be
deposited in a single process step. Instead of a metal-containing material, the
present invention can also be used to deposit other materials, such as
oxides, nitrides, and silicides, including or example polysilicon, silicon oxide,
and silicon nitride. ' |

20 '

With reference to Figures 2a and 2b, the metal-containing
material is deposited over a nucleation sublayer 28, typically comprising a
titanium-containing layer having a thickness of 50 to 500 A, that serves to
enhance nucleation of deposited metal-containing layers. In the present

25 process, material is deposited on the substrate 20 to uniformly fill the high
aspect ratio holes 22 without forming voids in the holes, using a multistage
process, comprising an initial seeding stage and a; least one subsequent
oriented crystal growth deposition stage. The initial seeding siage is used to
deposit a substantially continuous, non-granular, and plaﬁar seeding layer 30

30 on the substrate 20. The seeding layer 30 uniformly wets the substrate to
provide a substantially continuous and non-granular layer at low thicknesses,
i.e., less than about 300 A, which is particularly desirable to provide uniform
deposition in small contact holes and vias in the substrate. In' a éubsequent
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froma liquid precursor by bubbling a carrier gas, such as for exanple,
hydr ogen, argon, or helium through the liquid precursor in a bubbler 20
assenbly. Thus, the flow of DVAH is regulated by controlling the flow of
carrier gas, the pressure in the bubbler, and the bubbler tenperature in
order to obtain the desired process gas flow rates. During the seeding.-
stage, the process zone 95 is nalntalne at a pressure of at least 0.5
Torr, and nore preferably from about 1 Horr to about 30 Torr. The
nucleatlon process is 25 perfornmed for a sufficient tine to forma
cont i nuous, rmnnggmmt groanti strganahighbediierged ape episaxially gmwmiaves 22,

typically, ab Oéltisu%g! he su Itarggocﬁ%gfg%ﬁstaxhﬁfﬁérﬁén%d td Bnd BRotAkH ENt ed

crystal gro g?m heated to average
deposition t enpichaving @ subitantidly phaer and: highlyhiefleetivnsuriase e ing@Viucl eat i on

t errper atures J &le" don Xugl.g%“d tih st Gl S0, TRE oﬁéﬁ@p'&ys‘cglcﬁrown

5 layer 30 can be used to completely fill the hole. Alternatnvely, the CVD
process can partially fill the hole, followed by a relattvely low temperature

PVD deposition process, to completely fill the hole.

A schematic of a multichamber processing apparatus 35
- 10 suitable for performing the CVD process of the present invention, is

illustrated in Figure 3a. The apparatus is an "ENDURA" system commercially
available from Applied Materials, Santa Clara, California. The particular
embodiment of the apparatus 35 shown herein, is suitable for pro_ces_sing'
planar substrates 20, such as semiconductor substrates, is provided only to

15 illustrate the invention, and should not be used to limit the scope.of the
invention. The. apparatus 35 typically comprises a cluster of interconnected
process chambers, for example, CVD and PVD deposition, and rapid thermal
annealing chambers. : .

20 The apparatus 35 includes at least one enclosed PVD
deposition chamber 36 for performing PVD processes, such as sputtering.
The PVD chamber 36 comprises a sputtering target (not shown) of sputtering
material facing the substrate 20. The target is electrically isolated from the
chamber and serves as a process electrode for generating a sputtering

25 plasma. During the sputtering process, a sputtering gas, such as argon or
xenon, is introduced into the chamber 36. An RF bias current is applied to
the sputtering target, and the support supporting the substrate in the
chamber is electrically grounded. The resultant electric field in the chamber
36 ionizes sputtering gas to form a sputtering plasma that sputters the target

30 causing deposition of material on the substrate. In sputtering processes, the
plasma is typically generated by applying a DC or RF voltage at a power jevel
of from about 100 to about 20,000 Watts, and more typically from 100 to
10,000 Watts, to the sputtering target.
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al um num cont ai ni ng precursor gases, preferably, the tenperatures Td are
within a range of second higher tenperatures [err] T[err] of from about
200[err]C to 23 420[err]C, and nore typically fromabout 240[err]C to
about 340[err]C. When the substrate reaches the ,desired tenperatures
Tlerr], deposition gas is introduced into the deposition chanber. The
deposition gas deconposes on contact with the seeding layer 30 to
epitaxially grow a highly crystallograptically 5 oriented | ayer 32 on
the seeding layer. The oriented crystal growh |ayer 32 conprises crystals

t hat are oriented substgplyhgdrhtiisPhdNedmsiids i b Yebesiti@t chadbeiad ace. By
oriented cr yife;[v?nlg g&r?c\)ll\fng;ngosrid;vsgllstfsxlatﬁ:{ la%ei%;g V%/r‘l) 'Ii’tEe ti:hsamrg%?%o that
comprises a process gas distributor 55 for distributing process gas. Mass
flow controllers and air operated valves are used to control the flow of
5 process gas into the deposition chamber 40. The gas distributor 55 is
typically mounted above the substrate (as shown), or peripherally about the
substrate 20 {not shown). A support 65 is provided for supporting the
substrate in the deposition chamber 40. The substrate 20 is introduced into
the chamber 40 through a substrate loading inlet in the sidewall 45 of the
10 chamber 40 and placed on the support 65. The support 65 can be lifted or
!owered by support lift bellows 70 so that the gap between the substrate 20 .
and gas distributor 55 can be adjusted. - A lift finger assembly 75 comprising
lift fingers that are inserted throdgh holes in the support 65 can be used to
lift and lower the substrate 20 onto the support to facilitate transport of the
15 substrate 20 into and out of the chamber 40. A thermal heater 80 is
provided in the chamber to rapidly heat the substrate 20. Rapid heating and
cooling of the substrate is preferred to increase processing throughput, and
to allow rapid cycling between successive processes operated at different
temperatures within the same chamber 65. The temperature of the substrate
20 20 is generally estimated from the temperature of the support 65 that is
measured using a substrate 20.

The substrate 20 is processed in a procéss zone 95 above a

horizontal perforated barrier plate 105. The barrier plate 105 has exhaust

25 holes 110 which are in fluid communication with an exhaust system 115 for
exhausting spent process gas from the chamber 40. A typical exhaust
system 115 comprises a rotary vane vacuum pump {not shown) capable of
achieving a minimum vacuum of about 10 mTorr, and optiona-lly a scrubber
system for scrubbing byproduct gases. The pressure in the chamber 40 is

30 sensed at the side of the substrate 20 and is controlled by adjusting a
throttle valye in the exhadst system 115. |
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the crystals within the oriented layer 32 have crystallographic planes that
are substantially aligned to one another, and preferably, also aligned to
the 10 crystal |l ographic planes of the seeding layer 30 forned on the
substrate 20. This provides relatively large and highly oriented crystals
within the oriented crystal gromh |ayer 32 that have a planar and highly
reflective surface. The | arge average di ter of the oriented crystal
grown grains is typically from about 10d to about 8000 A, and nore
typically from about 4000 to about 15 7000 A. Suitable deposition
gases for depasiting alflasma generatde1 1§ impravided Ry genesatingas alismarinal kyl

hal i des. Suit aké praéeposbrd 98 ogﬂﬁ;eéhdn{ﬂét‘ u@efot Bfasﬁ%%rm!aﬁ% ed eHERiBY va gu”“ num
hydri de ( DVAH) tr|-|sobut%ll al um num trinmethyl am ne al

di met hyl el t hy98RP$ition pHces qﬂvl\ﬁt)e Plasiop smeéﬁ%ﬂéémaarg%'efﬁs@am!@nnﬁet ween
triethyl al umpivauetivelyibyedgpWling@bh RFBUFFent to an inductor coil encircling the

5 deposition chamber {not shown), (ii} capacitively by applying an RF current to

process electrodes in the chamber, or {(iii) both inductively and capacitively.
A DC or RF current at a power level of from about 750 Watts to about 2000
Watts can be applied to an inductor coil (not shown} to inductively. couple
energy into the deposition chamber to generate a plasma in the process zone

10 95. When an RF current is used, the frequency of the RF current is typically
from about.400 Khz to about 16 Mhz, and more typically about 13.56 Mhz.
Optionally, a gas containment or plasma focus ring (not shown), typically
made of aluminum oxide or quartz, can be used to contain the flow of
process gas or plasma around the substrate 20.

186

. The process can be implemented using a computer program

product 141 that runs on a conventional computer. system comprising a
central processor unit (CPU) interconnected to a memory system with ‘
peripheral control components, such as for example a 68400 microprocessor,

20 commercially available from Synenergy Microsystems, California. The
computer program code can be written in any conventional computer
readable programming language such as for example 68000 assembly
language, C, C+ +, or Pascal. Suitable program code is entered-into a single
file, or multiple files, using a conventional text editor, and stored or embodied

25 in a computer usable medidm, such as a memory system of the computer. If
the entered code text is in a high level language, the code is compiled, and
the resultant compiler code is then linked with an object code of precompiled
windows library routines. To execute the linked compiled object code, the
system user invokes the object code, causing the computer system to load

30 the code in memory, from which the CPU reads and executes the code to
perform the tasks identified in the program.




hydri de; of which dinmethyl alum numhydride is preferred. The flow rate of
the deposition gas is selected to provide a deposition rate of at |east 20
A sec, and nore preferably at |east about 60 [err]/sec. For alum num 25
deposi ti on using DVAH suitabl e deposition gas fl.ow rates range from about 1
00 to about 1 000 sccmfor the size of the deposition chanber 40 described
herein. During the deposition process, the process zone 95 is naintained at
a pressure of at least 0.5 Torr, and not® preferably fromabout 1 Torr to
about 30 Torr. 30 To forma planar, highly.reflective |layer 32 on the

substrate, the thi cknepiguf4ishews aadiugatiay Block @izgharalad thehiemehicdll ed 1o
forma substantl Al shucior o7 e amper program T41." &/ le¥ ofifR¥ER Brébedlsbeice Of
and process chamber number into a process selector subroutine 142. The
process sets are predetermined sets of process parameters necessary to
5 carry out specified processes in a specific process chamber, and are
identified by predefined set numbers. The process set the desired process
chamber, and (ii) the desired set of process parameters needed to operate
the process chamber for performing the a particular process. The process
parameters relate to process conditions such as, for example, process gas
10 composition and flow rates, temperature, pressure, plasma conditions such
as RF bias power levels and magneﬁc field power levels, cooling gas
ﬁressure, and chamber wall temperature.

A process sequencer subroutine 143 comprises program code
15 for accepting the identified process chamber and set of process parameters
from the process selector subroutine 142, and for controlling operation of the
various process chambers. Multiple users can enter prdcess set numbers
and process chamber numbers, or a user can enter rriultiple process set
numbers and process chamber numbers, so the séquencer subroutine 143
20 op'erates to schedule the selected processes in the desired sequence.
Preferably the sequencer subrouti.ne 143 includes a program code to perform
the steps of (i) monitoring the operation of the process chambers to
determine if the chambers are being used, (ii) determining what processes
are being carried out in the chambers being used, and (iii) executing the
25 desired process based on availability of a process chambér and type of
' process to be carried out. Conventional methods of monitoring the process
chambers can be used, such as polling. When scheduling which pfocess is
to be executed, the sequencer subroutine 143 can be designed to take into
consideration the present condition of the process chamber being used in
30 comparison with the desired process conditions for a selected process, or the
*age" of each particular user entered request, or any other relevant factor a

system programmer desires to include for determining scheduling priorities.
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24 substrate. Preferably, the seeding and oriented crystal growth stages
are each perfornmed at thicknesses of |less than 300 A for sufficient tine
that the ratio of the thickness of the seeding layer 30 to the thickness of
the oriented crystal growth |ayer 32 is fromabout 1:10 to about 1:300.
Typically, the 5 - seeding layer 30 is deposited to a thickness of 10
to 500 A, and the oriented crystal growh layer is grown on the seeding

| ayer to a thickness of about 200 to abbut 6000 A, and nore typically from
about 500 to about 3000 A. Thereafter, the substrate is transferred to the

PVD chanmber 36, 10 Onceahd saqueviberosubd(tinp r vided=sterptingewhichpepéessned t o

I Ihlel f ;[ |h? egoLg?%%?e:j{ran%hp%ogeusgss}eg %}:r?\b%gtignugséo?n%t %'oaéel Xxe\%{é?f) f%tXtI m’em' ng voids in

sequencer subroutine 143 causes execution of the process set by passing
the particular process set parameters to chamber manager subroutines
5 144a-c which control muitiple processing tasks in different process chambers
according to the process set determined by the sequencer subroutine 143.
For example, the chamber manager subroutine 144a comprises program code
for controlling CVD process operations, within the described process
chamber 40. The chamber manager subroutine 144 al_so controls execution
10 of various chamber component subroutines or program code modules, which
control operation of the chamber components necéssary to carry out the
selected process set. Examples of chamber component subroutines are
substrate positioning subroutine 145, process gas control subroutine 146,
pressure control subroutine 147, heater control subroutine 148, and plasma
15 control subroutine 149. These different subroutines function as seeding
program code means for (i} heating the substrate 20 t'o temperatures Tg
within a range of témperatures A T,, and (i) introducing a seeding gas into
the process zone to deposit a substantially continuous seeding -layer on
portions of the substrate; and deposition growth program code means for
20 1] maintéinin_g the substrate 20 at a deposition terﬁperatures T, within a
range of temperatures A T,, and (ii} introducing deposition gas into the
process zone to form an oriented crystal growth layer that is grown on the
seeding layer. Those having ordinary skill in the art would readiiv recognize
that other chamber control subroutines can be included depending on what
25 processes are degired to be performed in the process chamber 40.

Iin operation, the chamber manager subroutine 144a selectively
schedules or calls the process component subroutines in accordance with the
particular process set being executed. The chamber manager subroutine

30 144a schedules the process component subroutines similarly io how the
sequencer subroutine 143 schedules which process chamber 40 and process
set is to be executed next. Typically, the chamber manager é_ubrputin‘e 144a

includes steps of monitoring the various chamber components, determining
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Preferably, a PVD sputtering process is perforned to forma sputtered | ayer
(not shown) on the oriented crystal growh |ayer 32 using a sputtering
process gas, such as for exanple (i) a non-reactive gas, such as argon, 15
helium or xenon, or (ii) a reactive gas such as nitrogen, anmmoni a,

met hane, or di borane. The nmass flow rate of the sputterlng gas is typically
fromabout 1 to about 200 sccm and the PVD chanber 36 is nmaintained at a
pressure rangi ng fromabout 1 mflorr to q@pout 500 nmTorr. A plasnma is
generated fromthe process gas by electrically bi asi ng the sputtering

target using GflchEomBonents nells B udbifarediKheb Bhlthe GRdeYs ShAMUIERI L he

support or the cha cha e sputiering target is
bonbar-ded by fen'e!'tegEP¢Q§srﬂea$¢me executed imidrepusipgtaxecudiomet @ chambero be renoved

fromthe tar Q:%Enﬁ%ﬂgmdﬁfb?édgingdreg&& BYRE M HitdrifG -ank c?%{xﬁﬁﬁ’t%%/ s stdpd€ PVD

process stage 1s perforne a suffrcrent tinme to deposit e sputtered
| ayer to a thickness of at |east about

5 Operation of particular chamber component subroutines will
now be described. The substrate positioning code or subroutine 145
comprises program code for controlling chamber components that are used
to load the substrate 20 onto the chamber suppdrt 65, and optionally to lift -
the substrate to a desired height .in the chamber 40 to control the spacing

10 between the substrate and the gas distributor 65. When a substrate 20 is
loaded into the process chamber 40, the substrate support 65 is lowered to
receive the substrate, and thereafter, the support is raised to the desired
height in the chamber. The substrate positioning subroutine 145 controls
movement of the support 65 in response to process set parameters related to

15 the support height that are transferred from the chamber manager subroutine
144a. '

The process gas control subroutine 146 has program code for
controlling process gas composition and flow rates. Generally, the process
20 gases supply lines for each of the process gases, include (i) safety shut-off
valves {not shown) that can be used to automatically or manually shut off
the flow of process gas into the chamber; and (ii) mass flow controllers-(also
not shown) that measure the flow of a particular gas through the gas supply
lines. When toxic gases are used in the process, the several safety shut-off
25 valves are positioned on each gas supply line in conventional configurations.
The process gas control subroutine 146 controls the open/close position of
the safety shut-off valves, and also ramps up/down the mass flow: controllers
to obtain the desired gas flow rate. The process gas control subroutine 146
is invoked by the chamber manager éubroutine 144a, as are all chamber
30 component subroutines, and receives from the chamber manager subroutine
- process parameters related to the desired gas flow rates. Typically, the
process gas control subroutjne_ 146 operates by opening the gas .supply lines,

and repeatedly (i} reading the necessary mass flow controllers, (ii) comparing
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25 1000 A, and nore preferably at from about 1000 to about 5000 A.

Al t hough exenpl ary processes are described in relation to deposition of

al umi num the process of the present invention can also be perfornmed to
uniformy fill holes with other conductive materials, including 30

for exanple, .the silicides of tungsten, titanium tantalum nolybdenum and
m xtures thereof; other netals, such as for exanple, copper or chrom um
and sem conductor materials, such as fot6exanple, silicon or polysilicon.
The present process can also be used to deposit conbinations of different

25 material s {HaClelgthgd to HY a3 RbRr ratdsHBLEWER FroRPHMRM chafibet fritifagdd t ani um
subroutine 144a, and (iii) adjusting the flow rates of the gas supply lines as
necessary. Furthermore, the brocess gas control subroutine 146 includes
steps for monitoring th'e gas flow rates for unsafe rates, and activating the

5 safety shut-off valves when an unsafe condition is detected.

The process gas control subroutine 146 comprises program
code for operating the chamber in a seeding mode or an oriented crystal
growth mode. in the seeding stage, the seeding gas program code 152
10 flows seeding gas into the chamber 40 for an amount of time necessary to
form a seeding layer on the substrate 20. Thereafter, in the deposition
' 'growth stage, the deposition gas program code 154 flows deposition gas
into the chamber 40 for an amount of time necessary to grow the desired
thickness of the oriented crystal growth layer on the seeding layer.
15 Sputtering gas program code 156 can also be provided to introduce

sputtering gas into the PVD chamber 36 during performance of the PVD
process step. '

The process gas can be formed from a gas or liquid precursor.
20 When a process gas is vaporized from a liquid precursor, for example -
dimethyl aluminum hydride (DMAH), the process gas control subroutine 146
is written to include steps for bubbling a carrier gas such as hydrogen, argon,
or helium, through the liquid precursor in a bubbler assembly. Fdr this type
of process, the process gas control subroutine 146 regulates the flow of the
25 - carrier gas, the pressure in the bubbler, and the bubbler temperature in order
to obtain the desired process gas flow rates. As discussed above, the
desired process gas flow rates are transferred to the process gas control
subroutine 146 as process paréméters. Furthermore, the process gas control
subroutine 146 includes steps for obtaining the necessary carrier gas flow
30 rate, bubbler pressure, and bubbler temperature for the desired process gas
flow rate by accessing a stored table containing the necessary values for a
given process gas flow rate. Once the necessary values are obtained, the

carrier gas flow rate, bubbler pressure and bubbler temperature are




pal | adi um hafnium boron, tungsten, tantalum or m xtures thereof. _

Sui tabl e CVD deposition gases for many of these materials include volatile
netal al kyl or netal carbonyl precursor gases. For exanple, chrom um can be
deposited 5 from chrom um car bonyl, cadm um from dirnethyl cadm um
and copper from copper carbonyl. Copper can al so be deposited using a

vol ati |l e copper coordination conplex su g as bis-(1, 1, 1, 5, 5, 5,

hexaf | uoro- 2, 4-pentanedi onate) copper ? ), Cu(Hfa)[err], CuCl[err], and
Cu(CH err] qerr])[err] Thus, the present invention shoul d not be | i mted
to a particul monpip(ﬁdesgmseqdemcbe necessdy valuest andjagiystedirsessyre inntdeexenpl ary

material s deSEﬁ#JﬂGﬂ 486§ rdoulatiy tfng It Q\W e SHIRY Bf HRIBIRGHE JRRS

ih Rfte
ef fecti veness process o Bresent i nvention. However, ﬁe process
and appar at uselslﬂalishe\l?iﬁ@s‘b‘rﬁ of mew@rftbnf cihe peening gize of G'Bm'@,*FOTéHQmaI\@at i ons,

and shoul d N0y 8 13 Bontrol the&haibEd Sidsdife t1Ehd ddsHali il HreRBARb AR PI OVi ded

her ei n.
5 total process gas flow, size of the process chamber, and pumping setpoint

pressure for the exhaust system 115.

When thg pressure control subroutine 147 is invoked, the
desired or target pressure level is received as a parameter from the chamber
10 manager subroutine 144a. The pressure control subroutine 147 operates to
measure the pressure in the chamber 40 by reading one or more coenventional
- ‘pressure nanometers connected to the chamber, compare the measure
value(s} to the target pressure, obtain PID (proportional, integral, and
differential) values from a stored pressure table corresponding to the target
15 pressure, and adjust the throttle valve acco_rding to the PID values obtained
from the pressure table. Alternatively, the pressure control subroutine 1.47
can be written to open or close the throttle valve to a particular opening size
to regulate the chamber 40 to the desired pressure.

20 The heater control subroutine 148 comprises program code for
controlling the temperature of the heater 80 used to heat the substrate 20.
The heater control sﬁbroutine 148 includes seeding stage heating program
code 158 for operating in a seeding stage in which the substrate’is
maintained at the desired seeding temperatures T within the range of

25 temperatures A T,. Typically, the subroutine 148 is programmed to ramp up
the temperature of the support from ambient chamber temperatures to a set
point temperature. When the substrate reaches the seeding temperatures T,
the process gas control subroutine 146 is programmed to intfoduce seeding'
gas into the chamber, as described above. The heater control subroutine

30 148 also comprises an oriented crystal growth or epitaxial growth heating
program code 160 for rapidly -heating the substrate to deposition
temperatures T, within a range of temperatures A T, that are suit_able for

growing an oriented crystal growth layer on the seeding layer. In this step,




In these exanpl es, a single-wafer "ENDURA" mul ticharnber apparatus,
comercially available fromApplied Materials, Santa Clara, California, was
used to performthe present process, as shown in Figures 2a 20 - and
2b. Silicon substrates 20 having a thickness of, about 0.73 nmand a

di ameter of about 200 mmwere used in these exarrpl es. The substrates had an

i nsul at or

| ayer

24 of silicon dioxide having a thickness of about 3000 A

with vias 22 having dianmeters of 0.35 18 0.8 as deposited on the substrate
usi ng conventional 'CVD techni ques. Each of the substrates 20 25 wer e

| oaded usi N1 RBREREIMRA s@rBULIdY 948 RENPEIREASStHedMantber Afankgér deposition
froma load | ock area (not shown) in-which mtrg gen was fl owed

chamber 40,

at a pressur 8ulputinerdfida ang teceiyes i r3me rote REWEHATLERPTIRCE" P

Atdeaste v

heat ed suppoebo@Ssd9T/Hie deposi tion.chanmber 40. 30 In the
first seeding stage, the substrate 20 was heated at a

5

10

15

20

25

30

The heater control subroutine 148 measures temperature by

measuring voltage output of a thermbcouple located in the support,

compares the measured temperature to the setpoint temperature, and

increases or decreases current applied to the heater 80 to obtain the desired

ramp rate or setpoint temperature. The temperature is obtained from the

measured voltage by looking up the corresponding temperature in a stored

conversion table, or by calculating the temperature using a fourth order

polynomial. When radiant lamps are used as the heater 80, the heater

control subroutine 148 gradually controls a ramp up/down of current apﬁlied

to the iamp that increases the life and reliability of the lamp. Additionally, a

built-in fail-safe mode can be included to detect process safety compliance,
and to shut down operation of the heater 80 if the process chamber 40 is
not properly set up. -

The plasma control subroutine 149 comprises program code for

fbrming a deposition plasma in the chamber during operation of the chamber

in a chemical vapor deposition mode. The subroutine 149 sets the RF bias

voltage power level applied to the process electrodes 60, 65 in the chamber
40, and optionally sets the level of the magnetic field generated In the
chamber, to form the deposition plasma. Similar to the previously described

chamber component subroutines, the plasma control subroutine 149 is

invoked by the chamber manager subroutine 144a. In operation, the plasma

condition 148 includes steps for reading both "forward" power applied to the
plasma generator 116, and "reflected” power flowing through' the chamber

40. An excessively high reflected power reading indicates that the plasma

has not been ignited, and the plasma control subroutine 149 restarts or shuts

down the process. The read power levels are compared against target

levels, and the current is adjusted to control the plasm for applyipg a

sinusoidal wave current to the generator to form a rotating magnetic field in
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constant ranp rate of about 9[err]C mn, from anbient tenperature to a
setpoint tenperature of 260[err]C During the tinme the substrate 20 was at
nucl eation tenperatures T. within the range of tenperatures [err] T[err] of
220 to 26 250[.err]C, a short burst of dinethyl alum num hydride (DVAH)
seeding gas was flowed into the deposition chanber 40 via the gas
distributor 55 at a flow rate of 400 sccm by bubbling hydrogen carrier gas
at. a flow rate of 100 sccmthrough a bukshl er containing |iquid DVAH. The
pressure in the 5 . process zone 95 was variable. The flow of seeding
gas is tern nrAéeHarabérc40.t TRe SRASKIAA WaFe NEbel tbIgederatslaidesiceed he process
zone for asuffici,eqldtimeto . . .

magnetic field can be obtained from a stored table of sinusoidal values

corresponding to magnetic field strengths, or calculated using a sinusoidal

- equation.

A multistage process including at least first and second
successive stages can be performed in different chambers, to uniformly fill
the high aspect ratio holes 22 without forming voids in the holes. The
multistage process of the present invention is illustrated by way of an

10 exemplary process that is performed in separate CVD and PVD chambers,
however, it should be understood that the process can be performed in a
éingle deposition chamber capable of performing CVD and PVD processes.
Thus, the scope of the present invention should ‘not be limited to the
chambers described herein. The multistage process generally comprises an

16 - initial seeding stage, and a subsequent oriented crystal growth stage. In the
initial seeding stage, seeding gas is introduced into the process zone, and the
process zone is maintained at process conditions suitable for depositing a
substantially continuous, non-granular, and planar seeding layer 30 on the
substrate. In at least one successive oriented crystal growth stage,

20 deposition gas is introduced into thé process zone and the process zone is
maintained at process conditions suitable for depositing an oriented crystal
growth layer 32 comprising large crystals substantially oriented to one
another, with a substantially planar, highly reflective surface 34.- The
seeding gas and the deposiﬁon gas, can comprises different gases or can

25 comprises the same precursor-gas.

Preferably, a thin nucleation sublayer 28 is deposited on the
substrate prior to performance of the present process. The thin sublayer
provides active sites that enhance deposition of the seeding layer 30 on the

30 substrate, and serves as a diffusion barrier that reduces diffusion of silicon
from underlying layers into the deposition layers. Suitable nucleation
sublayers 28 include titanium-containing materials, such as for example,

titanium, titanium nitride, and combinations thereof. The sublayer 28 can be
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forma continuous al um num contai ni ng seedi ng | ayer 30 having a thickness
of about 300 A on the substrate 20. 10 Thereafter, a
tenperature stabilization stage was perfornmed after the initial seeding
stage and before the deposition stage, to stabilize the tenperature of the
substrate 20 at the deposition tenperatures Td. In this step, argon and.
hydrogen were introduced into the procesg zone and the pressure in chanber
40 was established by controlling the opening size of a 15 throttle
val ve on the xhaUSéFiy tem The substrate 20 was . continuou heated from

t

. . sly
t he nucl eati ofeREHH Bucal yapgrdepapitions by PRI YPBPTe ep(S’F'¥'850ut
260[ err] C, angrdcgssesablich asjsputidoingtor @vapdrbtioh, ABirkecanvdatioial andtRogeer at ur e of

about 50C to 20QC r than t tenperature of the s ort..65. 20
After the subéiegﬁrﬁhﬁgﬁ'eeﬁ%?ﬁ"leb&gt'éd'gg?s't?ﬂé°c?e%‘5:§f’ﬁsoﬁ %lée)c’r‘f%té;roatpur es of
260[ err] C, DVhbOdenamidirnost myeferabbpormptises dleambihytiorabiiRVD Weposited
5 titanium and CVD or PVD deposited titanium nitride as described in
aforementioned commonly assigned patent application to Guo et al. For

example, the sublaye:l can comprise 50 A of TiN deposited over 200 to 400
A of titanium.

10 : In the first seeding stage of the present process, a thin,
substantially continuous seeding layer 30 is deposited on the sublayer 28 by
introducing a short burst of seeding gas into the chamber, while the
substrate is still at relative low temperatures T in a first lower range of
temperatures A Ts. Without being bound by theory, it is believed that the

15 seeding gas deposits a thin seeding layer at the Ipw temperatures that
passivates the titanium-containing sublayer, thereby reducing adsorption or
deposition of carbon and/or oxygen-containing species on the surface of the
substrate when the substrate is heated to the subsequent higher
temperatures used to grow a deposition layer on the seeding layer 30.

20 - Furthermore, the thin seeding layer 30 "wets” the substrate better than
conventional films to form a substantially continuous, non-granular layer
comprising crystal grains having © wetting-angles of less than 40°, and
more typically less than 30°. The uniformly wetting seeding layer 30
brovides a substantially continuous surface coverage of the substrate 20 at

25 low thicknesses of less than 300 A. In contrasf, conventional deposition
processes deposit crystal grains having wetting angies of greater than 70°,
and more typically greater than 90°, that do not continuously cover the
substraté until thickness exceeding 400-500 A or even higher. It is believed
that the more granular conventional deposition layers occur because of the

30 presence of carbon atoms on the surface of the substrate that act as active
sites which promote deposition of a granular layer. Also, in prior art
processes, the relatively high carbon and/or oxygen concentration on the
substrate surface increases the surface tension forces at the il.'xte;face of the
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hydri de was introduced into the chanber 40 at a flow rate of about 400
sccm The deposition gas was flowed into the chanber for about 15 seconds
to grow an alum numoriented crystal gromh |layer 32 having a 25

t hi ckness of about 1 000 A on the seeding |layer 30. Thereafter, the
substrate 20 was transferred fromthe CVD chanber 40 to the PVD chanber 36,
and a sputtering process was perfornmed to sputter material onto the
substrate 20. In the sputtering stage, 3D an al um num cont ai ni ng
sputtering target positioned above the substrate 20 was sputtered to

deposi t al um deposied ghens)rsubstrate, arid/edpar phasevinithé ahamberAcgesingvas i nt r oduced

e chneocr “rhElorlha P ST Bty 3R MRG0 3 pu o and
wetting angle. In contrast, the present seeding stage performed at low
temperatures before carbon species are absorbed on the substrate 20,

5 provides a more uniformly wetting, continuous planar film structure that is
substantially absent granular iéland-type crystals. The substantially
continuous seeding layer 30 allows growth of an oriented crystal growth
layer 32 having large, highly oriented grains that.exhibit improved planarity
and reflectivity.

10

In the seeding stage, seeding gas is introduced into the

deposition chamber 40 via the gas distributor 55 while the substrate 20 is
maintained at nucleation temperatures T, that are typically about 10 to 30°C
lower than optimal deposition temperatures'T,. For the depositibn of

15 aluminum from aluminum precursor seeding gases, preferably, the range of
temperatures A T is from about 200°C to about 300°C, and more typically
of about 220°C to.250°C. Preferably, the seeding gas is introduced into the
-chamber when the substrate is at temperatures less than 300°C, and more
preferably less than 250°C. Whén a substrate 20 is transferred to the

20 chamber, initially, the substrate is supported by lift pins extending out of the
support 65. The lift pins are withdrawn into the support to lower the
substrate onto the support. It is preferred to introduce the seeding gas as
soon as the substrate 20 rests on the support, before the temperature of the
substrate equilibriates to the temperature of the support and while the

25 substrate is still ramping up in temperature. This allow the substrate 20 to
be exposed to the seeding gas while it is being heated from its initial ambient
temperature to the temperature of the support 65 (which is in the range of
preferred nucleation temperatures A Ts) without performing a éeparate heat-
up or cool-down step. This synergistic approach provides faster substrate

30 processing throughput.

When the substrate is at temperatures T,, seeding gas is _
introduced into the deposition chamber 40 via the gas distributor 55. The

37 A givne
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27 0.1 Torr. A power of 6000 watts was applied to the sputtering target to
generate a plasma fromthe argon in the chanber 40. The argon plasma
sputtered the alumi numtarget to deposit al um numon the substrate 20 for
about 30 seconds, to deposit an alum numcontaining |ayer having a 5

t hi ckness of about 5000 A. Several substrates were processed as descri bed
above. These substrates were studi ed using various techni ques as descri bed
bel ow. Figure 5a and 5b show scanni ng et%ctron m crographs of the surface
of (i) athin 10 - | ayer of conductive nmaterial deposited by a

conventi onal see@ingfas debdmpbses dh caradtith eeeruckiative pblayed 28\ontthe present

Process. Fl O @ o oS Lk RN ARG ARG ETe PRR ¢ @ g anular

substrate. Suitable seeding gases for depositing an aluminum-containing
seeding layer include aluminum alkyls and aluminum alkyl halides, such as for

5 example, dimethyl aluminum hydride (DMAH), tri-isobutyl aluminum,
trimethylamine alane, dirhethylelthylamine alane, anc_i intermolecular
compounds between triethyl aluminum and dimethyl aluminum hydride. For
example, dimethyl aluminum hydride, which is a preferred seeding gas,
reacts with hydrogen in the reaction: '

10 (CH,),AIH + H, —--> Al + CH, + H,

- For the deposition of aluminum using DMAH, optimal deposition -
temperatures are typically about 260°C, and a preferred range of
temperatures A T, is from about 180 to about 300°C. The flow rate of the
seeding gas is selected to provide a deposition rate of at least 20 A/sec, and

15 more preferably from about 40 to about 100 A/sec. The seeding gas flow
rates range from about 100 to about 1000 sccm for the size of the
deposition chamber 40 described herein. For example, DMAH is vaporized
from a liquid precursor by bubbling a carrier gas, such as for example,
hydrogen, argon, or helium, through the liquid precursor in a bubbler

- 20 assembly. Thus, the flow of DMAH is rggulated by controlling the flow of
carrier gas, the pressure in the bubbler, and the bubbler temperature in order
to obtain the desired process gas flow rates. During the seeding stage, the
process zone 95 is maintained at a pressure of at least 0.5 Torr, and more

preferably from about 1 Torr to about 30 Torr. The nucleation process is

25 *  performed for a sufficient time to form a continuous, non-granular, and
planar seeding layer 30 in the holes 22, typically, for about 2 to about 60
seconds.

Thereafter, in the oriented crystal growth stage, the substrate

30 20 is heated to average deposition temperatures T, that are higher than the

average nucleation temperatures T, by about 10 to 30°C. For example, for
aluminum-containing precursor gases, preferably, the temperatures T, are

within a range of second higher t_emperétures A T, of from ab.out. 200°C to
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crystals that formseparated islands with high wetting angles. The

I ndi vidual crystals or "grains" of the conventional |ayer have dianeters of
at | east about 15 1000 A, and nore typically from about 2000 to 6000
A. The crystals forned di scontinuous islands having apexes at the center of
the grains, and | ow regions at the grain boundaries. In contrast, Figure 5b
shows deposition of.a thin, substantially continuous seeding |ayer 30 that
is absent granul ar nodul es. The dianete28 of the fine crystallites range
from about 100 to 20 500 A. Also, it is seen that the seeding |ayer

30 substanti a42Qr° ¢lNrdombley/typRAIE Bidh B D4 °CoveibduDBAONEL Whérhehesur f ace of
the substrate 20. The scanni ng el ectron m crographs. of Fiqure 6a and 6b are
even nore denBiRsirpte [8PENSY tq"teffgslﬁ?f&%‘l’e' 5?‘6?3%?‘!: Parosgfon g8 'gr"i’té?fﬁ'@agcr yst al
25 gr ovihto theydepdsitidntdhambar.e THE déposition fes dexathpoges ay epatadd. Figure
6a shows the SULfACce, Ofindidyay 86 (S TpkORdHCHo%Ta TR LAbiaAGHIRhESH using 2
5 ~oriented layer 32 on the seeding layer. The oriented crystal growth layer 32
comprises crystals that are oriented substantially planar and highly reflective
surface. By "oriented crystal growth" or "epitaxially grown” it is meant that
the crystals within the oriented layer 32 have crystallographic planes that are
substantially aligned to one another, and preferably, also aligned to the
10 crystallographic planes of the seeding layer 30 formed on the substrate 20.
This provides relatively large and highly oriented crystalé within the oriented
érystal growth layer 32 that have a planar and highly reflective surface. The
large average diameter of the oriented crystal grown grains is typically from

about 1000 to about 8000 A, and more typically from about 4000 to about
15 7000 A.

Suitable deposiﬁon gases for depositing aluminum include
aluminum alkyls and aluminum alkyl halides. Suitable deposition gases
include for example, dimethyl aluminum hydride (DMAH), tri-isobutyl

20 aluminum, trimethylamine alane, dimethylelthylamine alane (DMMA), and
intermolecular compounds between triethyl aluminum and dimethyl aluminum
hydride; of which dimethyl aluminum hydride is preferred. The flow rate of
the deposition gas is selected to provide a deposition rate of at least 20
Alsec, and more preferably at least about 60 AJsec. For aluminum

25 deposition using DMAH suitable deposition gas flow rates range from about
100 to about 1000 scem for the size of the deposition chamber 40 described
herein. During the depdsition process, the process zone 95 is maintained at
a pressure of at least 0.5 Torr, and more preferably from about 1 Torr to
about 30 Torr.

30 '

To form a planar, highly reflective layer 32 on the substrate,
the thickness of the seeding layer 30 should be controlled to form a

substantially continuous layer that uniformly covers a surface of the
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process, where it is seen that |arge crystal grains having dianmeters often
exceedi ng 6000 A formthe deposited | ayer. The surface is rough and uneven
with randomy oriented crystal cleavage planes clearly visible in the 30
phot ograph. In contrast, Figure 6b shows a planar oriented crystal growth

| ayer 32 that is grown on a seeding. |layer 30 deposited by the present
process. This photograph shows a sm)otg%J pl anar surface, that is
substantially absent |arge granular no ‘*es, and having crystals with | arge
28 dianeters that - are substantially equivalent to the diameters of |ayer
crystal s for substrate: [Reefarably (the seeding: anc grientp@ crystal growth stages are

each performed at thicknesses of less than 300 A for sufficient time that the
ratio of the thickness of the seeding layer 30 to the thickness of the oriented
crystal growth layer 32 is from about 1:10 to about 1:300. Typically, the

5 seeding layer 30 is deposited to a thickness of 10 to 500 A, and the oriented
crystal growth layer is grown on the seeding layer to a thickness of about
200 to about 6000 A, and more typically from about 500 to about 3000 A.

Thereafter, the substrate is transferred to the PVD chamber 36,
10 ~and a CVD or PVD process stage is performed to fill the hole 22 in the
substrate 20 éubstantially without forming voids in the filled material.
Preferably, a PVD sputtering process is performed to form a sputtered layer
(not shown) on-the oriented crystal growth layer 32 using a sputtering
process gas, such as for example (i) a non-reactive gas, such as argon,
15 helium, or xenon, or (ii) a reactive gas such as nitrogen, ammonia, methane,
or diborane. The mass flow rate of the sputtering gas is typically from about
1 to about 200 sccm, and the PVD chamber 36 is maintained at a pressure
- ranging from about 1 mTorr to about 500 mTorr. A plasma is generated
from the process gas by electrically biasing the sputtering target using an RF
20 or DC bias; and electrically grounding the support 6r the chamber walls in the
PVD chamber. The sputtering target is bombarded by energetic plasma ions
causing sputtered material to be removed from the target and depgsited on
the substrate 20. Preferably, the PVD process stage is performéd for a
sufficient time to deposit the sputtered layer to a thickness of at least about
25 1000 A, and more preferably at from about 1000 to about 5000 A,

Although exemplary processes are described in relation to
deposition of aluminum, the process of the present invention can also be
performed to uniformly fill holes with other conductive materials, including

30 for example, the silicides of tdngsten, titanium, tantalum, molybdenum, and
mixtures thereof; other metals, such as for example, copper or chromium;
and semiconductor materials, such as for example, silicon or polysilicon. The

present process can also be used to deposit combinations of different

; |
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The surface planarity of the oriented crystal growmh |layer 32 5 was
determ ned by neasuring their surface reflectivity. Conductive netal

| ayers, for exanple, alum numlayers provide a highly reflective crystals
that are aligned to one another, and have a substantially planar seam of
light on the reflective surface of the deposited |layer, and the intensity
of light scattered by the reflective s ace is nmeasured by an opti cal
sensor, such as 10 a photoel ectric transducer. The neasured intensity
of scattered Iighj'is conpared to the intensity of,]iﬁht scattered froma
monocr yst al | | Ratesialsiipgpydingy toF examaler plvminun.ctomPel SMG8R B Y mber  t hat

provi des a prgynagiu MatniGmassron, fingsfen, tafthiest, oV mixtupsstthpleafasuityblef t he

MLV T i TR N S O

deposi ti on préacmetaesarbyiviqréduysdtajaess.t Fordaimpidyshremiuay targ beldepesitedur f aces

that rgsul t iﬁor% c%?gntiitu?nr géjrbtlzri\ ,h}:aJn%Lrlnef%rLV.lr%Zth(\%_céiJDn%H;n, and copper from
cbpper carbonyl. Copper can also be deposited using a volatile copper
coordination complex such as bis-(1, 1, 1, b, B, 5, hexafluoro-2,
4-pentanedionate} copper (2}, Cu(Hfa),, CuCl,, and Cu({C;H,0,),. Thus, the
present invention should not be limited to a particular process sequence, or

10 to deposition of the exemplary materials described herein.
The following example demonstrates the effectiveness of the

process of the present invention. However, the process and apparatus of
the present invention can be used in other applications, and should not be

15 restricted to the illustrative examples provided herein.

In these examples, a single-wafer "ENDURA" multichamber
apparatus, commercially available from Applied Materials, Santa Clara,
California, was used to perform the present process, as shown in Figures 2a ) .

20 and 2b. Silicon substrates 20 having a thickness of about 0.73 mm and a
diameter of about 200 mm were used in these examples. The substrates
had an insulator layer 24 of silicon dioxidé having a thickness of about 3000
A with vias 22 having diameters of 0.35 to 0.8 as deposited on tr;e
substrate using conventional CVD techniques. Each of the substrates 20

25 were loaded using a mechanical arm into the process zone 95 of the
deposition chamber 40, from a load lock area (not shown) in which nitrogen
was flowed at a pressure of 7 Torr. The substrate 20 was placed on a

resistively heated support 65 in the deposition chamber 40. .

30 In the first seeding stage, the substrate 20 was heated at a
constant ramp rate of about 9°C/min, from ambient temperature to a
setpoint temperature of 260°C. During the time the substrate 20 was at

nucleation temperatures T, within the range of temperatures A Ts of 220 to
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140 to 200% In the present exanples, the deposited alum numlayers 32 20
provided highly reflective surfaces that reflected the beamof I|ight
projected froman optical source of light. The reflectivity neasurenents
wer e dependent upon.the thickness of the deposited |ayer, and the present
reflectivity neasurenents were obtained on relatively thick deposited

| ayers 32 having thicknesses in excess _qof 3000 A. In the present nethod, 25
reflectivity values of at |east about #80% as conpared to the reflectivity
of a nonocrystalline silicon wafer, and nore typically at |east about 21

0% were obt BSOS, farshortt burstsefr dimethybélutiveimd bpdridet E3MAHL seedinthgad wiaag | ayer s

32 demonst r atd oL 4 g, tHelitpbsibRRAEmBL d7GE e ghl BistRES5530 a flow
o .5 |

Fi gures 7a-8b show raction roc | Curves of the surface of
al umi num | ay épte efedfid sease yybubbling hvtirogen cpriet aas at aflgwoiate aE100

sccm through a bubbler containing liquid DMAH. The pressure in the

5 process zone 95 was variable. The flow of seeding gas is terminated after
the seeding gas was introducgd into the process zone for a sufficient time to
form a continuous aluminum-containing seeding layer 30 having a thickness
of about 300 A on the substrate 20.

10 ' Thereafter, a temperature s{abilization stage was performed
after the initial seeding stage and before the deposition stage, to stabilize the
temperature of the substrate 20 at the deposiﬁon temperatures T,. In this
step, argon and hydrogen were introduced into the process zone and the
pressure in chamber 40 was established by controlling the opening size of a

156 throttle valve on the exhaust system. The substrate 20 was continuously
heated from the nucleation temperatures to the depositi.on temperatures of
about 260°C, and typically equilibrated within 60 seconds at a temperature
of about 5°C to 20°C lower than the temperature of the support 65.

20 After the substrate 20 equilibrated at the deposition
temperatures of 260°C, DMAH deposition gas comprising dimethyl aluminum
hydride was introduced into the chamber 40 at a flow rate of aboqt 400
scem. The deposition gas was flowed into the chamber for about 15
seconds to grow an aluminum oriented crystal growth layer 32 having a

25 thickness of about 1000 A on the seeding layer 30. -

Thereafter, the substrate 20 was transferred from the CVD
chamber 40 to the PVD chamber 36, and a sputtering proc.:ess' was
performed to sputter material onto the substrate 20. In the sputtering stage,

30 . an aluminum-containing sputtering target positioned above the substrate 20
was sputtered to deposit aluminum on the oriented crystal growth layer.
Argon was introduced into the chamber at. a flow rate of 15 sccm th_rough

the gas distributor, and the chamber was maintained at a pressure of about
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process of the present invention. The rocking curves were obtained at 2
[err] 29 angl es corresponding to the alum num crystall ographic pl anes
having < 111 > mller indices, using conventional X-ray diffractoneter

met hods. Line 200 of Figure 7a shows a wide x-ray diffraction peak 5
obtained froma conventional alumnumfilm the large full wdth of the
peak at half nmaxi ma, as shown by the |i A, evidencing the nore randomy
oriented crystal grains deposited by the conventional deposition process.
In contrast, the narrow peak of the x-ray diffraction line 210 of Figure 7b

and the corr &spoiaai-nf rovear|of GOP0Hvaits was Rrplied teatheiSRETB, FIBREs t he

hi ghly generate a plasma from the argon in the chamber 40. The argon plasma
sputtered the aluminum target to deposit aluminum on the substrate 20 for

about 30 seconds, to deposit an aluminum-containing layer having a
5 thickness of about 5000 A.

Several substrates were processed as described above. These
substrates were studied using various techniques as described below. Figure
5a and 5b show scanning electron micrographs bf the surface of (i} a thin

10 layer of conductive material deposited by a conventional process, and (ii) a
seeding layer 30 deposited by the present process. Figure 5a reveals that

- conventional processes deposit a granular layer of relatively large sized

crystals that form separated islands with high wetting angles. The individual
crystals or "grains" of the conventional layer have diameters of at least about

156 1000 A, and more typically from about 2000 to 6000 A. The crystals
formed discontinuous islands having apexes at the center of the grains, and
low regions at the grain boundaries. In contrast, Figure 5b shows deposition
of a thin, substantially continuous seeding layer 30 that is absent granular
nodules. The diameters of the fine crystallites range from about 100 to

20 500 A. Also, it is seen that the seeding layer 30 substantially uniformly and
continuously covers or "wets" the surface of the substrate 20.

The scanning electron micrographs of Figure 6a and 6b are
even more demonstrative of the unusual properties of the oriented crystal
25 growth layers 32 that are grown on the seeding layers 30. Figure 6a shows
the surface of a layer of conductive material deposited using a conventional
process, where it is seen that large crystal grains having diameters often
exceeding 6000 A form the deposited layer. The surface is rough and
uneven with randomly oriented crystal cleavage planes clearly visible in the
- 30 photograph. In contrast, Figure 6b shows a planar oriented crystal growth
| layer 32 that is grown on a seeding layer 30 deposited by the present
process. This photograph shows a smooth, planar surface, that §s

substantially absent large granular nodules, and having crystals with large




10 oriented crystal grains fornmed in the present process. Preferably,
the full width at half maxi mumof the < 111 > mller indices of the x-ray
diffraction peak of the present filns are | ess than about 30[err][err], and
nore preferably, |ess than about 4[err] [err]. 15

Referring to Figures 8a and 8b, the intensity or height of the two peaks of
the Iines 220 and 230 provide a neasure of the anobunt or nunber of crystals
havi ng an orientation corresponding to 4%he < 111 > crystal | ographic pl ane.
The height of the line 220 in Figure 8a, denonstrates a relatively | ow
proporti on ofdimmeterd that areysubatdntinihs equivdldre toahy dizmeteraldf yay2 crystals

deposi ted al yn I N nt r.as the |large height of the line 230 in
Fi gure 8b, dgﬁ}orﬂngﬂrnaﬁég“rntdﬁ‘le'wr‘%%gﬁ'v%fa e'i'arge proportion of oriented
crystallites formed in the oriented crystal growh |layers 32 deposited by

the present process. | fnfaGhace fgndHe) Ptneobrehlifa LivBfal gAfhajerpizal 1y at

| east 1:5 tines,
5 was determined by measuring their surface reflectivity. Conductive metal

layers, for example, aluminum layers provide a highly reflective crystals that
are aligned to one another, and have a sﬁbstantial!y planar seam of light on
the reflective surface_of the deposited layer, and the intensity of light
scattered by the reflective surface is measured by an optical sensor, such as

10 a photoelectric transducer. The measured intensity of scattered light is
compared to the intensity of light scattered from a monocrystalline-silicon
wafer to derive a relative percent number that provides a proportional
measure of the reflectivity and planarity of the surface of the deposited layer.
Taking the intensity of the light beém scattered by silicon wafers to be about

15 100%, conventional deposition processes typically deposit metal layers
having uneven surfaces that result in a scattered light _reﬂectivity of about
140 to 200%.

In the present examples, the deposited aluminum layers 32

20 provided highly reflective surfaces that reflected the beam of light projected
from an optical source of light. The reflectivity measurements were
dependent upon the thickness of the deposited layer, and the present
reflectivity measurements were obtained on relatively thick deposited layers
32 having thicknesses in excess of 3000 /‘\ In the present method,

25 reflectivity values of at least about 190% as compared to the reflectivity of a
monocrystalline silicon wafer, and more typically at least about 210%, were
obtained from the surface of the deposited metal-containing layers 32
demonstrating the highly planar surface of the layers.

30 Figures 7a-8b show X-ray diffraction rocking curves of the
surface of aluminum layers deposited by conventional process, and by the

process of the present invention. The rocking curves were obtained at 2 ©
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and nore typically at least 4 tines, the height .of the line 220. This

I ndi cates 25 that the deposition process of the present invention
provides at least 1.5 to 4 tines nore crystallites oriented in the < 111 >
mller indices crystallographic plane, than provided by a conventional
process. Figure 9 shows a conparison of the surface reflectivity at 30
different thickness of (i) a conventi om® |ayer deposited on the substrate
as shown by the Iline 250, and (ii) seeding and. oriented crystal growth

| ayers 30, 3anglsmedrebyoriding po teaattminomesrys@ilograshis Ipfames ipvinge | i ne 260.

Typical Ly, thg 55! i Hdhobs 206G BRI b¥al K by GirIERARe LS hrdiyfy. s decr eases

Line 200 of Figure 7a shows a wide x-ray diffraction peak
5 obtained from a conventional aluminum film, the large full width of the peak
at half maxima, as shown by the line A, evidencing the more randomly
oriented crystal grains deposited by the conventional deposition process. In _
contrast, the narrow peak of the x-ray diffraction line 210 of Figure 7b and
the corresponding small width at half maxima line B evidences the highly
10 oriented crystal grains formed in the present process. Preferably, the full
' width at half maximum of the <111> miller indices of the x-ray diffraction
peak of the present films are less than about 30 @, and more preferably, less
than about 4° 6.

15 | Referring to Figures 8a and 8b, the intensity or height of the
two peaks of the lines 220 and 230 provide a measure of the amount or
number of érystals having an orientation corresponding to the <111>
crystallographic plane. The height of the line 220 in Figure 8a, demonstrates
a relatively low proportion of oriented crystallites in the conventionally

20 deposited aluminum layer. In contraét, the large height of the line 230 in
Figure 8b, demonstrates the relatively large proportion of oriented crystallites
formed in the oriented crystal-growth layers 32 deposited by the present
process. In fact, the height of the line 230 is typically at least 1.5 times,
and more typically at least 4 times, the height of the line 220. This indicates

25 that the deposition process of the present invention provides at least 1.5 to
4 times more crystallites oriented in the <111> miller indices

crystallographic plane, than provided by a conventional process.

Figure 9 shows a comparison of the surface reﬂécﬁvity at
30 different thickness of (i) a conventional layer deposited on the substrate as
shown by the line 250, and (ii) seeding and- oriented crystal growth layers
30, 32 formed by the present invention, as shown by the line‘26.0.

Typically, the reflectivity and planarity of the deposited layers decreases for




I ncreasi ng thickness of the deposited | ayers. However, at thicknesses above
about 3000 A, as shown by the portion 262, the reflectivity of |ayers
deposi ted by conventional processes rapidly decreases for increasing

t hi cknesses. In contrast, the reflectivity of |layers 30, 32 deposited using
the 5 present process decrease nore linearly and at a slower rate,
even above thicknesses of 4000 A Thus, it is seen that the present process

not only increases overall reflectivity30and consequently the planarity of
thick | ayers of deposited material, but also reduces the rate of decrease

of reflectiVigdtedsing Bficlress bNBRSdeostEP RYbiseHORE®r] 8l thicknesses ahsed t o

depost t1 on_ ofebast EOPRHA. R shAENdIEeRerien PRE BRI BHREL 8 By WA or ot h | ayer
32 forms a Sl&éﬁbﬁf&d By banverBiend) prosbspéarpidly @pcreasdsaoeinateadipposi t t hi ckness
g e e LA A csae. In Gorttast, tha Jefistny of e 3045 eRdRBR uskgHRES On the
5 - present process decrease more linearly and at a slower rate, even above
thicknesses of 4000 A. Thus, it is seen that the present process not only
increases overall reflectivity, and consequently the planarity of thick layers of
deposited material, but also reduces the rate of decrease of reflectivity as the
thickness of deposited material is increased to higher levels. This provides a
10 larger processing window for deposition of material on the substrate. The
oriented crystal growth layer 32 forms a substantially smooth and planar top
'surface at deposit thickness greater than about 3000 A allowing deposition

of thick planar layers on the substrate.

15 Figures 10a and 10b show secondary ion mass sp_ectroscopic
analysijs of (i) a conventional aluminum layer, and {ii) an z;luminum layer
deposited by the present process. It is seen that the carbon content of the
conventional film, as shown by line 300 in Figure 10a, is much higher than
the surface carbon content of the film deposited by the present invention, as

20 shown by line 302 in Figure 10b. The present films have higher aluminum to
carbon content in their interfacial surface layers, which are believed to result-
in more oriented and larger crystal grains. Also, the lower carbon_éontent

produces lower resistivity in the deposited layers. -

25 The resistivity of the aluminum-containing layer formed on the
substrate was measured using a four-point probe-method. Itis was
determined that the resistivity of the deposited aluminum layers 30, 32 was
typically less than about 3.3 4Q cm, and more typically from about 2.8 to
about 3.1 #Q cm. This is considerably lower than the resistivity of aluminum

30 layers deposited by conventional methods, which are typically from about
3.2 to about 3.8 #Q cm. Also, the uniformity of resistivity of the deposited
aluminum layers 30, 32 was typically less than about 5%, and more typically

from about 4 to about 5%; which is considerably better than the uniformity

grocemmot wmranasons.
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15 Figures 1 Ca and 1 b show secondary ion nmass
spectroscopi ¢ analysis of (1) a conventional alumnumlayer, and (ii) an

al umi num | ayer deposited by the present process. It is seen that the carbon
content of the conventional film as shown by line 300 in Figure 10a, is
much hi gher than the surface carbon content of the filmdeposited by the
present invention, as 20 shown by line 302 in Figure 1 Ob. The
present filns have higher alum numto carbon content in their interfacial
surface layers, which are believed to Bdsult in nore oriented and | arger
crystal grains. Also, the |lower carbon content produces |ower resistivity -
i n the deposhbf estidtizite rof coentional aluminum layers wilieh mestypidally frproébdute

al um num con%a%ry‘%lg | ayer fornmed on the substrate was neasured using a
four-point probe method. It is was determned that the resistivity of the
deposited al um num | ayers 30, 32 was typically |less than about 3.3

[err][err] cm and m)r'Fhet XﬁvgﬂeL&ibfeaoéppgg%g ar?d _§rotcgsses have several

5 significant advantages over conventional processes. First, the described
process allows deposition of a substantially continuous, planar, highly
reflective, electrically conducﬁve layer on a substrate. Furthermore, the
process forms a highly oriented crystallographic layer that reduces
electromigratory effects consequently increasing the current density handling

0 capability of the layer. Also, the combined CVD and sputtering processes
deposit material uniformly into contact holes and vias, at faster deposition

rates than conventional processes.

The present invention has been described in considerable detail
5 with reference to certain preferred versions thereof. However, other versions
are possible. For example, the present invention can be used tamdébosit
many different materials on the substrate, and is not limited to processing of
semiconductor substrates. Therefore the spirit and scope of the appended
claims should not be limited to the description of the preferred versions

20 contained herein.




about 3.1 [err][err] cm This is considerably |ower than the resistivity of
al um num 30 | ayers deposited by conventional nethods, which are
typically fromabout 3.2 to about 3.8 [err][err] cm#—se——t—he—u—m—f—e&nﬁ—t—

of resistivity of the deposited al um numlayers 30, 32 was
t han about 5% and nore typically fromabout 4 to abmlllmﬂl mlmll

consi derably better than the uniform’ty 31 of res

conventional alum num |l ayers which are ?ypl cally fromabout 6 to 7% The
above-descri bed agfﬁ?r at us and processes have several 5 si gni ficant
advant ages oVMHALKYERAINFRIS:pr ocesses. First, the described

1 1. A chemical vapor deposition process for depositing a

2 substantiall? plan'ar, highly reflective layer on a substrate, the process

3 comprising the steps of: _ .

4 (a) placing the substrate in a process zone;

5 _ (b) in an initial seeding stage, (i} heating the substrate

6 to temperatures Ts within a first lower range of temperatures A T, and

7 (i) introducing seeding gas into the process zone to deposit a substantially

8 continuous seeding layer on the substrate; and

9 | {c) in a subsequent oriented crystal growth stage,
10 -(i) maintaining the substrate at deposition temperatures T, within a second
11 higher range of temperatures A T, and (i} introducing deposition gas into the
12 process zone to'form an oriented crystal growth layer on the seeding layer,
13 the oriented crystal growth layer having a highly reflective surface.

1 2. The process of claim 1, wherein the seeding layer covers

2 portions of the substrate in a continuous layer that is substantially absent

3 separated grains.

1 3.  The process of claim 1, wherein in the oriented crystal

2 growth stage, the deposition gas grows large, oriented, crystals on the

3 seeding layer. ‘ -

1 4, The process of claim 1, wherein in the seeding stage,

2 ~ the substrate is maintained at temperatures T, within a range of temperatures

3 A T of from about 200°C to about 300°C.

1 5. The process of claim 1, wherein in the seeding stage,

2 the seeding gas is introduced into the chamber when the substrate is at

3 temperatures less than about 250°C.




process all ows deposition of a substantially continuous, planar, highly
reflective, electrically conductive |ayer on a substrate. Fur e, the
process forns a highly oriented crystall ographic M.

el ectrom gratory effects consequently increasing: \‘mmty

handl ing O capability of the layer. Al so, tmﬂm:\m Akind
sputtering processes deposit material uniformy i} cont at Mol es and
vias, at faster deposition rates than cdhvent i onal processes. The present

i nventi on has been described in considerable detail 5 ) with reference
to certiain preferred ves.si ohetpnaressiof cldondy erherain frethevasiestasheryarad

possi blg. For exanpl.e tH L nvent | C # : stgg.. Lrdeegsi t nmany
di ffere%t mat g'folvgﬁhss% Prit gsgﬁsgf;h??i‘ @?Mg‘;ﬁﬁﬁ(ﬁdﬁ% an‘g‘%b ﬁ'&Ht e pt 0 procéssing of
sem corgluct or wethirs & rangesof Ehweituree & Fieofsitomiabouin g0t e abrutt4R0 4ppended
clainms should not be limted to the description of the preferred versions
| 7. The process of claim 1, wherein the oriented crystal

growth layer formed on the seeding layer comprises a reflectivity of at least

190% as compared to the 100% reflectivity of a monocrystalline silicon

wafer.

pWN =

8. The process of claim 1, further comprising a stabilization

stage performed after the seeding stage and before thé deposition stage, the
" stabilization stage corﬁprising the step of introducing non-reactive process
gas into the process zone while heating the substrate from the nucleation

O A~ WON -

temperatures T, to the deposition temperatures T..

1 - 9. The process of claim 1, wherein the seeding and

N

deposition gases comprise metal-containing gases.

10. The process of claim 1, wherein the seeding and
deposition gases are selected from the group consisting of aluminum alkyls,
aluminum alkyl halides, dimethyl aluminum hydride, tri-isobutyl aluminum,

trimethylamine alane, dimethyleithylamine alane, and mixtures thereof.

B WN =

11. The process of claim 10, wherein the éeeding gas

2 comprises dimethyl aluminum hydride transported by a carrier gas.

1 12. The proces's_of- claim 11, wherein the carrier gas
comprises hydrogen, argon, or helium.

13. The process of claim 1, wherein the seeding and
oriented crystal growth stages are performed for sufficient periods of time,
that the ratio of the thickness of the seeding layer to the thickness of the

oriented crystal growth layer is from about 1:10 to about 1:300.

hWOWN =
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20 cont ai ned herein. VWHAT | S CLAIMED IS: 1 1. A
chem cal vapor deposition process for depositing a 2 substantially
pl anar, highly reflective | ayer on a substrate, the process 3

conprising the steps of: 4 : I " H
substrate in a process zone; 5 - ﬁ“l“umlﬁ' ”ﬂm mtldl
seedi ng stage, (i) heating the substrate 6 to tenpferdtufMes®Ts*within
a first lower range of tenperatures A T84 and 7 (i) introducing
seeding gas into the process zone to deposit a substantially 8

conti ndous seedi ng | aydad. onThéeracebs bf alaitn 1amtherein the seeding stage is

2 performed for a sufficient time to deposit a substantially continuous, planar,
3 seeding layer in a thickness of less than about 300 A.

1 ‘18. The process of claim 1, wherein the seeding stage is

2 performed for about 2 to about 20 seconds.

1 16. The process of claim 1, wherein the oriented crystal

2 growth stage is performed for about 4 to about 50 seconds.

1 17. The process of claim 1, wherein the oriented crystal

2 growth layer comprises <111> miller indices crystallographic planes having
3 an x-ray diffraction peak with a full width at half maximum of less than about
4 3°9.

1 18. The proceés of claim 1, wherein the process comprises
2 the step of etching holes in the substrate, and wherein the seeding layer and
3 the oriented crystal growth layer are formed in the holes in the substrate.

1 19. A substrate prepared by the process of claim 18.

1 20. A substrate prepared by the process of claim 1, wherein
2 the substrate comprises a substantially planar, highly reflective, aluminum-
3 containing layer characterized by: .

4 {(a) < 111> miller indices crystallographic planes that
5 exhibit an x-ray diffraction peak with a full width at half maximum of less

6 than about 3° ¢; and _

7 (b) a reflectivity of at least 190% as compared to the
8 100% reflectivity of a monocrystalline silicon wafer.

-

21. A computer program product for operating a process

2 chamber for depositing a substantially planar, highly reflective, layer on the
3 substrate, o




9 _ _ (c) in a subsequent oriented crystal growth
stage, 10 (i) maintaining the substrate at deposition tenperatures
T[err] within a second 11 hi gher range of —tenperatures [err] T[err],

and (ii) introducing deposition gas into the 12 “ﬂ ﬂm”mmeﬂto form

an oriented crystal:growh [ayer on the seedl ngew“ ’!I
oriented crystal growth |ayer having a hi

iLvemsus f ace

2. The process of claim1, wherein tgi seedl ng | ayer covers 2
portions of the substrate in a continu %s | ayer that is substantially
absent 3 . Separated grains. 1 ' The process of

claiml, wherein khe priedues ammarisingca gempytep usable megiusyPRVIBE SomPUIET o

deposi ﬁ' on gf}éa&rbi?emﬁrob?arn%odé)ﬁieﬁm Eflbodiby Sherbin, e édiputer progrant @Bdd Ng
| ayer . he process of claim1, wherein in the
seedi n@ st agéneans comprisinge substrate is maintained at tenperatures T[err]

withinga range of tenperatyges substrate positioning code for positioning the

5 substrate in the process chamber;
6 (b) heater control code for operating a heater in (i) a
7 seeding stage, wherein the substrate is maintained at temperatures T, within
8 a first lower range of temperatures A Tg, and (ii) a deposition stage, wherein
g the substrate is maintained at deposition temperatures T, within a second
10 higher range of temperatures A T,; and
11 . (c) process gas control code for (i) in a seeding_ mode,
12 introducing . seeding gas into the process zone during the seeding stage to
13 deposit a substantially continuous seeding layer on the substrate, and (i} in a
14 deposition mode, introducing deposition gas into the process zone during the
15 deposition stage to form a deposition layer on. the seeding layer, the
16 deposition layer comprising large crystals substantially oriented to one
17 another, and having a substantially planar and highly reflective surface.
1 22. The computer program product of claim 21, wherein in
2 the seeding stage, the heater control code operates the heater to maintain
3 the substrate at temperatures T, within a range of temperatures A T of from
4 about 200°C to about 300°C.

23. The computer progfam product of claim 21, wherein in
the deposition stage, the heater control code operates the heater to maintain
the substrate at depositfon temperatures T, within a range of temperatures
A T, of from about 200°C to about 420°C.

24. The computer program product of claim 21,_whérein the
process gas control code performs a stabilization stage after the seeding
stage and before the deposition stage, in which non-reactive process gas is
introduced into the process zone, while heating the substrate from the
seeding temperatures T, to the deposition temperatures T,. -

O bR WN =GR NS




3 [err] T[err] of from about 200[err]C to about 300[err]C 1
5. The process of claim1, wherein.in the seedi the
seeding gas is introduced into the chanber vvhen the at
tenperatures | ess than about 250[err]C. \“ “ﬁn“\mmm\ ‘The
process of claim1, wherein in the orlented cryst rowth st age,

the substrate is maintained at a deposidg on terrperatures T[err] 3

within a range of tenperatures [err] T[err] of from about 200[err]Cto

about %20[ err]C. 1~ 225_ The °r°(5“\,&‘ﬁe’ %{ogr,an} Brodgépoﬁa?lﬁpfmcmbm"}fn wherein

the oriented crystal e seedin
conpri 2es a . rthélseediny btapeofheanro¢asa$tas C’control cod@%ﬁ@@@e@dngfal-e@tg@:rmhe 100%

refl ec&i vity s%]:ad%g rH%Q(?ﬁtro%ﬁE %Hciegg zgnlel \io?%Bout 2 to about 20 seconds.

1 26.. The computer program product of claim 21, wherein in
2 the deposition stage, the process gas control code introduces metal-
3 containing deposition gas into the process zone for about 4 to about 50
4 seconds.
1 27. The computer readable program product of claim 21,
2 wherein in the seeding and déposition stages, the process gas control code
3 introduces into the process zone, gas selected from the group consisting of
4 aluminum alkyls, aluminum alkyl halides, dimethyl aluminum hydride,
5 tri-isobutyl aluminum, trimethylamine alane, dimethylelthylamine alane, and
6 mixtures thereof.
1 28. A computer readable program product for operating a
2 process chamber for depositing a substantially planar, highly reflective,
3 metal-containing layer on a substrate, the computer readable program
4 product comhrising:
5 {a) positioning program code means for positioning
6 the substrate in the process chamber;
7 ' (b) nucleation program code means for (l)'heatlng the
8 substrate to temperatures T, within a first lower range of temperatures A T,
-9 and {ii} introducing a metal-containing seeding gas into fhe process zone to
10 deposit a substantially continuous éeeding layer on portions of the substrate;
11 and
12 (c) oriented crystal growth program code means for
13 {i) maintaining thé substrate at temperatures T, within a second higher range
14 of temperatures A 'i'.,, and (ii) introducing metal-containing deposition gas
15 into the process zone to grow an oriented crystal growth layer on the
16 seeding layer to provide a substantially planar, highly reflective, metal-
17

containing layer on the substrate.
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4 wafer. 1 8. . The process of claim1, further
conprising a stabilization 2 st age perforrred after the seeding stage
and before the deposition stage, the 3 mlll”mu'"rn npri sing
the step of introducing non-reactive process 4 mumﬁ ir ocess
zone while heating the substrate fromthe nucleati§ $ t*enperatures
Tlerr] to the deposition tenperatures Tggrr] 1 9. The
process of claim1l, wherein the seedl ng and 2 deposi ti on gases

conprisg netal - cont ai ni gases ocess of
claim 1{3 wherein the seggl ngﬁ‘ "?"ter readable, BOFA %d;ugés?fgr;e %L,sl’ ected from
t he grop cons:eremgh@fseedlwmmmralcb#é gneads mamtalnalthmsmma¢ Ryl hali des,

di met hy} al um, ' | m ne

al ane, %I met hyPM%m%%nqﬁ‘éw% nla?lta% ?i)éém%rggneréy@h-rér fffom fb&h %Ja/{da

11. The pr ocebsubBOQP@i m 10, wherein the seedi ng gas

1 30. The computer readable program product of claim 28,
2 wherein the deposition program. code means maintains the substrate at
3 deposition temperatures T, within a range of temperatures A T, of from
4 about 200°C to about 420°C.

1 31. The computer readable program product of claim 28,
2 ‘wherein the seeding progrém code means introduces metal-containing

3 seeding gas into the process zone for about 2 to about 20 seconds.

1 32. The computer readable program product of claim 28,
2 wherein the deposition program code means introduces metal-containing

3 deposition gas into the process zone for about 4 to about 50 seconds.




2 conprises dinethyl alum num hydride transported by a carrier gas. 1
12. The process of claim 11, wherein the carrier gas 2 conpri ses
hydr ogen, argon, or helium 1 , 13. The process of claim
1, wherein the seeding and 2 oriented crystal growh stages are
performed for sufficient periods of tine, 3 that the ratio of the

thi ckness of the seeding |ayer to the 4di ckness of the 4 oriented
crystal growmh layer is fromabout 1:T0 to about 1:300. 1 11111121 111111

1111l 111i1 11111t METHbD MypSarbaRATUS FOR DEPOSITING
- HIGHLY ORIENTED AND REFLECT IVE CRYSTALLINE LAYERS

-ABSTRACT

The present invention is to a chemical vapor deposition process
for depositing a substantially planar; highly reflective layer on a substrate 20,
5 and is particularly useful for filling high aspect ratio holes 22 in the substrate
20 with metal-cohtaining material. The substrate 20 is placed in a process
zone 95, and successive seeding and oriented crystal growth stages are
performed on the s.ubstrate. In the seeding stage, the substrate 20 is heated
to temperatures T within a first lower range of temperatures A T, and a |
10 seeding gas is introduced into the process zone 95. The seeding gas
deposits a substantially continuous, non-granular, and planar seeding layer
30 on the substrate 20. Thereafter, in an oriented crystal growth stage, the
substrate 20 is maintained at deposition temperatures T, within a.second
higher range of temperatures A T,, and deposition gas is introduced into the
15 process zone _95. The deposition gas forms an oriented crystal growth layer
32-on the seeding layer 30, the oriented crystal growth layer having a highly
reflective surface that results from highly oriented, relatively large crystais
that grow on the seeding layer.

Figure 2b
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1 14. The process of claim1l, wherein the seeding stage

Is 2 performed for a sufficient tinme to deposit a substantially
continuous, planar, 3 seeding layer in a thickness of |ess than about
300 A 1 15. The process of claim1l, wherein the seeding
stage is 2 performed for about 2 to about 20 seconds. 1

16. The process of claim1l, wherein the oriented crystal 2 grow h
stage is performed for about .4 to about 150 seconds. 1 17.
The process of claim1, wherein the orirented crystal 2 growt h | ayer
conprises < 111 > miller indices crystallographic planes having 3 an
x-ray diffraction peak with a full width at half maxi rum.gf |ess than about

18. - The procees of cl aiat8

4 3[err] [err] 1
wherein the process conprises 2
substrate, and wherein the seeding |4

V4
- T T
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3 " the oriented crystal growth Iayér are formed in the holes in the

substrate. 1 19. A substrate prepared by the process of
claim18. 1 20. A substrate prepared by the process of
claiml1, wherein 2 the substrate conprises a substantially planar,
highly reflective, alum num 3 containing |layer characterized by: 4
(a) < 111 > mller indices crystallographic planes that 5 - exhi bi t
an x-ray diffraction peak with a full width at half maxi mumof less 6
t han about 30 0; and 7 ’ —_ (b) a reflectivity of at
| east 190% as-conpared to the 8 100% reflectivity of a
nonocrystalline silicon wafer. 1 21. A conputer program
product for operating a process 2 chanber for depositing a
substantially planar, highly reflective, |layer on the 3 substrat e,
F 0w

*

S

| /35

36

(N

A .‘.‘
LT @

REPLACEMENT SHEET

"29 DEC 197




1 - t he product conprising a conmputer usabl e nedi um havi ng

conputer 2 readabl e program code neans enbodi ed therein, the conputer
program code 3 means conprising: 4 (a)
substrate positioning code for positioning the 5 substrate in the
process .chanber; 6 (b) heater control code for
operating a heater in (i) a7 seedi ng stage, wherein the substrate is
mai nt ai ned at tenperatures T[err] mﬁtth 8 a first |lower range of
tenperatures A T[err], and (ii) a deposttion stage, wherein 9 t he
substrate is nmaintained at deposition tenperatures T[err] within a second
10 hi gher range of tenperatures A T[err]; and
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11 - : (c) process gas control code for (i) in a

seedi ng node, 12 I ntroduci ng seeding gas into the process zone during
t he seeding stage to 13 deposit a substantially continuous seedi ng
| ayer on the substrate, and (ii) in a 14 deposi tion node, introducing
deposi.tion gas into the process zone during the 15 deposition stage
to forma deposition |ayer on. the seeding. |ayer, the 16 deposi tion
| ayer conprising large crystals substanfially oriented to one 17
anot her, and having a substantially pl r and highly reflective surface. 1
22. The conputer program product of claim 21, wherein iLn %h t he
seedi ng stage, the heater control code operates the hedtef £0 maintain 3
the substrate at tenperatures T[err] within a range of &pxﬁératures A
T[err] of from4 about 200[err]C to about 300[ern}¥f 1
23. The conputer program product of claim 21, mherelniglz t he
deposition stage, the heater control code operates §he Q?hter to maintain
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3 the substrate at deposition tenperatures T[err] within a range of

tenperatures 4 [err] T[err] of from about 200[err]C to about
420[err]C. 51 ' 24. The conputer program product of claim
21, wherein the 2 process gas control code perforns a stabilization
stage after the seeding 3 st age and before the deposition stage, in
whi ch non-reactive process gas is 4 I ntroduced into the process zone,
whi | e heating the substrate fromthe 5g seeding tenperatures T. to the

deposition tenperatures T[err] 36 T . 25. The conputer
program product of claim21, wherein in '

\.,

Dy },2 ‘ag,’hz-ssp -85

/‘/s.»

Process without nucleation step |

Fig. 5a
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3-10_ -
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Process with a nucleation step

Fig. 56
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2 t he seedi ng stage t he process gas control code introduces

netal -containing 3 seedlng gas into the process zone for about 2 to
about 20 seconds. 1 26. The conputer program product of
claim 21, wherein in 2 t he deposition stage, the process gas control
code introduces netal - 3 cont ai ni ng deposition gas into the process
zone for about 4 to about 50 4 seconds. 1 ' 27. The
conput er readabl e program product of CL§3ﬁ121 2 ~ wherein in the
seedi ng and deposition stages, the pro s gas control code 3

i ntroduces into the process zone, gas selected fromthe group consisting of

4 al um num al kyl s, alun1nun1alkyl hal i des, dlnethyl al um num hydri de,
5 tri-isobutyl aluiy- - By hyl am ne
al ane, and 6 m § onput er
readabl e program pr of
I1S1_ R - .
sMc 3 2s KV X58. B Gaenn
Process without nucleation step
Fig. 6a
1 25 KV x58.8K ''é@@ens
Process with a nucleation step
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2 process chanber for depositing a substantially planar, highly
reflective, 3 netal -containing | ayer on a substrate, the conputer
readabl e program 4 product conprising: 5 (a)
posi tioning program code neans for positioning 6 the substrate in the
process chanber; 7 " (b) nucleation program code
means for (i)-heating the 8 substrate to tenperatures T. within a
first lower range of tenperatures [err],T[err], 9 ~and (ii) introducing
a netal -containing seeding gas into theprocess zone to 10 deposit a
substantially continuous seeding |ayer on portions of the substrate; 11

and 12 : 109 8 -7 4§ 4 Fi-drted cry3tdl 4gr 7 ? alh code
means for 13 (ig hai nt'aihi hg'the Subsgirate’ at t'empelat'uries’ Tferr]

wi thin a second higher range 14 of t ratures [err] T[err]}, and
(i1) introducing netjal - contai ni ng deposi fi as

3 -

FWHM=5.1°9

Y.

Intensity

. L : 200

0 (N T I TN TN N SN BN NN NN B |
-10-9 -8 -7 6 -5 4 3 2.1 -0 1 2

Rocking Angle ©
Fiy. 7a

<109 8 -7 6 -5 -4 -3 -2-1 01 2 3 4 5 6 7 8 910
1 -V VT T T r 1 L]

:
ol
:

w
E -8
W
~
o
O
—
(=]

FWHM=2.6°©

Intensity

0 | S N - i 1 ¢t 4.1 1.1 1 1
-10-9 -8 -7 -6 -5 4 .3 2101 2 3 4 5 6 7 89 10
' Rocking Angle ©

- Fig. 7b REPLACEA%:NT SHEET

29 DEC 1997

e U,




15 into the process zone to grow an oriented crystal growth [ayer on

the 16 seeding |l ayer to provide a substantially planar, highly
reflective, nmetal - 17 containing | ayer on the substrate. 37 1
29. The conputer readabl e program product of claim 28, 2 wherein the
seedi ng program code neans mai ntains the substrate at 3 - tenperatures
T[err] wthin a range of tenperatures [err] T[err] of fromabout 200[err]C
to 4 . about 3000C. 1 30. The conputer readable
program product of claim?28, 2 wHET ei n t he deposi ti on program code
means mnai ntains the Substrate at
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3 deposition tenperatures T[err] within a range of tenperatures [err]

T[err] of from4 about 2000C to about 4200C 1 31
The conputer readabl e program product of claim28, 2 wherein the
seedi ng program code neans introduces netal -containing 3 seedi ng gas

into the process zone for about 2 to about 20 seconds. 1

32. The conputer

readabl e program product of claim 28, 2 wherein the

deposi ti on program code nmeans introduces netal -containing 3
deposition gas into the process zone f
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