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BACKGB.OUNDOF .TJ{E. INVENTION 

. . 5 Field.ofthe.Invention 

·2000012:19-9 
0 7. BEC 2000 

The Jm'Sei;lt mv~tion · ~late$ . to a me~alllzatiQll. ptoceS~ · fqr · manu:facturin~ . ·. ... . . 

seilliconductor ~vices~ Mqre:p8tti¢ufarly, the inventio]l relates to a mef:b.od for dej,ositing . ·. . . . . .. 

: · 10 Backtronnd of the Related Art' 
. slitface aco~o ~ve csAW) and bulk aco'uStic wa,ve (BA W) devices are circuit 

4«Wi¢es wbiOli eon4~t·.~i~~l pt~~~ PY.C<>n'7~ eJ~c~ .si~. ·tQ·· aco~tfc . 

=~.00:=:1!:! !:-:::::::::; 
15 devices Widely used as fU~, r~onators, delily llnes, and o~er elect:ri,c~~ustie device8 in 

commu~.foations and .related· fieldS. In partiettlar, SAW ·and BAW devices . are highly 

desirable for use in the mobile radio communications field since the acoustic wave devices 

have a simple construction which provides effective radio filtration Gharacteristic~. fo:r use 

in mobile communication electro~es. Recently, an increasing need ~-_arisen for SAW 

20 and BA W devices to operate at. higher frequencies to keep p~ with .the increasing 

demands for faster information tr8nsfer in the mobile radio communications field. 

As an example, a SAW device is manufactured by forming electrodes of a 

conducting film, e.g .• a metal, called inter-digital transducers (IDTs) on a piezoelectric 

substrate, with the electrodes interconverting the electronic signals and the surface acoustic 

. 25 waves. The characteristics of surface acoUstic waves depend upon the propagation 

characteristics of the electrodes on the pie~electric substrates. For acoustic wave de,vices 

to operate at higher frequencies, the piezoelectric substrates .and the electrodes must have 

high propagation velocities for the acoustic waves. 

. Piezoelectric materials having desirable electromechanical properties, such as high 

30 propagation velocities,_ high frequency response, and high coupling coefficients, may be 

attained by using composites of thin piezoelectric films with materiats used as bulk wave 

propagation media,, surface wave propagation . substrates and mechanical resonators. 

Therefore, one preferred method of achieving high frequency operations of acoustic wave 

/ 

' ; 
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deVices is. to a~~sh. a Wgtt·s.P~tJ4 s,cqµstic: wave 1>~oP~8.a~9n ~ti:n ot>.. a piezo~i~c: inID 
ot 8ubstrat¢. 

··.=.: .. / 

· AlwhlttrinJ. ~ttlde (AIN) films hay~ be.en COiisict~d as an attra(ftiV~ piezoelectric 

1llaterial for fabrieatl~ oi ·ori-C~p high· f[equericy. GHz•band acoustic wave de'Vices 

s .· . (greater_th8Ji 26~} qC,~e.Qf~~ wtride's ~tt;t~ti~e el~cttgm#timncat pinp:~mes 
v.rbi~h hj¢lh4~ fi"hlgh pfQp*18aii~ VeW~lty i>f.~~out 6()0oiri/$; alrl,gh c9UPlin,$ co¢ffi<fieiit of .. 

·::··~:~~:-::~r=~~~:~·· 
electrom~ch811i~ VJ,"9})®~ .are .d~dent on tlie . fi1m's p}iysical Paralll~t¢{8 ~ljioh 

io mcb1de the cry~tal sftt1cWid~. ~e ct)'$i~ orierit•ti()n~.·$c1 tb,e tm9]tri~s oftt#~ ~ifuc '.l,1Y_ 

%~!&£~iii! 
· orientation(often ~f¢rred.tc> · 8$· crystal <>tientati~, -and urilfQtixl•tbic~ess _fo~. u$e ·i:il ·SAW 

15 applicationS, and in partic~ar, for use ·in the fabrication ofbn.;.cb.lp acoustic wave dfWi.ces 

for integrated circuits. 

Convelitionally~ thin ·aluminUm. nitride (A.JN) films are deposited _by chemical 

vapor deposition (CVD) and molecular beam epitaxy {MBB) techniques. While these A1N 

films showed very promising. acoustic ":ave properties when evaluated by surf~e ~ustic 

20 wave techniques, these depOsition methods for AlN films typically require a high substrate 

temperature in excess. of 1 OQ0°C. ~high deposition temperature is not CQmpatibte with 

current semico~ductor integrated-circuit manufacturing methods for the fabrication of on­

cbip acoustic wave device8 • 

. One alternative technique for depositing A1N films at temperatures lower than 

25 500°C is· to deposit the A1N film by a PVD sputtering method. However, aluminum 

ni1ride iayers deposited by fVD methods tend to produce layers having random crystal 

orientations. The aluminum nitride crystal structure which forms randomly on a substrate 

produces polycrystalline films without a preferred grain orientation. A random crystal 

orientation leads to a degradation in conversion between electronic signals and surface 

30 acoustic· waves by produting films having low coupling coefficients, and impaired 

acoustic propagation velocities with higher propagation losses. Thus, the orientation of the 

crystal in a polycrystalline film is a key material parameter affecting the SAW and BA W 
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charact~Sp~· ()f d~ositect tilµi#; an4, tije cryst~ orientatio~ fotµi~tipn·~ tQ.e. AJN film is 

important to the fOnnation of a fi.ttn ~,g ~4ij~~r acouSti~ :p~o~~. 
Thfu film depositio~ processes· fypical.iy. begin with the deposition of isolated 

. '· . .·. 

nucleation sites~ In a PVD dei>osition; tiles~. sites are ~ted when individual sputtered 
. .· .. ·. . ·. . . ·. . . . .. . •. . . 

5 p9rtion~u>fthe targe~ ·hit Uie.~~$tr~~,~f61j9~~: by otqer .~~¢4 portions 4epositing on the 
1·······: ..... · : 

··==~~a~•t~:r:.s~:t. 
~utteriiigproduc~ polycryst~e· film$ .originating and gro"Wip.g :fr9rii ran4om nucleatj.on · 

. . . . . . . . ' . . ... . .. . . . 

10 $it~. Nueleaifon sites h&vmg Ciyiital Pii~1i<>ris which ~Xbibitf8$t 8rc>Wtti ra.te8, stich as 

.:r;~~Zl~~~~4!::t~~· 
ffi;tq tlie PVD s})uttering prOC~s~has ~Uttlpie ~hi~ of ~~g: ~es ~d 1>!11~1:tiple" cfystai .· 

orientations~· 

15 One proposed method of ·pioclucing . an alumirimn nitride film by PVD With a 

preferred degree of crystal orientation is disclosed. in Ishihara et al., "Control of 

Preferential Orientation of A1N Films Prepared by the Reactive Sputtering Method", Thin 

Solid Films.316, pp~ 152-157 (1998). Ishihara et .al. provide a sputtering process regime 

for depC>Siting aluminum nitride :fibDs haviiig a preferred crystal Qrientation. However, the 

20 Ishihara et aL process produces films ~t are highly stressed and have ~on..:~fonn film 

thickness. The high film stress produces layering defects in the film that have a 

detrimental affect on the elec1rom~cal properties of the aluminum nitride· :fihns. 

Further, since the transmission frequency. and :frequency response of a SAW device is very 

dependent on the uniform thickness of a film, non-uni(orm filnis provide variable and 

. 25 inconsistent SAW performance. Additionally, the Ishihara et al., process suffers .from low 

deposition rates of less than 200 angstroms per minute in comparison to commercially · 

acceptable deposition rates of about 1000 angstroms per minute or greater, thereby 

limiting the commercial application of the process. 

Therefore, there remains a need for a method for depositing aluminum nitride films 

30 that provides a preferred crystal orientation and improved film properties with high 

deposition rates. 
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. SUMMA.RY ()Ji'TlIE IlWENTION . 
.. . : .. ':.·· .. 

the. p~ent invention g$ierany pr6vides a two step proce8s fol:' forming an 
aJuminum. JJ.itride iayer on a sub$'ate ~g physical vapor deposition techniques. In one 

. .·· . . 

aspect of the invention; the deposition process . comprises depositing a· first aluminum 

s nitrid.¢ Jay~ at a first chaniber J>i.C38~ pr~t~Iy between abc;)rtt 1.5 milliTorr and about · 
. . . . . . . ... · ... '·· ... :. . . . . . ,·. 

·?~!;:B,i&!i2$:5~7: 
The first al~Um. nitride layer is p~feral>Iy deposited by sputtering ~ aluminum ~get 

10 :;::;:~:7:~~c:: .. m~;;::a::: 
15 

I)~·. hef~bly, ~eiitst ·~d,:~~~ d~o~~tlo11 ~$.are ~ett o~t in the same PVD . 
9hatllb:el:' at a ~bstrate t~p~mre ·b~tweefraht>ut 1:1sQc and about SOQ°C . 

In. another· aspect of th~ illverltion; ah . almnin.um nitride ·jihn is deposited on a 

substrate in a processing cfuunber by in.trt>ducing ·a first nitrating process g~ into the 

pro~sing chamber to produce a first chamber pressure, sputtering an aluminum target to 

deposit a first aluminum nitride layer, introducing a second nitrating process gas into tl:ie 

processing chamber to produce a second chamber pressure higher than the first chamber 
. . 

pr~sure, and sputtering an aluminum target to deposit a· second aluminum nitride layer. 

· 20 The deposition process provides a preferred crystal orientation with improved film 

properties~ The deposition process also provides a high rate of deposition for forming an . 

aluminum nitride film. 

BRIEF DESCRIPTION OF~ DRAWINGS 

25 So that the manner in which the above recited features, advantages and objects of 

the present invention are· attained and can be understood in detail, a more particular . . 

description of the invention, briefly summarized above, may be had by reference to the 

embodiments thereof which are illustrated in the appended drawings. 

It is to be noted, however, that the appended drawings. illustrate only typical 

30 embodiments of this invention and are therefore not to be.considered limiting of its scope, 

for the invention may adriiit to other equally e~ective embodiments. 
. . 

Figure 1 is a schematic cross-sectional view of an PVD chamber suitable for 

performing the PVD processes of the present in.vention; 
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Figufe 2 is a ~plt#ed bl9~~ dia~ sh.;~g the bi~~cai <;Qlltrol stnttjure of 

a computer progrmn sUitable for controlfuig a tttc>~s of the pr~$t invention. 

DETAILED DESCRIPTION QF TlIE PrtEFERREb EMBODIMENT 

The present· ittrentio~ . ~~~Y prc>Vid~ a . tivo ·mep· proce8s for dep.o$iting a 

~==o:~~:~:;=~~= 
the first at\unfuurii riitrlde la.~er is · dep(>$~ted at· a fif$.t. cb.aful;>ef~rl,ssiire and fhe second 

aluminwn nitride l~ym.: is dq>()~ite<I at a _sec0n~ c~ber presSlite higlier than the· tirSt 

=~=a::~~lfa~. 
~p~ttenng._the atulnilitµD·-t~g¢t··iii:·~·¢tfa!1Iig·;~as,_,PF~t~l>1y irlttt:>8~ and an m.~:&as, 

preferably argon, plasma at a chatri.bel" ~ure of between about 5 millil'orr arid al>6ht l 0 

15 niilliTorr~ . Th~ two step process for depositing ·th~ film is preferably. perfomied at a 

substrate temperature between about 125°C ~d about 500°C. The-present inven.tiOn has 

the advantage of producing, at a high deposition rate, an aluminlim nitride film having 

preferred degree of grain orientation with low film stress and improved thickness 

uniformity. 

20 

The Apparatus .. 

The methodS of the present invention may be- performed using a PVD chamber· 

commercially available from Applied Materials, Inc., of Santa Clara, California. The · 

. features of the PVD chamber are generally described below. It is to be understood that 

25 while the below described PVD chamber is knoWn. to the inventors, other chambers may 

also be used o'r modified to be used, to advantage to accomplish the methods of the pre~ent 

invention. 

The PVD chamber 36 generally comprises a chamber enclosure 102, a target 104, a 

substrate support 106, a gas inlet 108 and a gas exhaust 110. The chamber encfosure 102 

30 includes a chamber bottom 112 and a chamber side wall 114. A slit valve 115 is disposed 

on a chamber side wall 114 to facilitate transfer of a substrate 116 into and out of the PVD 

chamber 36. The substrate support 106 is disposed on a substrate support lift assembly 

118 through the chamber bottom 112.. Typically, a temperature control element (not 



I ; f 
.· I 

I 

6 

. . . .· . . 

sbOWJl); •$ucb as a h~ier, is. in~prpolJJ,ted wit]:t~ri tfJ,~ sll:bstrate s~pport 106 to control the. 

temperature of th~ substrate 116 durfugprocessing~ :&eferably, the substrate sUpp~rt 106 

is . made of stainless steel, and the · temperatur~ c6l).trol element· coJllprises . a 

. platinUm/rhodium heater coil. The Stibstrate ~port lift assembly 118 moves. the substrate 

5 support to6 vertically b~tween a m1:>$tra.!e traI1Sfer positi~. and. a substqite pro¢essing 

position. A litl P,iJ1assembly i2() littS ~e $Ubstrate· U6 ~ff.the ~bstrate mipport 1~6 to. 

facili•te transfer of the subsifate il6 betW~ the c~bef and~~ tobot blade (not ShoWll) 

used to t:ratlster th~ s1lbstrate into and oui-()fthe Chamber. 
'.l'he wget 104 is dispose4 in Ui.e top portion of. the chamber enclOsure 102. 

10· Pref~bty, th~ hlfget 104 is positiov,e<i ~t1~ above the substrate support 106." .The 

. taf$et ) 04 g¢erafly compris~ ·Ii :b~Jdng· :p~t~ 122 suppQifui.$ ~ pfate• of siJutterable 

riiatetjal :12~~ ~i~ ~~et xnat¢rl~ fof.-~tU'ni!'uni nitxia~:iiltbs .~e 'aluµrln\lin foi' u8e · 

wil'h the reaoti~e:sputtering process qescri~¢<her~· ·•Th~ l>~k;11~ .plate 12~ mcfodes a 

· flatige portion 126 that is seemed to th~ oli·a~ber en.closure 102 •. P~ef~bly, a seal i2s~ 
15 suchas an-CJ.;rihg, js-provided betWeen the .tlm;tgeportion 126 ofthe backing plate 122 and 

the chamber enclosure 102 to establish md maintain a vacuum environment in the 

chamber .dUring processing. A magnet assembly 130 is disposed above the backing plate 

· 122 to· provide magnetic field enhancement tlµlt increases the pl~ derisity adjacentthe· 

target _sputtering surface (by trapping electrons) to enhance sputtering of the target . 

20 material; 

A lower shield 132 is di~osed in th~ chamber to shield the interior surfaces of the 

chamber enclosure 102 from deposition. The lower shield 132 extends from the upper 

portion of the chamber side wall 114 to a peripheral edge of the substrate support 106 in 

the processing position. A clamp ring 134 may be used and is removeably disposed on an 
. . 

25 inner terminus 136 of the lower shield 132. When the substrate support 106 n:ioves into 

the processnw position, the inner terminus 136 surrounds the substrate support 106, and a 

peripheral portion 138 of the substrate 116 engages ·an inner terminus 133 of the clamp 
. . 

ring 134 and lifts the clamp ring 134 off the inner terminus 136 of the lower shield 132. 

The clamp ring 134 serves to clamp or hold the substrate 116 as well as shield the 

30 peripheral portion 138 of the substrate 116 during the deposition process. Alternatively, 

instead of a.clamp ring 134, a shield co:rer ring (not shown) is disp~sed above an inner 

terminus of the lower shield. When the substrate support moves into the processing 

position, the inner tenninus of the shield cover ring is positioned immediately above the 
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peripheral portion of the substrate tp $hiel<). the perlp}letal portio11 :of the substrate supp<>rt 
; .~ 

· 106 :from de}losition~ 

Prefel"ably, an upper shield 140 1t; di~oseq withfu an liP.Pet portion of the lower 

shield 132 and extends :from the upper portion of the chamber side wall 114 to a periplierru 

5 edge 142 ofth.e.clamp nng 134 .. fref~J:y,,tlieuppC?r shield l4()PblD.:p#Ses a·inaterlalthat 

::iarTh:::l:iis;;::~~~~t:: 
increased iomzation of the p~asrna C9Alpareci tO 'a. gr()urtded. upp~ shi~td. The increa8ed 
ionization provides inore·ion$ toimpact.thetarget I04·1eading w a greater depositio~ ~te 

10 b~ause ofthe in~~ $ptnt~~ ·~ tf:le tkget t94~ · M;~tlvely, the upper shi~ld 

i4licani==:~~·h~~~~~to2 .. 
· iQ.u:octue~·a.processhtg ~into.the ~µJ.bei-e1;icio$Ur~102 al1a··ente-r&a:Pi6c¢ss:•.eavitY 146. 

by flowing betvieen··.the upp~ Shield 140 an,d Ut¢low; s~eld: 132. Th~ pI'()cess. caVity 146 

15 ·is~definedbythe target 104, the·subsfr~te "116 dispo$ed on the substrate support 106inthe · 

processing position and the upper shield 140~ Typically, argonis introduced through the 

gas inlet· 108 as the process gas source for the plasma~. A gas exhaust 110 is disposed on 

the challiber side wall 114 to evacuate the cllam.berprior to the deposition process, as well 

as control the chamber pres8Ure during the deposition process. Preferably, the gas exhaust 

20 110 includes an exhaust valve IS(>' and an exh~ust pump 158. The exhaust valve 156 

controls the conductance between the :interior of the chamber 36 and the exhaust pump 

158. 
. . 

To supply a bias to the target 104, a power source 152 is electrically connected to 

. l the target 104. The power so:mce 152 may include ·a DC generator and a DC matching :··i 
I 25 network coupled to the target 104. · The power source 152 supplies the energy to the 

process cavity to strike and maintain a p~a of the processing gas in the process cavity 

during the deposition process. 

A gas ~xhaust 110 is disposed on the chamber side wall 114 to evacuate the 

chamber prior to the deposition process, as well as control the chamber pressure during the 

30 deposition process. Preferably, the gas exhaust 110 includes an exhaust valve 156 and an 

exhaust pump 158. The exhaust valve 156 controls the conductance between the interior 

of the chamber 36 and the exhaust pump 158. The exhaust pump 158 preferably 

comprises a turbomolecular pump in conjunction with a cryopump to minimize the pump 
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. · . do'1VP- (Une ~fthe chamber. J.J,te.tpativ~ty,·t}ie ~~Ust {>ufuP 1$~ ·C?¢Ptls¢s a 'tow pressure, 

•.. a high:pte~~ PufuP ~r. a coriihhiati<>n pf low ~sµl"e, and ltl~ pt~ssurepunips. ' 
· R~femng to Figure I, :tbf; sputtetin.g process ~s pei;forined proce8sing zone or 

· process c~'1ify ~46 · located be!Ween the sptittering tlirget to4, prefer~bly composed of 

s · . ·ai~~· ·and the s}Jbstr~#~ U6~ ''J:'1J¥ta!set l 04 ,is eie¢hic~lY i'soJat~ from ttie ~h~ber 
. . . .· •: .... . 

· :i6 a#<l. . s~es as a I)~o~s :el~fr?4e f6r ~~~~h& ~· ~u*~S. .. pi$ma. purkg _the 

c::n~;~;t~~p::r.;z:tt 
10 

'sputter:ing~get 104~ \Vifh.the.twget at.a:Q,e~fiyevqltage; tqJQJ::m an electric fieldwi~ 

[$ltS~iFZi\1iiiE. 
=y=o~-.t~v0=·~~=· 

15 tat~et of from abouflO.O tO about 20,000 Watts, and.more.fypically from about_ 100 to 

1 o,ooo Watts, and more preferably between about 4000 and about 7000 watts. 

Control.Systems · 
. . 

Referring to Figllre 2, the proce8ses of the present invention can be implemented 

20· using a computer program product 161 that runs on ~ conventional ·computer system 

compris~g a c~tral processor unit (CPU) interconnected to a memory system with 

peripheral control components, such as · for example a 68400 microprocessor, 

commercially available from Synenergy MicrosysteID$, California. The computer program 

code can be ;written in ~y conventional computer readable programming language such as 

25 for example 68000 assembly language, C, C++, Java, or Pascal; Suitable program code is 

entered into a single file, or multiple files, using a conventional text editor, and stored or 

embodied 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 r~tant 

compiler code is then linked with an object code of precompiled windows library routines. 

30 To execute the linked compiled. object ·code, the system user invokes the object code, 

causing the computer system to load the code in memory, from which the CPU reads and 

executes the code to perform the tasks identified in the program. 

Figure 2 shows an illustrative block diagram of the hierarchical control structure of 
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the ~om.puter:P~~atrt 16t •/:1- User: ent~ a_· process set riwn?el'. _az.i(t pfoc~$-:·~h~~er 
number Into a proceSs se,lector subr-Outfue16ltn respo~e to niel111s' or-'~creens ~lay~ 
on the CRT m~mtor by using th~ light pen interface. Tlle process set~ ate pred~ilied . 
se~ of process parameters necessary to ~ out Specified processes, and are iden~ed by 

1m:de~c;d set .nUIJ1~et$ •. ,Pr9~s sel~tor -~broutine 16i i4?tit1es._ (i) tJi~_:i4Citti.fied 

ptd~~ cbat,l:ib~~ 6i: th~ desired· ptoc.~. chatiibet if a i;nulti~Cllalil})er systeni- i~ u.$~- a.id 

(lt) tlie· d~ire'd. . ~et 6r°:~roc;~S.- pata.tti~t~ ii~e.cl to qp~t~ thct~cess chalriber fcir 

petfoitjrln$the<lesire~ Pr0~g. The pr(>cess par~et~_ f"otperforinfug -~ specif16.piriC:ess · 
.. 

. ~late ~o proc~ conditio11$ such as, for ~aµ:i,p~e, proces~ g_as cc:>mposition and flow ra~es, 
.~·:.: •. ~ .. .;:;-_ "h_.·:.t, __ ._.'.tes. ·_.··p.·lasuia·ctindi~·nssuch··.- __ .,._ .. ··n·· __ ·c" .• -. f e1" anttchan:tber. 
._.l"era:~-e, a~ _erp . __ sure-; , . .· . "'"P, ... a.s . power IW--~- .... _ .. - , ... 

. .. . . . ..·.· .. : .. · . ·. . . .. . ... ·.· ... · .. . . · .. ·. ·. . .· . · .. ·.· ... 

z~~~~=.~~:w~~~1:··. 
~ pt~ces$ s~~eer. Sllbri>\ithle '163 :cOxJip'tt~~ ptOgiam- co4e fc>r·~~~ rile . 

identified proCe8s chahiper and set ~f ptoeess p~6tets fi:o~ the process ~e~ector 

15 · subrolitine 162, and for ·controlling -operation of the Vari~us p~ess chambers. Multiple 

~ers can enter process set numbers· and process chamber nullibers, or a_ user can enter 

multiple process set numbers and process chamber numl>ers, so the sequencer subroutine 

163 operates to schedule the selected processes in the des~d sequence. Preferably the 

sequencer sU.bl;'outiD.e 163 inclUdes _a p~ogram code to perform the ~eps of (i) n:i.~toring 

20 the operation of the proces.s- chambers t~ determine if the chambers are being used, (ii) 
. . . I 

determining what processes are being carried out in the chambers being used~ · SD:d (iii) 
. . 

executing the desired process b~ed 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 

25 subroutine 163 can be designed to take into consideration the present condition of the 

process chamber being used in 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. 

After sequencer subroutine 163 determines which process chamber mid process set 

30 combination is going to be executed next, sequencer subroutine 163 caUses execution of 

the process set by passing the particular process set parameters to a chamber manager 

subroutine 164A-C,-which controls multiple processing tasks in PVD chamber 36 and 

possibly other chambers (not shown) according to tile process set determined by sequencer 
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· .... 

subroutine ·163·. · 
One~ the se~cer sUbrC>UUne 163 detetrmneS which procef;S chairiber aM pro~ess ·.. . 

set combination is going to be executed tleXt, the sequencer subroutine 163 ·. catises 

execution of the proc~s sei by passhJ.g · the particUlar process set parani.eters tc> the 

5 cha}nbir. :rll~g~ sµbtd1ltines ·t 64A~c. wlµ<ili_ cantr()l #iaj1ipte ·proces~~t~ h,i difreient 

~:~~~~~:t:~~~~~ 
. . .... , .. ·. .,. . . ,• . .-.. . . . ... .. . . •' . . . . . .. · . . ·. . . . ........•... ·.· 

controlling PVD process operauons, WithiP the descnoed pr<>~fi.cha;tti.ber 36ofF1;gttr:e1. 

'fhe chamber manager SU~io~tjn~ 1 ~ also CP:o,trols ex:ecution of V~Q'llS ~ber 

1 o eomp<>~ent tµbrqµtin~. or·'.m6~ ~~e ni9d~es, wljlch cpnu;bt op~~tloD. ~#·the ~1'er 

·•=~•~t~l~~:::t~~z.· 
=l=~::r::.~~h=::1~~~ 

. . 

15 that other chattiber control subroutines can be inciuded dep~cliilg on' what processes a,e 

desired to be penooned · in chamber 36 (shown in Figure 1). · In operation, chamber 

man.ager subroutine 164A selectively schedules or calls the process component 

. subroutines in accordanc~ ~th the particular process set being executed. Scheduling· by 

c~ber manager sUbroutine · 164A is performed in a mannei similar to that used by 

20 sequencer subroutine 163 in scheduling which.process chamber and process set to execute. 

25 

Typically, chamber manager subroutine 164A includes steps of monitoring the various 

chamber components, determinilig which components need to be operated based on the . . . 

proces~ parameters for the process set to be executed, and causing execution of a ch!llllber 

component subroutine responsive to the monitoring and determining steps. 

The Deposition Process 

The present invention will now be described with reference to a preferred process 

sequence practiced using the above described processing system. For use in pieZC>electric 

films, a hexagonal crystal orientation (0002), often referred to as a (001) cubic cryst~l 

30 orientation, of aluminum nitride is preferably grown because the orientation provides a 

large electromechanical coupling coefficient and superior electromechanical properties 

over other aluminum nitride crystal orientations. Although aluminum nitride is difficult to 

grow in the (0002) crystal orientation by conventional PVD process regimes. The 
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depo~~ti()n rates of about ioooAnrun o~-~er. The fust aluininuni nitride depositio11 step 

of the invention controls the. de~e ofttys~al orientati()n by prom~ting. the growth of 

5 nucleation sites fonne4 wi~ ·flie . (QO~)- p!¢f¢T;re4 ~W Qtlajt~tion. The second · . 

::;~E~=:ii~15~e:::::. 
10 

~eposition (PVD) ch~ber is µsecl for bQth steps of the procc;:ss,. where the substrat~ is 

J)t¢f~bly mamtaine4 at a ~J)enitqte ·b~ti!e~ about li5ctc arid ~b()'Qt soo0c. · A • 
S.lll>$ttat~ i$ iiitrodqc~ into·· a :pyp. ~afuh~ ·as descn~6 above an9. 'Wlll<?li cont8iµs ·an 

.... ·. 

In ip.e &st ai~ mtfi.4e ·d¥.siti:o11 step, a pttjc~siJlg ·g~ coniprl~ a 

nitrating gas> such as.~b,"og~ a.nd an ·ifiert.ga8, $uch &S argon, ·iS ~1;r6dilced iri~ the. :PVD 

15 ehaniber· for ·a period ·of time ·to produce a first chazp.ber ~ressure.: ()f between about 1~5 
milliToir and about· 3 milliTorr to deposit ·an alUm.inum nitride film. having a (0002) 

orientation. Once the-processing gas achieves the preferred c;tJ.amber·p~essure, power of 

about 4000 watts (4kW)to about 7000·watts (7kW) ~s ~lied to the target and a pl~ is 

struck. The processing gas plasma 8.Putters the alurniinun target io prodµce al~um 

iO species which deposit with nitrogen directly onto the substrate or re.act with. the nitrogen 

species contained in the plasma to form alunrlnrilli nitride which is then deposited on the 

substrate surface. 

25 

30 

It is believed that the rate of formation of oriented nucleation sites, such. as the 

preferred (0002) orientation, and the correspondip.g growth rates of the nucleation sites are 

controlled by the deposition rates of crystal growth units. In particular, the orientation and 

growth of nucleation sites are decided by the number of bonds lying under the growth unit 

When the growth units are atoms such as Al and N, the preferred crystal ~entation (0002) 

is developed and dominates over the other formed crystal orientations. When the growth 

units are dimers such as Al-N, crystal orientation other than the (0002) ~~entation are 

formed. The formation of atomicfgrowth unit~ and dimer growth units are affected by the 

interaction of the Al and N species during the deposition process. The more interaction 

between the Al and N species, the more likely dimer growth units will be formed. 

Therefore, by controlling the interaction between the Al and N species, a preferred degree 
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. of crystal ori~tatfon can be ~hiewd . 
. ·.· . . . . . . .· .· .· .· 

A pressure regime qfb~tWeen about 1.5 milliToir an4 ~out 3 milli:T~tt is. 
. . . . . . . . 

prefer~bly used to mfuimize the intel-action> of the AI and N. 8pecies ·<luring sputtering, 

thereby enhancing the foin1atiol1 and gtowth of nucleation sites with an high degree of 
. . . . ~ 

5 (0002) orletitatiqa . The dcwosite<i (-0002) o~enta~¢d fiIID. provides for .a. pref~ed ~bil · 
· .. · .. 

orietitation for subsequently d~osited a1tmilill$. hlfride ·lay~;··. liowever;· the c1epoS1,tion ·· 

:::.::::m=:::z=:::cr~tt:·· 
non.,uniformity. Ir1 order to mfof:rnize these un4esira,bl~ fi,l:o:J, NOPerties> the first alun:Un.~ 

· Ditrid~ .fayer ~fetably cOniptises ~ thin fiitn;I~ •tiuµi about joo · .. aug8ttoµis CA) thick." 10 

JioWever; depmcHng QD. ih;e application,. a J@t alutpinuµi Dittide nlni with a ~t~ . 

to•~theabO:;;and~~:;:;:·:z=:ia:± 
15 deposition step also comprises a· nitrating gas, ·preferRbly ni~gen,·and an. inert ·gas, silch 

as argon (Ar). Preferably, the increase wesstire of the second deposition step is performed 

by increasing· the flow rates· o~ the inert gas and nitrog~ contairiing gas. ~ce the 

preferred· chamber pressure and processing gas flow rate is aCbieved, a plasma is struck by 

applying power of about 4kW and about 7k.W to the target. The Plasma of the p~ce8sing 

ZO gases· sputters the aluminum target to produce aluminum. species which react with the­

nitrogen species to form. aluminum nitride which is subseqliently deposited on the 

substrate surface. (AlN can also form on the target and on other surfaces of the chamber 

and substrate.) The second deposition step is performed at a higher chaniber pressure 

which provides a faster deposition· rate and produces a film. having a low tensile stress 

25 instead of high compressive stress and improved film thickness uniformity. 

A high deposition rate of the second deposition step can be achieved by producing 

a film Mthout a preferred (0002) crystal orientation. It is believed that the interaction of 

the Al and N species can be increased to produce AlN dimers by allowing more time for 

the interaction to occur, such as by the use of a "long throw" PVD chamber, or by 

30 increasmg the ability of the species to react. Preferably, a chamber pressure of between 

about 5 milliTort·and about 10 milliTorr is used to increase the ability of the nitrogen and 

aluminum species to react and form AJN dimers. A higher pressure deposition regime 

provides a greater amount of plasma and sputtering material, thereby resulting in higher 
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··:::~:.:t~~~~~~:Jzd~y-:~ 
crysUllljne Stiu¢tures fonned With the ato~c:ic<>Wth.units ofth~.(0002) cryst8.I orien~ation 

to disassociate during the· sputtermg process; -~llich allows higher deprisition rates than in· 

s (OOOZ) ~stal ori~~ti()n 4~~sitlo~ . . 

·~==riaj~.~~~.=:::.:·~ 
durin.g .the . $econct ;_4ep6$itiofi: sfup. . The .• tWtj. ~¢}> depositiOii _ptoc~s. pf0d1;ices .·a film. 

exlu'bitjng the d~ ~~~ Qri~tation. 9fthe first layer with· the high d.eposition, ~tes 
10 and ~r()~e4 filtn PtQpertf¢S of ibe s®Qpd fiiier. Ther~fote;: the Pfesent invention· 

.·.;r:.·.::=lhde::::.:!iQ\Us~7:i:·:rz•:·. 
. . ·. d~o$tion.-rat¢s: tbilt.eari:.b~.®lµeved• 

Jn a4d.iµoti to· th~ intcfraction of the. p~· ~cies to. deterilline ccystal orienta;non, 

15 · it is believed that iinp.-<>ved film pi:op¢rfie8 may be. influenced from the higher cham.ber 

pre.ssure depositi~n · scheme. A relatively high chamber pressure promotes a higher 

collision i:ate and dimer formation rate, where.dimers are·formed-by converting the pre-­

collision kinetic energy of the Al and.N species to bonding ~ergy, thereby prQducing. ~ 

Al-N· species having low~ amounts of post .. collisi0n kinetic energy. Since enegetic 

io particle bombardment duririg deposition eXbl"bit compressive stresses, the low ~etic 

energy of .the dimer species depositing. on the· substrate form fi1ms with less compressive 

stress. These lower compressive stressed films have better adhesion to adjacent materials, 

such as the supstrate, and suffer from fewer layering defects, such as film cracking and 

filin discontinuities. Therefore, the deposition process of the present invention overcomes 

25 film stress by combining a thin layer of high stress material with a bulk deposition of 

material havllig low stress characteristics, thereby forming a aggregate aluminum nitride 

. film with a lower overall stress. 

Additionally, the higher collision rate and lower kinetic energy of the dimer species 

will also allow for a more even distribution of the species in the plasma, providing a more 

30 consistent plasma density over the substrate, thereby resulting in a more uniform 

·deposition on the substrate to produce a film with iinproved thiclmess uniformity. 

A skilled practitioner in the art will understand the need to modify the two step 

deposition process while retaining the basic nature of the process for performance of the 



i . } 
. i 

. • 1 

I 

14 
·,. ~- . 

···. ;.· 

invC1ltion wfth rewect to time~ cliambef pre,s~e, temp~fu:i'~;' 8]J.d with variable 

equ.ipnumt. · 

Exampie of tJ:te Two. step:~epo~ition · . 

~ · .. · AP ai~unt: rdtri~e iay~ wa8 dep()~ted accc>rcling ti.le itlven~«m: as follo~s. A 

.::::z~~~~;:t;:z.::: 
ch~(a°. ·~ittQgeri wa$. iritrd<Iucea· ~t 'a :nit¢ of about 56 SCQnl. and atgon. was futrQdu.ced .·. 

. .. . . 

in.to the chaniber at a flow rate of about 9 seem for a period c,>f a,bout 60 s~conds until. the . 

10 c•her pr~s#.· w~ ·suwilizea.·atabout 3..1 Ulillit~ .. A. P-<w@S _:~ck atid 

aJlJttiillllill was 8putt~ ~rix' tli.e ~~um target in the ni1ro.$~ar~pn P.la$Jl~ Th~ 
®t¢t ~~ .~iitt¢red·.i.or.·aq9\1~ t$'/~Jids,~t a power ofabo~f.ijcW .. to ¢.<>due~ ~ 
~~·tutndeJa;~ Wltb a .thiclC#~ hfl~s~ ~-about ~ooA. 

15 

A. ~econd. altlil'.®tUll mtfid_e 'layer Was then deposi~ over th~ . fim.t almnirilixn . 
nitride tayer._Nlf:rogen. anciatgon wer~ itmve.d info the chmn.ber at a flow ~te of about s6. 

. . . 

seem for nitr6gen and about· 144 ,seem for argon to achieve a chamber pressure of about · 

9.1 milliTorr. The gas was introduced fur a period of about 10 seconds·before a plasma 

was struck. Aluminum was sputtered· from the aluminum target in the nitrogen and argon 

plasI:n~ Th_e sputtering of the target occurred for approximately 695seconds at about 4kW. · 

20 of power. Th~ substrate was re.moved and tested for stress; tbickn.ess uniformity of the 

layer, and crystal orientation. The results are listed in Table~ below. 

Comparison Examples of One step Depositions 

An aluminum nitride fillil was <;leposited at a low chamber pres~ under the 

25 conditions reflecting ·the first aluminWil nitride deposition step described above. Another 

aluminum. nitride film was deposited at the high chamber pressure conditions described 

· above for the second deposition step. The deposited aluminum nitride layers were then 

tested for layer tbiclmess uniformity, film stress, thickness uniformity of the film, and 

crystal orientation of the deposited .aluminum nitride. 

30 The low pressure aluminum nitride deposition was perfol'.llled by introducing a first 

substrate into a PVD chamber. Once the substrate was disposed inside the ·chamber, 

nitrogen gas at a flow rate of about 30 seem and an argon gas at a flow rate of about 9 

seem were introduced into the cham~er for about 60 seconds to provide a chamber 



ls 

pressure ~fallout 2.0 milliTorr pri~r to striking a pl~ Alutnin~' was sputtered from 
. .. .. . . . . . . . . .. 

the alumhitun target· in the nitrogel1 plasma to deposfteci a layer of alhnrlnum nitride· for 

about 710 seconds at about 4)cW. · 

The high pressure aluininum nitride deposition was performed ·by introducing a 

5 second substrate into a PVD Chamber~ Once the substrate was introduced into the 
. . . · ....... :• . . .. ·. . . .· .... · .. ·. . .. ·. ., ... . . .. . 

cbambcn-t nittQgen and argon Wete introduced at a flow ~fe of 56 seem and 144 Seclll, . 
r~specttWiy, f<>r about 60 secondS until ~. c~bet pressttte ·of about 9~ 1 milliTorr. was 

established·prfor to striking a p~ On¢e a pl~ was Strock,. the aiummuJif tatget wa8 

sputtered in the nitrogen pl~ to deposit a IRye.r of aluminw.p nitride, wherein the i~yer 

i 10 was deposited for approxiina~y 710 secon~.at11holit4kW~ ·. 

·Table 1· below sll;Innlarizes ·the illfonnation from tlie tWo step deposition process .. 

and ~e two 6ne step co~arls9ij·t¢Sts; · 

Tal>ie I: SUIDID,aty of" Two steP Aluminum Nitride PVD Deposition and Comparison 

15 Examples. · 

. Process Parameter Two Step One Step One Step 

Information: ·Low/High Low Pressure High Pressure 

Pressure Dep. Deposition Deposition 

Nitrogen (NJ~ seem 56156 30 56 

Argon (Ar), seem 9/144 9 144 

:pep. Pressure (milliTorr) ~.1/9.l 2 9.1 

Results: XRD counts of AlN 428k 142k 39k 

(0002)peak 

FWHN (degrees) of A1N 1,157 1,313 2,186 

(0002) rocking curve 

D~osition Rate (A/min) 1024 839 1032 

Non-Uniformity ( 49 1.84 2.43 2.08 

points, 1 sigma %) 

Stress (109 dynes/cm.2) 8 -16 5.44 
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. Table· I U1dictJ,tes seyeral ijnpoitant· aspects of the two . step· deposition of the 

invention in eompa#soil With a fow pie$sure ~ne step deposition process an.d a high 
: :· . . .·.. . 

pressure one step depo~itfo:n.proc~s. 

The X-Ray Diffraction {XRD} coilnts of the (0002) peak detennine the amount of 
. . 

5 ~· ~ormed ~~'the (0002), <>tienfatioll, wh~ · tb,e Iatgel; tb.e coW1tS. of the peaj(:; the 

='t~1=t~~~fr.::~:;l:t;:.::: 
. ezystais·. ·~ forro,~d:~th th~ (0002) esrleritatfon in the ivlo stq, depbsition proeess th~ in 

either tije low or high pressure (ieposi#,on process. This in~~at~ ~t the first aIUminum 
. . . . .·. ··. . ... • .. · ... -.·· ·,. .. . .. 

: ·.. ·.: 

15 . orientations. Specifically~ the sti'.tallet or narrower the fWl Width half magµitude (FHWM) 

degree of the rocking curve,· the greater the preferred degree of (0002) orientation of the 

film. Specifically, the two step deposition process of the invention has a degree of (0002) 

ciystal orientation greater than the low pressure deposition step. This indicates that the 

film. deposited by the two .. step deposition process provides a highly oriented· (0002) 

20 crystalline film. Since a· preferred. crystal orientation of an alUlllinum nitri~ film is 

essential in provicliilg good ·electromechanical properties in SAW and BA W devices, the 
. . 

high XRD cowits and the narrow rockin~ curve data from Table 1 shows the deposition 

process accorcliilg to the invention provides high crystalline quality fi1ms. 

· ··· · Table I :further exemplifies the advantages of the present invention over the one 

25 step low pressure or the one step high pressure deposition. While providing superior 

crystaUine quality films as shown above, the two step deposition process also provides 

commercially acceptable deposition rates (i.e., > 1 OOOA/min). The deposition rate of the 

two-step deposition process is comparable to the deposition rate of the high pressure 

al~ nitride scheme. Further, the ov~l stress of the (0002) orientated film 

30 produced according to the invention is significantly less than the (0002) orientated film 

deposited in the one step low pressure aluminum nitride deposition process. Thus, the 

present invention also produces high quality (0002) films having low film stresses (i.e. 

about 8xl09 d~es/cm), which results in less layering defects during deposition. Finally, 
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electromec~cal properties ~d consistent perfonnance of the fitin in SAW devi~es. 

· While fotegoil).g is directed to ihe pi:eferred embodiment of the present invention, . 

5 other and-further eiiibodlnl~t$ of th~ invention ·may be devised without departjng from the 

basic sc<>pe th~t: aIJ.d th~ stiQPe theroofisd~terinfued by the claims that f otlt)w. 
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A m:ethod of for;n'J.iµg an aluminum nitride layer on a substrate in a processing 

chan:iber.eomprisfug: 

a. 

1 

2 

2. The method of claim 1, wh~®i th~ tirSt aluminum nitride layer is deposited ~ a 

first chamber pre$Sllfe·b~t\Veen ~oui 1.s milli'I'orr and ~ouf3miµiTorr. . 

1 4. The method, of clallri · 1;. wh~ the first 8nd second aluminum ni1rlde· layers· are 

2 deposited sequentially in the same·processing ch8mber. 

The metllod of claim 1, wherein.the fitst·atuminum nitrlde layer is deposited by 

2 · sputtering 1111 aluminum target in a _plasma C9m{>rising nitrogen: and· an inert gas. 

1 . 6. The method of claim 1, wherein the second aluminum nitride layer is deposited by 

2 sputteriJ;lg an aluminum target in a plasma coin.prising nitrogen and an inert gas. 

1 7. 

2 

A method of processing a substrate in a processing chamber, comprising: 

a. introducing a first nitratfug process gas into the processing chamber at a 

3 first chamber pressure; 

4 b. sputtering an aluminum. target to deposit a first aluminum nitride layer; 

5 c. introducing a second mtrating process gas into the processing chamber at a 

6 second chamber pressure higher than the first chamber pressure; and 

7 d. sputtering ~ aluminum target to deposit a second aluminum nitride layer. 

1 8. The method of claim 7. wherein the first chamber pressure is between about 1.5 

2 milliTorr and about 3 milliTorr. 
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1 . 9~ .The method of clailri' 1, Wherein the first nitnrtfut g~ rotnprises nitrogen: . · · 

1· 1(). . The method ofc~ 7, Wherein the second· chBniber piessure..is between ab()Ut 5 

2 m.ilJiTorr to abou~ lO:mllliTotr; 

1 . ll~ 'Ille ]Jietho<i ofclaittl 7' Wll~ the $~~µ4 rntniiing ~~ CQIµpris¢s nitrogeri. ~d an 

2: . inert g~. 

l 

2 :~=;fa:;J6·~~:r~~arespnUerOO·m 
· .. -._: 

; ,. 
··.:· ••. = ... • •·•· · .. ... ·;: 

1. · 13~. · 'fhem¢th9dofclirifu11~wiier~™~·iµ~.&.@i~atgoll. · 
.. 

1 14~ the metb,od ·of ctafui 7, w~ereiti the·: substrate is main~ed at a tenipetature 

2 · between about 12s0 c· and about S00°C. 

1 15. A me:thod of forming an ~tuniJlum nitride layer on a substt:ate in a processing 

2 cb.mnber compriSin.g: 

3 a. depositing a fu:st alUminum. nitri~e layer by sputtering an aluminum target 

4 ·in a nitrogen plSsma at a chamber pressure betWeen about 1.5 milliTorr and .about 3 

5 milliTorr; and 

6 b. depositing a second aluminum nitride layer by sputtering an aluminum. 

7 target in a nitrogen and iri.ert gas plasma at a chamber -pressure between about 5 milliTorr 

8 and about 10 milliTorr. 

. . 
1 16. The method of claim 15, wherein the first aluminum nitride layer nucleates the 

2 deposition of the second aluminum nitride layer. 

1 17. The method of (!laim 15, wherein the inert gas is argon. 

1 18. The method of claim 15, wherein the substrate is maintained at a temperature 

2 between about 125°C and about 500°0. 


