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PVD·IMP TUNGSTEN AND TUNGSTEN NITRIDE AS A LINER, BARRIER, 
AND/OR SEED LAYER FOR T'CJNGSTEN, .ALUMINUM AND COPPER 

APPLICATIONS 

BACKGROUND OF THE INVENTION 

Field o(the lnnption 

The present invention relates to·~ apparatus and method for depositing tungsten layers 

on subst:rated. Specifically, the illvcntion relates to a mothod and apparatus for depositing 

tunssten-containiug materials as a liner,. barrier. and/or seed layer. 

Backemvnd of the Belatesl Art 

Sub--qua:tcr micron multileveJ metallization roprescnts one of the key teohnologies for 

the next generation of ultra large scale mtegration (OLSI) for inte~ circuits (IC). Reliable 

formation of multilevel intercOmlect features, fncluding cont•cts, v.ias,. lines, and trenches is . 
very importattt to the success of~I and to the co~ effort to mcrease circuit decsity on. 

. indi'ridual substratos and die. As circuit densities increase. the widths of vias. contacts and 

other features de.crease to 0.25 µm or less, whereas the thicknesses of the dielectric layers 

remains substaniilllly constant, thereby increasing the aspect ratios for the features, i.e., their 

height divided by width. Many traditional deposition processos have difficulty fi1lint 
structures where the aspect ratio exceeds 3:1, and particularly where the aspect ratio 

approaches 10:1. 

Traditionally ab1mhmiii has been used to form conductive features of !C's. snch as 

lille$, trenches and vias in semiconductor ~g. Copper is tt~ being accepted as a 

conductive material to be used i.u IC's because of a lower resistivity. However. copper.presents 

its own di1Bcultiea in prooessb:Jg. For instance, copper Ieadily diffuses into a4jacem layers 

absent a bmic lajter. Copper also Ieadily oxidizes when exposed to ambient conditions. thereby 

increasing the xesistanee of the copper feature and reducing the reliability of the oveia.11 ckcuit. 

TungRcn provides an altemative to aluminum and ~per for vias, plugs, contacts. lines. mmches 

and other features. ~ has conventionally been usod u a conductor ~the first level of 
metal interconnects (Ml Level). Although tungst~ has a higher eleotxical ~ty (10 µCl-cm) 

than aluminum and copper (3.1 µ0.-cm and 1.7 µQ-cm, respectively), tungsten denlomtrates 
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fine-line pattemability, suitable for the smalle.r features of the ULSI circuitry. Pim-line 

pattclnability refers to the cba:racteristie of a material to be pattcmed and etohed ~y and 

with stndght sidewalls. Tungsten also provides excellent mp cov:erage within fcatmes. 

However, each metallization scheme typically requires a liner layer and/or a banier 

layer to be deposited in a feature formed within the dielectric m.atmal before depositing the 

alumiirum, coppet or tungsten conductor. The liner layer provides good adhesion to the 

underlying material and the barrier layer prevents dif!Usio;i ot the metal into adjacent materials • 

. AdclitiOrJ8lly, the bani.er layer prevents unwanted reaotions between underlying materials. Liner 

and/or baaier layers are typieally made cf niatedala auch as titanium (Ti)11 titanium nitride 

(TiN), tantalum (Ta), tantalum nitride (TaN) and other refractory metals and tbeir nitrated 

counteiparts. A thin layer of the liner/banier layer material is prcfotably deposited 

confomW.ly over the surface of the substrate including within a foature on both the sidewalls 

and the bottom of the feature. One problem with conventional liner and bmier layars is that 

they have a higher resistance than the metal· which forms the feature. ~ a result, the overall. 

resistance of the featme is iucteased. For ex.amp1' Ti has a IWistance of about 40 µn-cm and 

TiN has a reai&tance of about 300 }LO·cm. to about 400 µQ-cm. Ta bas a typical re&i$tance of . . 
about 160 µa.cm and TaN has a typical resistance of about 240 µQ-cm. Thus. the banier/liner 

materials exlu"bit a ie&istanoe of which is at least about five times that of conventional 

·conductive materials. 

Additio:aally, tungsten is typically deposited on a substrate using a chemical vapor 

deposition (CVD) process. The typical CVD pro~s uses hydrogen and tungsten hexafluoride 

c:NFJ as reactive gases for deposi~ tungsten,. kn~wn as a hydn>gen reduction process. The 

teaction o!hydrogen with WF, causes deposition of llmgsten on the substrate 2., yields gooCl step 

coverag~ and is belioved to have rcmamms byproducts "or 1luorlne gases and hydrofluoric acid 

(HF). However. the hyd.rogon reduction pocess is relatively slow without an initial seed layer of . 
tungsten, and tb~ore moth~ reduction pt0cess using ~ with WP, is used ~ deposit an 

initial seed layer. The silane reduction process for depositing tungsten usmg a CVD process 

reacts silme with WF, and yields tungsten md othec byproducts. Some e'lidence su~ests the 

byproducts could be SiHF,, HFt and/or SIB4• The silauc reduotion process pxovides a higher 

fnitial deposition mie than tho hydrogeii :rcduotion ICaOtion. Hydrogen reduction deposition is 

typically :fasr.er once the seed la.yer has been e5tablished. Therefore, CVD of tungsten typically is 
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canied. out as a two-step proCCS$ wherein silane reduction is used to deposit a tungsten seed layer 
and then the hydrogen reduction process is used to complete the deposition. 

Figure 1 is a schematic view of a atmeture 2 foaned on a substrate depjcting c~allenges 

associated with CVD of tungsten. The substtate 2 includes the undorlyiug waf~ 1 O, doped 

region 11 and pattemed dielectric layer 12. A liner layer 16 of Ti is deposited over the dielectric 
layer 12 typically by a phyacal vapor depofition (PVD) followed by a barrier layer 18 of TiN. 
The TiN b~e: layer 18 also acts as a. wetting layer for a· subsequent deposition such as 

alnminuin or aluminum alloys. Tue Ti layer is used as a liner layer and the TiN is used as a 
bamer layer to protect tho UJJdedyjJig n and Si in the m1icon oxide dielectric matecial. Ju aspect 
?tios of features increase, it is becoming more difficult to ~ confonnal cov«age of the 

sideWalls and boUom of a feature 14, especially at tlie lower comers 22 between the sidewalls 

14a and 1be bottom 14b. Ju a result, those areas are susceptible to chemioal attaok by the CVD 

W precursor gases used, sudi as WP, or byprod\lCts. 

WF, and/or byproducts that can diffilsc through the TiN layer and react with fl?.c 
uud~l~ n layer 16 and form defeots Jn the variou l&yel'S, known in the field u "wonnholes" 
and "volcanoes". :Womib.oles 24, 26, and 28 are tumiels formed by the encroachment and 

tunneling under au oxide layer in the wafer 10, which can extend several t.enths of a micron .. 
Wormholes, such as wormhole 261 are typically void of material except for a tungsten particle 30 
deposited at thett ends. 

The WP, and/or byproducts can also di1fl1se throush the TiN layer 18 to react with the Ti 
in the underlying Ti layer 16 and form a volcano 32. Tho reaction reduces adhesion between Tin 
layer 18 and Ti laye+ 16 in the area wlme the reaction ~fTi and WF,occms. The TiN layer 18 
delaminates as a result of a growth of tungsten between the n and TiN layers or by the 
production ofTiF, gu 'or TiP3 as a low domity solid. dws forming the volcano 32. When the 
cond\letor layor 34 of tungsten is deposited on tho TiN surfa.oe 18, a "mound" 36 fozms <N« the 
volcano 32. Tho mound 36 aclversely affects sur&ce p~on, can cause short circuits in the 
metallization. layer of the IC. and, thus, is unacceptable for multilevel metalljntion of ULSI 
circuitry. 

Efforts in the field have focused on processing techniques to enhance the effectiveness 
ofTiN as a linerlbmrier in tungsten deposition to avoid the rc:1SOtion oftangst= with Ti~ to 

produce a reliable structure using tungsten. Some efforts have studied an increased TiN layer 
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thickness. However, 5imply inoreasmg the TiN layer thickness ia not a solution. As ex:plained in 

at least one article, "TiN Banier Integrit¥ And Volcano Fmmarion In W-Plug Applications", S . . 
Parikh. et a.I. Thin Solid Films 320, p. 26-30, Elsevier Science S.A. (1998}, incozporated here.in by 

reference, a thicker layer of TiN reduces the number of volcano oceurrences. but inbreases the 

circuit resistance and produces larger volcanoes when the volcanoes do occur. Another article. 

"Failure of ntcmium N'm.ide ~on :Sanias During "I\Jngsten Chemical Vapor Deposition: 

Themy and Practi='",, M. Rutten, et al., Cot(erence ~edings ULSI·'YII. Muterials Resecarcn 

SoctBtJ> (1992), also incolporatccl he.rein by reference, notes similar challenges and states that 

reactive· sputtering of TiN can eliminate the barrier attsc1c. but yield m undesirably high 

resistance for colitac1S and vies. The article· suggests Cleating a "bi-la.yer" deposition of n 
followed by the introduction of nitrogen with Ti t.O" pxodu.ce a TiN layer over the Ti layer,, 

followed _by annealina with nitrogen to "stuft" .any exposed. Ti and promote better ICSistance to 

WT!, attack. Another article. entitled ''Integrated BaIIier/Plug Fill Schemes for High Aspect Ratio 

Gb DRAM Contact MetallizatlC)J).'', Yu-Pei Chen, et al, Thin Solid Films 320, p. 73 .. 76, Blsmer 

S~ S.A. (1998), incmpora.ted herein by ref~cc, concludes that for ~gsten plug contaetst 
. . 

a CVD Ti liner layer with a PBCVD (plasma 81lbanced CVD) TiN banier layer, and an IMP TI 

linet' layer with au BCVD (plasma enhanced metal orgallic CVD) TiN barrier layer show better 

con1act integrity compared to a collimated PVD Ti liiler layer with an ECVD TiN baxrler layer 

for 0.3 um. S: 1 aspect ratio contacts. The above articles demonstrate that prior efforts emphasize 

improving the effectiveness of Ti and/or TiN. Other efforts. have sought to use TiW as a barrier 

layer, but the step coVerage around the features is generally less than adequate ibr ULSI oirouitry. 

There remains a need for an improved liner, barrier. anNor seed layer that reduces the 

attack of subsequent ptecursor reactauts and promotes better confonnal coverage of subsequent 

layers. 

Sumrnacy of the lpyentlon 

The present invention provides a method of depositing a tungsten-contammg material 

as a liller/barriet layor on a substrate, preferably ushlg a high-densit)r plasma PVD process, 
• I • .. 

typically refeaed to as an ionized metal plasma (IMP) process_ Opti~Uy, if a Ti and/or TiN 

liner/bmier layer is deposited, the piaent inventian provides a method of reducing or 

eliminating the mwtions between WF,. an~ the Ti, TiN, and Si materials by depositing t\mgsten 
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using a PVD .. IMP process to obtain an initial seed layer. Tungsten may also be deposited in 

the presence of a nitrogen source to produce a tungsten nitride liner/barrier layer. The tungsten . 
liner/bani« layer may be followed by another ~en la.yer deposited by a. CVD process. 

Additionally, other conductive materials, such as aluminum and copper, can be deposited on 

one or moro of the tung&ten layers. The tungsten and other materials can be deposited by other 

pmcesscs such u other types of PVD processes including convcntionai" sputtering, collimated 

sputtering. and loq threw sputtering. 

In ono aspect, tho invention provides a method of depositing tungsten on a substrate, 

comprishlg aputtedng tungsten from a target, passing at least a portion of the sputtered 

'tUDgSta1 through an electromagnetic field disp0sed between the target and a substrate, and 

attracting the tungsten to tho substrate to fonn a first tungsten layer. In another aspect, the 

invention, provides a substrate, compt.ising a &st 'tmlgsten layer deposited on the substrate by 

an ionized metal plasma process or other Pyo processes that can provide good step coverage 

of high aspect features, followed by deposition· of aluminum, copper or tungsten or 

~mbinations thereof'. In another aspect, the invention pf9vides a method of depositing 

t\mgstcD on a substrate, comprising biaaing the substrate, depositing a first tungsten layer, and 

. altering the film stress level of the multilevel substrate with the first tungsten layer. lx1 another 

asp~ the invention provides a method of depositing a tungsten layer on a substrate, 

comprising sputtering tungstcin from a target, exposing the tungsten to nitrogen. and attracting 

the tungsten and nitrogen to a sub51rate to fotm a tu:ogsten nitride layer. Jn another aspect. the 

invention provides a substrate comprising a barrier layer of sputteted tungsten nitride on a 

substrate. Jn another aspect, the invention provides a method of depositiDg tungsten on a 

sub$trate, comprising sputtering tungsten .from a target to fomi a ii:tst tmJgsten layer md 

depositing a soooud tungst= layer by a CVD process 'on the first tungsten layer. Jn anotb.~ 

aspect, the present. invention provides a substrate processing system comprising. a ~g 

chamber having a tungsten target disposed in the chamber. eonnected to a first power supply 

and a substrate Sllpport disposed in the chamber. a ooil disposed between the target and· the 

substrate support connected to a second power supply, and a. controller that controls a first 

power output from tho first power supply to sputter material from the tungsten target. 
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Brief Description of the Dra.wings 

So that the manner in which the above recited features, advantages and ~bjoct.S of the 
present invention are attained and can be understood in detail, a more particular description of . 
the invention, briefly sunn:narlzed abov~ may be had by reference to the emb~ts thereof 

which are illustrated in the appended dmwings. 

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

emboclim=ts cftbis inv~tion and are therefore not to.be considered limiting of its scope., for 

the invention may admit to other equally effective emboctiments. 

Figure 1 is a schematic view of a subs_trate. illustrating challenges associated With the .. 
eypical deposition of Ti. TiN, and tungsten l'o/CIS. 

Figure 2 is a sohematio oross-sectional view-of an IMP chamber. 

~ 2.A. is a schematic «OSHectionalview of a stmcture of the invention. 

Figure 2B is a schematic c;ross-sectional view of a structure of the invention. 

Figure 2C is a schematic oross-seetional view of a stincture of the invention. 

Figure 3 is .a scheu>atic partial perspective view of an integrated processing &ystem. 

Figure 3A is a schematic aoss-sectional view of a CVD chamber. 

Figure 4 is a gtaph of the sheet resistance unifomiity relative to different process 

paramet.ers. 

. Figure S is a graph of stress_ and R. uniformity relative to different process paxameters. 
Figure 6 is a araph of the :fihn resistivity relative to the film thickness with and without 

a substrate bias. 

Figate 7 is a representation of the IM;l' 'Cullgsten &mJn me without a substrate bias. 
Figure 8 is a representation of the IMP tungsten grain size with a 350 watt substrate 

bias and a SOOIO duty cycle. 

Figure 9 is a representation of the IMP tungsten grain size with a SOO wan sul)strate 
bias and a 50% duty cycle. 

Fi~ 10 ·is a representati~ of the lMP tungsten gram size with a 350 watt substrate 
bias and a 100% duty cycle. 

Figure 11 is a representative graph of an XRD analysis for a CVD tungsten layer when 
· an underlying lMP T.fN layer is exposed to air before depositing the CVD tungsten layer. 

Figure 12 is a representativo graph ot an n.D analysis for a CVD tmasten layer when 

Th.is Sheet Ii 
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an underlying IMP tungsten layer is exposed to air before depositing the CVD tongsten layer. 

Figure 13 is a. representative graph of fluorine d.iflbsion through a Tifl'iN stack. 

Figure 14 is a representative graph of fluorine diffusion through a substrate stack 

according to one embodiment of the present invention with an~ tungsten Jays .• 

)2et-aQed Description of tile Preferred Emh9dtment 

The present invention provides a. method of depositing a tungsten-containing ma.t.erlal 

{herein generally uferred to as ~eo) on a aubsirate using a PVD-IMP process for a variety 

of metallization schemes. In some embodiments, 1be PVD·IMP tungsten layer is followed by a 

CVD tungsten layer deposited. thereover and in othe.r schemes, the PVD-IMP tungsten layer is 

followed by deposition 0£ an aluminum or 'COpper layer by PVD, PVD-lMP, CVD, 

evaporati~ electrochemical deposition processes such as electropladng, or other known 

methods. 

Exetn.plary PVD-IMP Procesafnc Equipment 

Figure :2 is a schematic cri>ss-soetional view of an ion metal plasme. (IMP) chamber 

100. An lMP prooesaiiig chamber, known as an IMP Vectraw chamber, is available from 

Applied Materials, Inc. of Santa Clara, California. the IMP chamber can be integrated into an 

Endura.1'M platfonn, also available from Applied Materials, Inc. The chamber 100 mcludes 

sidewalls 101, lid 1~ and bottom 103. The lid 102 includes.a target backing plate 104 which 
. . 

sup.ports a target 1 OS. of the material to be deposited. AD opming 108 in the dlamber 100 

provides access for a robot (not shown) to deliver and retrieve substrates 110 to and :from the 

chamber 100. A substrate support 112 supports the substrate 110 in the chamber and is 

typically grounded. The substrate support 1 ~2 is mounted on a lift motor 114 that raises 8Dd 

lowen the substrate support 112 and a '1ibs\Jate 110 disposed thereon. A lift plate 116 

COJmec;te(l to a lift motor 118 is mounted in the chamber lQO and w•es and lowexs pins l20a, 

120b mounted in the substrate support 112. The pins 120a., 120b raise and lower the substrate 

110 from and to the surface of the substrate support 112. A coil 122 is mounted b~tween the 

substrate support 112 and the target lOS and provides inductively coupled electromagnetic 

:fields ~ the chamber 100 to assist ta. gcncntmg and maintaining & plasma between th• target 

!OS and substrate 110. Power supplied to the coil 122 deasifies the plasma which ionizes the 

This Sheet Has Been Replaced 
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sputtered material. The iollized material is then diJected towmd tho subst?ate 110 and 

deposited thereon. The term IMP as used herein includes any deposition pi:ocedurc wbieh 

ionizes sputtered material for deposition thereo£ A shield 124 is disposed in tho chamber 100 

to shield the ch~bcr sidewalls 101 from the sputtered: material. The shield 124 also &Upports 

. the coil 122 by supports 126. The siJpports 126 electrically insulate the coil 122 from the 

shield 124 and the c!Jamber l 00 •. The clamp ring 128 is mounted between the coil 122 and the 

substrato suppon 112 and shields an outer edge and backside or the substrate fropl sputtered 

ma.terials when the substrate 110 is raised into a processing position to engage the lower 

portion of the clamp ring 128. In some cliamber configurations, the shield 124 supports the 

clamp ring 128 when the substrate 110 is lowered below the shield 124 to enab~e Sllbstrate· 

bnSfer. 

Three power supplies are v.sed in this t}pc of sputtering chamber. A power supply 130 

delivers preferably DC power to the target 105 to cause the processing gas to follll a plasma, 

although RF power cm be used. Magnets 106~ I 06b disposed behind the target backing plate 

104 increase ~e density of electrons adjacent to the target 105, thus increasing ionization at the 

target to increase the aputterlng eBicicnoy, by generating magnetic field lines genenlly parallel 

to the faoc of the targei, around wbi~ electrons are trapped in spinning orbits to increase the 

likelihood of a collision with. and ionization ~t; a gas atom for spuum-ing. A power supply . . 
13~ preferably a RP p~er supply, supplies electrical. power to the coil 1~ to increase the . 

density of the plasma. Another power supply 134. typically a DC power supply, biases the 

substrate support 112 with respect to the plasma and provides directional attraction of the 
ionized sputtered material toward tbe subsirate 110. 

~ tu, such as an inert gas of argon or helium ot a reactive gas such es 
nitrogen, is supplied to the chamber 100 throus:h a gas inlet ·136 fiom gas somces 138, 140 as 
metered by re.pective mass flow controllers 142~ 144. A v.acuwn pwnp 146 is CODnected to the 

chamber 100 ·at an exhaust port 148 to exbauSt the ~ar 100 and maintain the desired 
presauro in tho chamber 1 oo. 

A controller 149 generally controls the functions of the power supplies, lift motors. 

mass tlow controllers for gas injection, vacuum pump, and other assodated chamber 

componenr.s and fbnctlons. "1be controller co11ttols the power mpply 130 coupled io ih~ target 

105 to cause the processing gas to form a plasma and sputter the target material. The controller 
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also controls the power supply 132 coupled to the coil 122 to increase the density of the plasma 

and ionize the sputtered material and tho power supply 134 to provide direction~ a.Uraction. of 

the ionized sputtered mataia1 to the substrate surface. The controller 149 executes system 

~trol software stored in a memory, which in tho preferred embodiment is a hard. disk dri~ 

and c.an include analog and. digital input/oui:pupboards11 hlterface boards, and stepper motor 

controller boards (not shown).. Optical 8fJQ/or magnetic sensors (not shown) are generally used 

to move met. dete.nnine the position o~movable mechlllioal ~semblies. 

· In opemi.on, a robot (not shown) delim a substrate 110 to the chamber 100 through 

the opening 108. The pins 120a, 120b arc extended Upward, lift the sttbstrate 110 :from the 

robot, and tho robot retracts ftom the chamber 100. The pins 120~ 120b lower the substrate 

110 to the surface of the substrate support_112. Tlfe substrate support 112 raises tho substrate 

110 to ~ the clamp ring 128. A processing gas is injected into the chau!ber 100 and a 

plasma is generated between the target lOS and the substrate support 112 with power from· the 

power $Upply 130. The power supply 132 delivers power to the coil1 which densifics the 

plasma and iOIJizes tho spu~ered target material leaving the target 105 to form sputtered 

material ions. The sputtered material ions are accelerated toward the biased substrate 110. The 

process pressure may be operated fi:om about S to about 100 mTorr to increase the ionization 

probability of the sputtered material atoms as the atorm ttavel througli the plasma region. 

After deposition, the substrate support is lowered, the pins 120a, 120b afe raised to lift the 

substrate 110, a robot (not shown) enters the chamber 100. retrieves the substme 110, and if 

desired, delivezs another substxate for processfng. 

PVD-IMP Tungsten Deposition as Liner, Barrier, and/or Seed Layer 

Figure 2A is a schematic cross-sectional view of a device 2 with a tunpten liD.erlbmier 

layer of the present invention deposited in a feature 46 f'omied on the substrate 40. A dielectric 

layer 44 is deposited on the substTate 40 and etched to form .a feature 46, such 8:5 a via. contac~ 

~ch or line. The teim "substrate" is broadly defined as the underlying material upon which 

the tungsten or other material is deposited. The dielectric layer 44 can be a pre-metal dielectric 

Jaycr deposited over a ailicon wafer or an interlevel dielectric layer. 

A liucr layer 52 of Ti can be deposited. on th. dislecCzic layer 44 as a. transition layer to 

promote adhesion to the underlying material an.d reduce contact/via resistance. The ·liner layer 

17ii 
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is preferably deposited using a PVD-IMP process and can b~ deposited by other methods such 

u CVD and other l>VD processes, such as collimated or long throw sputtering. Collimated 

sputtering is generally pedotmed by placing a collimator (not shown) between the target and 

the substrate to filter sputtered material traveling obliquely through the collimator. Long throw 

sputtering, also well known in the art, gen.etally is petfouned by increasing the spacing from 

tho target to the substrate. The extended distance increases the probability that the sputtered 

·material reaching the subst?ate i$ directed nonna1 to tbe substrate sur&ce. In some 

cmb9dimeuts, an la.yer may not be used as a. liner layet if the tungsten has suflicient adhesion 
. . 

to the underlying layer for the particolar 8l>l>Eca1ion. Thus, the tungsten oould also be 

deposited. as a liner layer 52 without an underlying layer of Ti. 

A bm:i~ layer S4 ~f tuna!ten. that oan also bction as a. seed layer and a wetting layer,, 

is then deposited. over the Ti liner layer 52 using. a PVD process, preferably an IMP process. In 

some applications, an additional barrier layer. such as a TiN layer IQ.8.y be deposited between 

the Ti liner layer S2 and tungsten barrier layer 54 to provide additional barrier propcdie8. The 

TiN may be deposited using lMP PVD, other PVD processes and CVD; 
An exea.:p.plary process regime for the IMP tungsten is as follows for a 200 mm wafer in 

an IMP chtnnber such as described in rcfcronoo to Figure 2. A noble gass such as helium or 

argon, is flown into the chamber at a rate sufficient to produce a chamber pressure of about S to 

about 100 mTorr. preferably about 20 mToa to about 50 mTon and ~ost preferably about 30 

mTOII. The power supply 130 delivers about 200 watts (W) to about 6 kW, preferably about 

0.75.kWto about 1.S k.W and most preferably about 1 kW, to a. tungatan target 105. The power 

supply 132 delivers about 500 W to about S kW, preferably about 1.S kW to about 2.S kW end 

most preferably about 2 kW, to the coil 122. The power supply 134 delivm about O W m 

about 600 W, preferably about 3SO W to about SOO W aDd most preferably about 450 W, to the 

subStrate support 112 with & duty cycle between 00.4 to 100% and preferably about SO% to 

about lOG%, and most preferably about 100%. The sub~ is mamtamed at a tmnperature 

between about 10°C and about 400°C, preferably below 300°C. ~gsten is depoSited on the 

substrate to a. thickness ofless than ab9ut 2000 A~ 

Other tungsten-containing materials. such as tungsten nitride, can be deposited by 

exposmg tungsten to a nitrogen atmosphere in a'COic.biomctrlc m4 non-~icbiomcmo ratiois to 

form tungsten ni1ride CWNx where O<xs2). Tungsten nitride fomis a good bmier layer to the 

This Sheet Has Been Replaced 
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difi.Usion of materials, such as 1luorine, aluminum and eopper. A nmgsten nitride layer can be 

used in process sequences which traditio11ally used ~ TiN layer. A tungsten layer could be 

deposited ove.r the tungsten nitride layer in ac;cordance with the invention. 

One example of a processing regime in whieh a. tungsten mtride layer ~sited on a 

200 mm substrate is to apply about 1 kW otDC power to a tungsten tars;et 105. about 2 kW of 

RF power to the coil 122, flow ni1i'ogeu at about 26 seem. attd argon at about SO seem into the 

chamber 100, and bias the subs~te 110 to ~out 400 watts with a SOOA du_tY cycle although the 

levol of bias is gemmdly Dot cri1ical. It has been found that the thickness of the tungsten nitride 

layer preferably should be at least about 150 A on field areas between feat\lres on the substrate 

and at least about 20 A on the sidewalls ofthe1eatures to effectively xeduce the diffusion of 

copper. 

11J,e tungsten layer deposited using PVJ)..IMP has aboilt 1/20 of me resistance of the 

TiN la)rer (10 µ.Q-cm compated to 200~300 tln·cm). While some aspects of the invention are 

discussed in reference to an PVD-IMP ehamber With a. coil disposed ~ it is to be 

understood 1bat the inv~tian includes other PVD techniques which use ionization o~ the 

sputtered flux from a target including hollow ea.thode magnetron 8Jld electron cyclotron 

resonance tcohniques. 

Characteristics of the IMP tungsten laye.r were investigated for a variety of processing 

· regimes and are described in reference to Figures 4-14 below. For mstance, it was discovered . . 
that resistance of the IaYer varies with increasing substrate bias. It was also discovered that the . 
IMP tungsten film stress could be -.ltered between various tfllisile and compressive stress lovels 

to otrset a film stress in other layers of the substrate. Odler characteristics such as gxain size, 

air ~ and diffbsion were also investigated. 

The deposition of tungsten-containing materials 'by a PVD or IMP process can be used 

in seve.ral metallization soheaies, such as 4iscussed below. 

MetaDizatiol:l Scheme of CVD Tungsten 

Figure 2B is a $chematie view of a substrate 40 having a feature 46 foxincd 'thereon. A 

liner layer 52 of Ti and a bmier. layer 54 of tungsten or tungsten nitride are fonned on the 

pattered surfaces Of the dielcc:triQ la)'U' 44. Additionally, an intcmi.cd.ia.te layc;c of TiN could 

·also 1'e deposited thereon (not shown). The bmier layer 54 is deposited by a PVD ptoeeSs or a 

~- ...... 
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PVD-IMP process and provides a nucleation layer for .subsequent tungstal growth using a 

CVD process. One exemplary CVD process includes the hydrogen reduction p~es~ in which 

hydmgen is reacted with WF, to produce a twiptcn layer 56 on the substrate and forms a 

tungsten plug 47. WF, att.ack on the underlying Ti is eliminated by providing PVD W 

deposition prior to CVD of tungsten. the gas flows and ratios can be varied widely to 

deposition tungsten and. other conductive materials and to produce a chamber pxessure between 

about 1 torr and about 500 tozr. Also, the wafer tem.P.erature can vary between about 200°C 

and about SOO"C. The layer can 'be pl~ for instance, by c;h~ xneclumical polishing 

(CMP) to fonn a tangsten plug or other feature at any level in the substrate. . . 
One exemplary CVD tungsten process regime for a 200 mm wafer using a hydrogen 

ted.uction process by a thermal reaction in a WxZD'-chamber is described in reference to FigUI'e 

3A The_ substrate is loaded into the ehamber ISO and onto a suseeptor 158. The substme is 

heated to abo• 4ZS°C. A:zgon and hydrogen gases are mixed in the mixing system 172 and 

tlown into the chamber at a rate of about 6000 standard cubic centimeters (scctn) and 6500 

soom. respectively, to increase the chainbet PfeSSUfe to about 300 torr. A spacing of about 400 

mils is provided.between tho substrate and the gas manifold 154. Puzgo ~ such as hydrogen 

and argon. may be flown nm to tho edge of the aubatn.te to assist in controlling ®position on 

1he subsnto edge and bacbi~ of the substmte. The flow rates of argon end hydrogen are 

reduced to about 3500 seem and 1000 seem, resp~oly, and the process is stabilized. WF, is 

then flowed at a rate of about 250 seem and mixed with the argon and hydrogen. The gases 

react and deposit a.tungsten layer on the substxate. A backside pressure of about 3S tou is 
applied to the substtate. 1he chamber is purged by increasing the argon and hydrogen tl~ 

rates to about 6000 seem and 6500 sccm respectively. The susceptor is lowered and the 

substrate is removed from the chamber for further proceising as desired. 

Met1Dtzatlo.tt Scheme of PVD-IMP Wetting Layer for AlllmiD11m/Copper CVD and PVD 

Proeessfng 

The present invention oan also be used for aluminum deposition prooossing, inclucling 

fonning a contact. Figure 2C is a schematic view of a substrate 40 having a feature 46 fotmed 

thtnon. The substrat.e 40 can have a similar stack of a linor la:yer 52 of Ti 11.Dd .. ht.mer layer 

54 of 11.mgsten or tungsten nitride, as descn"bed in refere:noe to Figure 2A. The liner layer 52 of 
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Ti can. be deposited U6ing several processes includiD.g PVD processes and prcfeiably an lMP 

PVD procesS. lbe barrier layer 54 of tungsten, deposited by a PVD process and preferably an . . 
IMP PVD process. acts as a b~er to prevent reaction of aluminum with Ti. The tungsten 

layer can also act as a wetting layer for subsequent deposition of al~um. alumimnn/copper 

alloy$, copper, or other conductive materials. TUDgSten has been shown to have similar 
wetting c;apabilities as TiN for aluminum. as described in "A New Pour-Level Metal 

Intezwnp.ect System Tailored to an Advanced O.S-ura, BiCMOS Technology" by Ralph N., 

W~ lBBB Transaotiom on Semiconduotor Mauufactming, Vol 11, No. 4, ·November 1998. 

Aln:minum. as well as alumimJDJ doped with oopper and tiOpper, can generally be 
. ~-

~osited by several processes including PVD processes iueh ag IMP, collimated, and long 
throw sputtoring. CVD pmcesses,, electroplating, evapmatiOJJ, or other known methods. At the 

cont.act l~el, two methods particularly used are a flow deposition and a multi-Step deposition. 
In flow dcpo~tion, aluminum is deposited onto the substrate. with tho tungsten liner in a PVD 
chamber &uch as the chamber descn'bed in refmm.oo to Figure 2 without usmg the coil 122 and 

~ociated power supply 132. One simplified process regime for a 200 mm wafer is to flow 
. . 

argon into the chamber at a. ra.te sufficient to create a pressure of about 1 mTorr to about 3 
mToxr in the chamber, using the DC power supply 130 to deli'ver about SOO W to about 2 kW 
md ~ferably about 1 kW to about l kW to an aluminum target to create ·a plasma. The 
substrate temperature is about 425°C to about S00°C. The argon ions dislodge alumfoum ftom 

. . 

the target and the sputtered aluminum material is &posited on the substrate. Tho substrate is 
subsequently hcatod to a temperature of about S00°C to about 550°C to flow the aluminum and 
1111 the contact withoUt having to use. a plMma. 

·In an exemplary multi--Btep deposition method. Using the methods and regimes 

described herein, a wetting layer, such as a Ti layer, is &posited on a. tunpteu liner~ followed 
by a "cold", i.e., low temperatur~ deposition of a confbnna1 aluminum. Wetting layer, and then 

a sputter dcPosition of aluminum to fill the feature and asp~ deposition of a top a1umbiwn 
layer to bn~ve the .aluminum ro1lectivity for subsequent proocssms. The cold aluminum 
wetting layer can be deposited by various teclmiques. Ol:ie technique Cor a 200 mm wafer in a 
PVD ~bor for 8$peet ratios up to 3:1 includes applying a DC power of about 9 k)V to about 
12 kW tQ 11U ahzmmum tmgot, ilowing ~ or som• 01ber m~ ga.s ~to the oham.ber 
sufficient to create a c.bamber pressure of about 1 mTon to about 3 mTorr. The wafer . 
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temperature is about S0°C or less during the deposition. 

The aluminum material and other materials ~ be deposited also by a <?VD process. 

For mstance, a CVD p:rooess could bo used to fo1D1 the wetting layer of _aluminmn in the multi­

&tep deposition process. The CVD process could also be used to fill the ·featute.. However, 

prefezably, the CVD process is used to ~ the aluminum wetting layer which is then 

followed by PVD of alumitnun to fill the feature. A CVD process for aluminum could include 

· the use of dhnethyl alummum hydride C:"DMAHj and hydrogen as precmsor gases according 

· to the followblg equation: 

An exemplary CVD chamoer is desen"bed in refmence to Figure 3A. An exrmplazy process 

regime~ as follOW$ for depositing a wetting layer of aluminum.. DMAH and hydrogen gas are 

flown into a CVD Chamber lSO to establish a diamber pressure of between about l torr and 

about 80 toll" and preferably about 23 mTorr to about 27 mTou. An inert gas, such as argon or . . 
helimn, is flown into a CVD chamber 150 to establish a pressure below the substTate. i.e., 

backside pressure, of about 9 torr to about 11 torr. The wafer is heated to about 200°C to about 

2S0°C and a water to gas distribution manifold 154 spacing is set at about 320 mils t.o about 

370 mils ihrough whi= the DMAH is tlow.ci. A CVD wettJns layer thickness of about 500 A 
to about 700 A is sufficient to wet a subsequent sputtering process. 

After the wetting layer is fonned by either of the two de.position methods described 

above, a PVD process is used to sputter ahuninum from an al\UD.inum target to till the feature. 

An exemplary process regime uses a DC power supply, such as power supply 130 in the 

chamber 100 shown m Figure 2, to supply about 1 kW to about 2 kW to an aluminmn target 

and flowing argon or some other inert gas into the chamber sufficient to create a ohatDber 

pressure of about 1 _mTorr to about 3 mTorr. The wafer temperature is about 37S°C to about 

soo•c during the deposition. A top layer of aluminum of. about 1000 A to about 2000 A is 

deposited thereafter preferably by sputtering to impro'Ve the reflectivity of the alumi1m11f fill 

layer for subsequent processing. The primary difference in the sputtering regime of the 

aluminum top layer is an increase in DC power to the target of about 9 kW to about 12 kW. 

. Altematively, the ahmmmm d~sition oan. occur directly on the tnngsten liner/barrier 

layer instead of~ Ti we\ting layer. The tungs-. provides wettiq capabilities for the 
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aluminum. AD advantage is that tungsten has less resistivity than Ti and thus reduces the 

overall stack resistivity. Also. eliminatirlg the Ti layer simplifies the overall process. 

A similar metallliWion scheme can apply to the deposit.ion of copper, copper containing 
materiais_ and aluminum/copper alloys. For instance, a. CVD copper wetting layer can be 
deposited over the Ti and/or tungsten layer followed by a PVD·IMP deposition of copper. . . 

A CVD copper wetting layw may ~o deposited using by any known CVD copper 

process or precursor gas, including Ctt"'(hfac)i and ~+2(fod)i . (~being an abbreviation for 

hcptafluoro dim~l octanediene), but J>Je{etably. the process nses the volatile liquid comp~ex 

coppef1hfac,TMVS (hfaC being sn abbreviation for the hexatluoro acetylacetonate anion and 
TMVS being an abbreviation for trimethylvinYlsilane) With argon as the carder gas. Because 
this complex is a liquid under ambient conditions;-it can be utilized iD standard CVD bubbler 

precursor deliveiy systems clJU'CDtly used in semiQODductor fabrication. Both TMVS and 

copper+z(hfach are volatile byproducts of the clePosition reaction that are exhausted .fr~m the 
chamber. The deposition reaction is believed to p.rooeed according to tho following 
memanism, in which (s) denotes interaction with a surface ~d (g) denotes the gas phase. 

(1) 

2eu•1h&c,TMVS(s) - - - - .... -+- 2Cu"'1hfac(s) + 2TMVS(g) 

(2) 

2Cu•'bfac(s) •• - - .. -~ Cu(s) + eu-tt(hfac)i(g) step 

(3) 

In step 1, the complex is adsorbed from the gas phase onto a metallic sutface. In step 2, · 

the coozrtinattd olefin (TMVS in~ specific case) diss~ from the comple:x as a free gas 
leaving bebmd eu+1hfac as an lmStable compound. Jn step 3. the cu•1hfac disp%opoltiom.tes to 
yield copper ~etal and volatile Cu"'(hfach. The disproportionation at CVD tmipcratura 
appears to be most stronsly catalyze!! by metallic or electrically conducting surfaces. In an 

altemative reaction. the organometallio ooppet complex can be :reduced by hydrogen to yield 
metallic~. 

_This Sheet Has Been Replaced . 
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Th~ volatile liquid complex, Cll°'"1h!ac,~S, can be used to deposit copper through 

either a tbcrma1 or plasma based process. The substxate temperature for the plasma enhanced . 
pro~ss ls preferably between about 100°C and about 4oo•c, while that for the thmnal process 

is between about 500C and about 300°C, most prefeiably about 1700C. Following either of 

those processes, a. CVD copper wotting layer, such as Ti or Ta or tungsten, may be provided 

over the nuelcation la.yer. Alternatively,, electroplated copper may be used in combination with 

or in nplacom.ent of the CVD copper~ layer. 

Following deposition of a eopper wetting layer, the substrate is sent to a PVD·lMP 

chamber to sputter deposit copper below the melting point temperature of the copper. It is 

pmared that the PVD-IMP copper be depo.ite(f at a substrate temperature belo\\" about sso•c. 
preferably below about 400°C. The copper layen -stan to tlow during the PVD deposition 

proc;ess at above 200°C. A substrate temperatures above the melting point of aluminum 

(>660-C) is not required with the wotting layer. Therefore. the application of a thin wetting 

layer ea.ables plauarintion of the copper to be achieved at temperatures below the ~elting 

point of the copper. The CVD copper p:roc:css is explained more fully in ce-pending U.S. Appl. 

No. 08n92,292 entitled "Low Temperatme Integrated Via And Trench Pill Process And 

Aj)paratus", filed January 31, 1997 and is incotpoxated herein by reference. 

The tungsten can also f~ a seed layer for other deposition techniques. Por example, 

it is 'believed that copper can be deposited over the seed layer by applyjng an electrical cwrent 

to tho edge of the tunptmi layer and plating copper ti'om. an electrolytic solu1ion. One suoh · 

system that can be used to advantage ia an ElectratN en ECP S)'Steln, available from Applied 

Materials, Inc. of Santa Clara, Califomia. lt is also belieVed that a Jayer of tungsten can be 

deposit.ed by an olectroplating proccas on the tungsten seed layer by tecbnique6 similar to 

techniques used m electroplating copper and other condiictive materials. 

System Equipment 

The PVD-IMP cham~er of Figure 2 can be incmporated into an integrated processing 

. system having multiple chambeIS. Figure 3 is a schematic top· view of an exemplary 

. processing system 350. A portion of the lid 374 bas been cut away to reveal details of the 

.processing system !SO. The processing system 3SO is typically 1moWA aa a. ol~or tool. Two 

such syste!lll ue ihe Centµxa• and the &dun.• S)':di:sms, both available from Applied 
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Materials, Inc. 'Ibo details of one such staged-vacuum SU.bstrate proc:essing system is disclosed 

in United States Patent No. S,186,718. entitled "Staged-Vacuum Wafer Processing System end 

Method.'• Tepman et al., issued on Febtuaty 16, 1993, which is incorporUed belein by 

reference. The exact am.ngement and combination of the chambers may be altered for . 
purposes of ped'ormiD$ specific steps of a tabrication process. 

The processing system lSO generally comprises!" a plurality of chambas and robots and 

is preferably equipped with a microprocessor/controller ~52 programmed to control the various 

processing methods pe.rfoaned in the processing system 350. A frout..end envitomnent 354 is 

shown positioned in selective communication with a pair of load lock dwnbQ'S 356. A pod 

loader !58 disposed in thcs front-end. enviro:mnent 354 is capable of linear aud rotational 

movement to shuttle cassettos qf substrates to and fl:om the load locks 356. The load locks 356 

provide a first vacuum intetfaoe between the front-cad environment ~54 and a transfer chamber 

360. A robot 362 is centrally disposed jn the transfer chamber 360 to transfer substrates from 

the load looks 356 to one of the various processhlg chambers 364 and sexvlee chambers 36~. 

The robot :362 is a fi:Qg-leg type robot capable of extensi011t re1l'action, and rotation and is 

actuated by a stepper motor. A support member 366 cormected to the robot linkage 368 is 

adapted to support a substrate 370 during tramfcr through the transfer chamber 360 and 

between the d:iambors 364, 365 and the load looks 356. The processing chambers 364 may 

perform any number of proce&Ses such as PVD, CVD, electroplating and etching wbile the 

service chambers 365 are adapted for degassing, orients.don, cool down md the like. A 

number of view ports 372 fom1ed in a lid 374 of the transfer ohmnber 360 provide visual 

access into the transfer chamber 360. While the above 8yatem is exemplaxy. the :invention bas 

application in any arrangement that requires the deposition of tungsten, al1minnm. copper, and 

other materials, and, thus, it is undemood that other applications of the invention ate 

wntemplate4. 

Pi~ 3A ii a schematiG ·croas section view of an ~emplmy CVD chamber .1so that 

can be used in the processing system 3SO. Ozie suitable CVD plasma reactor in which a CVD 

layt;- can be deposited is a wxzw chamber, also available from ·Applied Materials, Inc. 

Chamber lSO contains a ga$ distribution manifold 154 for dispersing proc~ gases through 

perf'orated holes (not sh.own) in the manifold to a substrate 156 that rests on a substrate support 
plate or susccptor 158. · 
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Susceptor 158 is resistively heated ~d mounted on a support stem 160 so that 

susceptor 158 (and the substrate 156 suppoited on the upper &Utf'ace of susceptor 158) cau be 

controllably moved by a lift motor 162 between a lower loading/oft:.loading position and an 

upper processing position which is closely adjaeent to the manifold 154. 

When susceptor 1S8 and the substrate 156 m:e in the processiDg position, they ~ 

surrounded by a ring 164. During processing. gases inlet to manifold 154 arc uniformly 

distn"'buted radially across the surface of the substrate .156. The gases exha1Jst $rough a port 
166 by a vacuum P1JD1P system 168 having a tbtottle valve (not shown) to conttol exbs.ust rate 

of gas from the chamber 150. 

Before reaching manifold 154, deposition aud carrier gases arc mput. through gas 

supply lines 170 into a mixing system 172 where tlley m:e combined and then sent to manifold 

154. Generally, the process gas supply lin• 170 for each of the process gases include i) saf~ 

shut-off' valves (not shown) that can be used to automatically ~ manually shut o:ff the flow of 

process gas into the chambor 150, and ii) mass flow controllers (also not shown) that measure 

tho flow of gas through the gas supply lines 170. When toxic gases are .used in the process, 

several ~ shllt-off valves arc positioned on ~ gas supply line in conventional 

configuratiom. 

In a plasma enhanced process, a controlled plasma is foimed adjacent to the substrate . . 

156 by RP energy applied to the m~olcl 1S4 fi'om. RF power supply 174 (with susceptor 1S8 

grounded). Gas distribution manifold. 154 is also an RF electrode, while sasceptor lSS is 

grounded. RF power supply 174 scan supply either single or mixed frequency :RP power to 

manifold 154 to enhance 1he decomposition of reac;tiv~ speoies :introduced into chamber 150. 

A mixed frequency RF power supply tYl>ically supplies power at a high RP frequency {RFt) of 

13.56 Mlh and at a low RP frequency (RP2) of3SO kHz. 

Heat is provided to tbe susocptor 158 by a l'flli~ve beat coil embedded in the suscep~or 

158. 'Ibis additional heat compensates for the natural hea._t loss pattern of the suseeptor and 
provides rapid and uniform l\lSCeptor and substrate.hearing 'for effecting deposition. 

Typically, any or all of the chamber lining, gas inlet manifold Ucej>la&e, support stem 

160, and various other reactor hardware is made out of material such as aluminum or aluminum 

oxide. An example of auc:h a CVJ) reaotm is descn""becl in U.S. Patent No. S,000, l 13. entitled. 
0 Thexznal CVJ?IPBCVD Reacto~ and Use for Thermal Chemical Vapor Deposition ol q:n • 
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Dioxid~ and In-situ Multi·stcp Planarlzed Process," issued to Wang et al., incorporated. herein 

by reference, and. assigned to Applied Matcrlals, Inc., the assignee of the p~ invention. 

The lift motor 162, the gas mixing system 172, and the RF power supply 174 are 
~trolled by a systeni controller 176 over control lines 178. The reactor inc~ analog 

assemblies such as mass flow controllers (.MFCs). RF generators, and lamp magnet drivers that 

are controlled by the syatem. con1r0ller 176 which executes system control software stored in a 

memory 180, prefe:ably a hard disk 4.rlve. Motors and 9ptioal sensors (not shown) are used to 

move and determine the position of movable mechanical assemblies such as the throttle valve· 

of the vacuum system i68 and motor for poaitioning the susceptor 158. 

The system controller: 176 controls all of the . activities of the CVD reactor and a 

prefezred embodiment of the conttoller 176 includes a. hard disk driv°' a floppy disk drive, and 
a card ra<?k (not shown). The C8ld rack contains a single board computer (SBC), analog and 

digital input/output boards, interface boards and steppex motor controller boards. The system 

controller 176 conforms to the Versa Modular Buropcans (VMB) standard which defines board, 

cant cage, bus sttucturo. and C9Jm.ectoI' dimensions -and type.s. 

The system controller 176 operate& under the con1rol ofa computer program stored on 

the hard disk drive 180. The computer program diotates the timin& mixtllre of gasest RF 
power levels, susceptorposition, and other pazameters of a,pani~ar process. 

Several aspects of the present invention were investigated 111ing chambers and systems 

similar to the chambers auc1 processing system ahown in Figures 2, 3. and 3A and are desciibed 

below. 

Investigated Characteristics of IMP PVD Tunpten Deposition 

The lMP tungsten dopoaidon process wu investigated using a Veen™ abainber from 

Applied Materials, Inc. The process :includ~ providing an .n ilow ma VectraTM lMP , 
chamber to achieve a pressure between about 10 and ~ut 100 mToa. A design of 

experimen~ refemxl to as a DOB, was conducted to characterize the IMP tuDgiten process 

.P-.erfomiance. In a typical DOB, a single parameter is changed while other parameters remain 

constant and the results and tre.nds are charted. Unless otherwise stated, the DC power applied 

to the tatget 105 shown in Figure 3A wq &et at about 1000 watts to establish a suitable 

deposition rate for the expemnents below. Coil RF power, substrate bias DC power. and 

i 
' ~ 
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process pressure were varied and the resulting IMP tungsten sheet resistance unifo:nnity, 

deposition r.lte, and :film stress were characte.rized. The DOB oharacteri7.ati~n is shoWn in 

Figures 4 and S and the resulting characteristics of the :films from various combinations of 

parametel.'S ate descrlbed below. 

Sheet Resistance Uniformity 

'Figure 4 is & graph of th~ moot tcaiabmca umfo.rmity for filma fonned. using different 

process parameters. Pigue 4 allows the effects of vll')'illg the substrate bias while the chamber 

pressure is held constant during processing md the effects of varying the pressure while the 

substnte bias is held constant. The film vniformity was about 4% to about 7%. The sheet 

rcsisbmce unifomity improves with increasing substrate bias. Also, the sheet resistance 
unifomiity improves with dccreasing process pxessure. 

A higher substrate bias in IMP tungsten processing results m a significant improvement 

in unifonnity. the sheet resistance uniformity of a substrate was measured by applying a 

substrate bias of about 350 watts DC to the substrate, applying a target bias of about 1000 

watts DC t.o the target, and applying about 2000 watts RF to the IMP coiL The chau1ber . 
pressure was maintained at about 30 mTorr. At those parameters, the sheet resistance 

uniformity was measured, resulting in a value of about 11 %. By changing the substta.te bias to 

about SOO watts while maintairring the target bias at about 1000 watts, the coil bias at about 

2000 watts, and the chamber pressure at about 30 mTorr, the uniformity hnproved to about S%. 

ThUs, the unifonnity was improved aJ?out 6% by l'ijusting the substrate DC bias. 

PilmStress 

The stress of the tungsteu deposition was also ibvestipted. Stress on the film. oaused 

by deposition condi1ions can be ten&ile which would typically tend to bend the :film in a 

coneave mann~, that is, the film edges bend away from ~ underlying surfaoe or layc: on 

which the filtn is deposited and may cause delamination of the film from the underlying layer. 

The stress can also be compressiire which would typically tend to bend the :61m ui a eonvex. 

manner, that is, the inner surfaces oftlie film bend away from \Dlderlying surface or layer and 
may Clm$C dclaminati.on Of the mnar sur&ccs Of the fib layer Uam tb,e \JDd.erly!:ag Rrface Or 

layer. 



2.1 

Figure S is a. graph of film stress relati-ve to different proc~ paiameters, such as a coil 

bi8$ between about tOO watts to about 200 watts, an Ar flow between about 35 seem to about 

85 gccm, and a substrate bias between about 0 wa.tts to about SOO watts. The y-axis indicates 

that the tungsten film stress can be controlled by varying the parameters ·shown on Jhe x-axis. 

'Ihe lower sot of lines in zone 200 represents the stress results of an IMP tungsten layer 

deposited. with vmations in RP power levels delivered to 1he IMP coil m zone 204, argon flow 

as the process gas in zone 206, and substrate bias in~ 208. 

The invent.om have discovered that the film stress level is tunable anc1 eaa be 

significantly loweied compared to traditional PVD processing. The IMP process foe tungsten 

disclosod he.rein was able to reverse the stress ftoin: a tensile to a eompl'eSSivc leVel. 

An increase in the RP power tc the coil, 'holding the argon flow and substrate bias 

constant. increased the compressive stress while de(;reasing the tensile stress of the film. An 

increase in argon tlow. holding the IU" power and substrate bias cons~ increased the teDSile 

stress of the film. An increue in substrate bias, holding the RF power and argon flow 

constzm~ decreased the tcusile s~ reversed the stress to a compreastve mess, and_ then . 
increased the comprcssivo stress. Por UJatanc.e, the stress on a substrate was measured ·when a 

cubstrate ~ias at &bout 0 watts was applied to a substrate and a coil bias of about 1000 watts 

was applied to the IMP coil. Argon was flown into the proce.Wng ohamber at a flow lie of 

about 6S seem. The paxameters resulted in a stress level of about 3.3 x 1010 dya.elcm.2 tensile. 

With a coil bias of about 2000 watts and maintaining the argon flow rate and substl'ate bias at 

about the same values, 1he stress was about 2.6 'X 1010 dynelcm.2 temile. 

At an a:;gon flow nte of about 35 scan and maintallring the ~ power to tho coil at 

about 2000 watts aud substrate bias at about 0 watts, the stress level was about 2.1 x 1010 

d"YJJ.elctn2 compressive. By changing the argon flow rate to about 65 seem and maintaining the 

RF power and substrate 'bias constant. the stress changed to about 2.6 x 1010 dyne/Ctl.11 tensile. 

The inveutars discovered that the substrato bias. power is a significant factor in 

controlling the .fihn stress. Por instance, by applying a substrate bias of about O watts to the 

substrate and delivering abou.t 2000 watts RF to the coil and flowing argon at a flow rate of 

abOut 8S seem. the film stress was about 3.0 x 1010 dya.e/cm2 tensile. By changing the substrate 

bias to .abo~ 500 watts imd ~8 iLe :ru:r ~war aDd ugon flo-w ntA ccmstmt. the tum 

stress changed to about l.S x 1010 d-yne/cm2 compressive. 

This Sheet Has Been Replaced 

1111111\ \1111\ "" \11111\ 



22 

The results show that the present invention em be used to advantage to achieve an 

overall lower stress level of the stack by tuning the IMP tungsten layer to =!11 appropriate 

otisetting stress, either tensile or compressive, to comrtexbalance.othcr stresses in the multilevel 

stack caused by tbe various layer depositions. The amount of substrate bias can change the 

stress levels fi:om a tensile stress to a compressive stress and vice versa. An overall low stress 

level is ciesll'ed to prevent hcture and delamiution of the film. stack and to improve overall 

, device reliability. 

Step Coverage 

The Jnvc:.ntot:. discovered that 1he siclewa11 coverage of IMP tungsten was significantly 

higher than Ti and nN, approximating two times 1he sidewall eoverage of Ti and TIN. A 
thicker sidewall coverage is highly desired for IMP tungsten to be an effective banie:- to protect 

the undedymg Ti la.yet from WF, attack during the subsequent CVD tnngstm growth. The 

bottom coverag~ especiaily in the comers and evai in quarter-micron features with a. 4: l 

aspect ratio, was at least about 20% and: typically about 400.A, to about 52%1 which 

approximates three tiDlBS the bottom coverage of traditional PVD processhig for tungsten. The 
present invmtion also provides higher deposition rates for tungsten, approximating four times 

tbe deposition rate of TiN. 

Generally, applying a substrate bias to increase the ion energies flattened the bottom 

step coverage profile of tbe IMP tungsten layer. It is believed that the more energetic i°'25 re­

_sputtered the sputtered. material on the bottom center of the feat!= and re-deposited the 

material at the bottom comers io obtain the flatter profile. Thus, in using an IMP )>l'<>CmS, the 

substrate bias shapes the deposition on the substrate top and bottom comm and minimizes 

ovcthang at the 0p81JiDg of the features. Because iungst.en growth i'om the subsequent 

selective CVD deposition occurs from tungsten surfaces dqx>sited m the IMP tung&ten process, 

au overhang at the opening of the feature cou1c1 causei the. CVD tungsten to pinch off at the 

opening befbre the feature was completely iilled, resulting in a void in the f~e. Also, the 

overhang at the top comers_could interfere with bottom covcnge unifonnity. It is believed that 

the top come.rs arc also rHpntteted with the more energetic ions as the substrate bias increucs 
to reduce the over.haug. 
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Filxn R.eslstlvit)' Compared to Film Thickness 

The tilm resistivity was also investigated. Figure 6 is a graph of the film resistivity 

relative to the film thickness with and without a substrate bias. Tho substrate "bas used was 

about 350 watts of DC bias power wi~ a SO% duty CiY'ilc. the target bias was abo~t l 000 wans 
of DC power, the coil bias was about lSOO wans of IU' power. and the process pressure was 

about 16 mTorr. Fignre 6 shoW$ that the film resistivity was higher fbr thin .films and 

decreas~ as ~ film thickness ina:eased and that ~lying a substrate, bias reduced the 

~vity otthc substrate. 

Other tests on resistivity revealed that a 'PVf) .. Dlfl/CVD tunpien ata.ck w lower 

resistivity tbG aa PVD-IMP TiN/CVD tnng&ten stack. The underlyina PVD-IMP tungsten 

layer provided the lower anc! more desirable oVerall resistance of the substrate stack and even a 

Iow.-.r CVl>. tmlgsten :csistmce than tho CVD tunssteo on tho PVD-JMP TiN layer. Table l 

shows tho tests measurements on the. PVD~IMP TiN/CVD tangste:n stack ~pared to the 

PVD-JMP tanptm'CVD tuDgstcD s~ 

TABLEl 

Stack Total R_Overall CVI>W Under Under CVDW CVDW CVDW 
(A.) (Q--sq.) {A) Layer LayerR, R.(O.aq.) Resist. Grain 

CA) (0-sq.) (p.Q-cm) Orient. 
CVDW/ S347 0.2173 4747 600 14 0.2207 10.s 200 
PVD~ 

IMPTiN 

CVDW/ 4737 0.1951 4237 soo 2 0.2162 !U6 110 
PVJ). 

IM.PW 

"rbe overall resistivity ottbo first stack, having a CVD tungstai layer of about 4747 A thick 

deposited on a 600 A. thick PVD-IMP TiN layer for a total thlckness of aboUt 5347 A, was 

about 0.2173 '2-sq. The overall resistivity of the second stack, having a CVD tungsten layer of 

about 4237 A thick deposited on a 500 A thick PVD·IMP tungsten layer for a total thickness of 

4737 A, was about 0.1951 Q-liq. Sh~ resistance of the 600 A PVD-IMP TiN layer was about 

14 Q-sq. axicl sheet resistance of the 500 A PVD-IMP tungsten layer was about 2 ri-sq. The 
sheet remstance of the CVD tungsten layer on the PVD·IMP TiN was m~ at 0.2207 n­

sq. The sheet resistauce of the CVD tungsten layer on the PVD-IMP tungsteti was measiired at 
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0.2162 '2-sq. Using those figures, the resistivity of the CVD tungsten on the IMP TiN layer 

was about 10.S µ0-cm. In contrast, the resistivity of the CVD tungsten layer on the PVD-IMP 
. . 

tunpten layer was about 9.16 µQ-cm. It is believed. the results are due to the CVD tungsten 

epitaxial grain growth on the IMP tungSten as well as larger grain size between the CVD 

tungsten deposited on the PVD-IMP TiN comp8rCd to the PVD-IMP tungsten. The resistivity 

of tungsten decreases with increasing grain size. The grain me of CVD tungsten on~ PVD­

IMP tungsten seed layer was about 0.3 µm. By cornp•n. the grain size of CVD tl21lgsteJ1 on 

a PVD-IMP TiN seed layer is typically about 0.1 µm. 

Grain. Size ofOO Tbngsten 

Figures 7-10 ate cross-sectional sc•M;ng-electron microscopy (SEM) .photograpb-1, 

representi_ng the effect of substrate 'bias and bias duty cycle on grain size. The larger the grain 

size, the less the resistivity of the layer due to less grain boundary layers for 1he ·electrons to 

traverse. 'Figure 1 rcp:esents the IMP tungste.o grain size without usin;i a substrate bias. 

Figure 8 represents the IMP tungsten grain size with a substrate bias of about 350 watts and a 

SO% duty cycle and is larger than tho grain size deposited without using a substlate bias as 

shown in Figure 7. Figure 9 represents the IMP tungsten grain size using a substrate bias of 

about SOO watts and a. SO% duty eye1e and ia ovon larger thin the grain size deposited using 

350 watts and a SO% duty cycle es shown iD Figure a. Figure 10 represents the IMP tungsten 

phi size deposited usiDg about 350 watts of~bstrate bias and a 1000" duty cycle, where the 

grain size is larger than the grain si7.e depOsited using about 350 watts of substrate bias and a 

SOOA. duty cycle as shown in Figure 8. The grain size using a substrate bias of ab9ut 3SO watts 

and a 100% duty cycle as shown in Figure 10 also appears larger compared to the gram size 

deposited usmg a snbstrate bias of about 500 watts al1d a 500.4 duty cycle as shown in Pigure 9. 

It is believed that the higher intensft;y from either tho increased substrate bias end/or~ higher 

dnty oycle contributes to a denser grain structure with lcs~ defects that affects the boundary 

layer fon:mtion and results in larger grain sizes. 

Air Exposure on CVD Tun1sten Layer 
Tlle e«eot of air exposure on the ttmgstai layer der an IMP TiN and IMP. ttmgston 

procets is •hown in the graphs of XRD analyses of Pi1Ul'e8 11 and 12. The XRD analyses 
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indicate the grain orientation of the CVD tungsten after the IMP layer was exposed to air for a 

period of time. An air. exposure could occur due to a delay m processing botween depositing 

the IMP layer and before depositizlS the CVD layer. Preferably, the substrate iS less sensitive 

to air exposures for better :manufactmabillty. . 
Figure 11 is a graph of an XRD analysis for a CVD tungsten layer having an underlying 

IMP TiN layer exposed ta air before the CVD tungsten deposition. The IMP TiN la.yer was 
exposed to air for about iwo hours before a subsequent .CVD tungsten laler was deposited 011 

the IMP layer and then the grain structure of the CVD layer was analyzed. The results of the 

two hour air exposure are represented by a dashed line. Shnilarly, the effect on the gl'8.in 

structure of a CVD tmJgsteD layer from ~ a· 24 hour air exposure on tbe Wlderlying IMP 

TiN layer is represented by a solid line. The solid line is offset by SOO counts Dom. the dashed 
line to view both lines on the same graph. The IMP TiN/CVD tungSten struoturc with a iwo 
h6ur exposure has a structure of no counts for a grahi or_ientation of 110, ab~ut 6300 counts tor 
a grain orientation of 200, and no oounts for either grain orientation 211 or 220. The 24 hour 

exposure changed the structure significantly, demonstrating _that tho process was air sensitive in 

that an air exposure on the IMP TiN layer would cause a change in tho grain st?ucture of the 
subseqUell.t CVD tungsten lajer. The reculis show a grajn orientation of about 500 counts of a 

grain orientation of 1101 about1750 counts ofa grain orientation of200, about lSO counts of a 
grain orientation of21 l, and about SO counts of a grain orientation of 220. 

Figure 12 shows represeniative re$Ult.s of an XRD for an IMP t&mgsten layer exposed to 
air for about two hours and abo'll.t 24 hours before depositing the CVD tungsten layer. The 

dashed line represents the results on the grain structure with the two hour exposure and the 

solid line represents the results on a grain strucmre with the 24 hour exposme, where again the 

solid line is offset by 500 counts ftom the dashed line. · The grain stzucture of the CVD layer 

with the two hour exposure to the IMP layer resulted in about 4500 counts of a grain 

odentation of 110, about SOO counts of a grain orientation ~f 200, about 200 counts of a grain 

orientation of 211. and about 100 CO\U1ts of a grain orientation of220. In contrast to tbe IMP 
TiN results of Piguz:e 11, even the 24 hour results did not diange the grain ·orientations 

significantly~ if at ~ dcmonstnting that the process is stabl~ so that desirable process 
condltious coulcl bo inaintaio.ed rapM1ess of the air expoi;uxe. 

i11ii1IT!Hlf 
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Fluorine DUfasion through IM:P/CVD Tungsten 

The diJference m fluoline diffusion barrior properties or IMP tunpten comp~ to 

IMP TiN was also investigated. ~ described herein. fluorine diftilsion can form compounds 

which create "volcanoes'" that :hctme the battler film. 

figure 13 is a.representative graph of fluorine diffUsiou through a Ti/TiN stack. Figure 
. . 

13 shows fluorine concentration m atoms/cm' to demonstrate fluorine difillsion through a. 
. . 

substrate stack ~ a slliaon oxide dielectric layer, ~ a 1000 A thiolc layer of IMP n 
deposited thereon, about a 100 A thick layer of IMP TiN deposi~ on the IMP Ti layer, and 

CVD tungsten deposited on the TiN layer at alx?~t 425°C, using the Wi, chemistly described 

herein. The atack ·was polished by CM'.P processes to improve the depth profile accuracy. The 

tluorlne level, shown in Figure 13. in the CVD tungsten layer was about 4 x 1019 atoms/cm.' and 

began ~ near the tunptmfl"iN intotface. The TiN film acts as a bard.er and slows the 

11.uorin& diffusion. 'lb.e solubility of tluorlne in TiN is lower than in either tungsten or Ti and is 

shown by the drop in concentration. All the fluorine diflUses into the Ti, tbe concentration 

increases to a\>Out 3 x 102° atrJms/cm.1 in the TiN/Ti region at a depth of about 2000 A from the 

surface and then xeduces logaritbmically to a level of about 1 x toss atoms/cm.3 near the T"J/Si02 

interface. The area under the curve in the region between the tungsten/TiN interface and the 

Ti/Si02 inte:r&ce can be integmted to determine a. "doaage level" o! fluorine in that region. The 

dosage level in Figure 13 fortbatregion is abouts x 10~' atoms/cm2• 

By contrast, Figure 14 is a giaph of the fluorine concentration of one strocture made m 
accordance with the presea.t invention, ha1"hl,g a silicon oxide di.el.mrlc layer, about a 1000 A 
tbick layer of ~ Ti d.eposi~ tben:on. about a 100 A thick 1MP tungsten barrier layer 

depositccl. on the Ti layer, and a CVD tungsten layer deposited on the IMP tungsten barrier 

layer. The cubstr:ate stack was likewise polished with a CMP procesS. The concmtration of 

fluorine in the IMPICVD tungsten films is about 3 x 10" atoms/attl, similar to the starting 

level shown in Figure 13,. but does not significantly rise in .tho Ti film like the level in Figure 

13 nor does tha 1luorine concentEation extend as deep as_ the conce.utration shown in Figure 13. 

tho conoeutration RC1u.Ces to about 1 x 1011 atoms/Qn' near the Ti/SiOa inte.dace at a. depth of 

about 2200 A from the. st.a.ck surf.ace.. Integtating the area under the curve to obtain the dosage 

level in the Ti ~ ylel<l$ about 3 x 101~ atomstczn', a lffCl tba.t ia about an. order 0£ ~tude 

less than tbe sample wi~ the TiNJTi combination abo'WJl in Figure 13. Thus, the IMP tungsten 

liiiiiii 
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.fiJm is a signifieantly better barrier to fluorine diffusion from a subsequent CVD tungsten 
process than the lMP TIN :film. 

While the foregoing is directed to the preferred embodiment of the present invention> 
other and ii.uther embodiments or the invention may be devised withoU:t depal1ing fiom the 

. basic scope thereo( and the scope thereof is detmnined by the claims that follow. 
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Claima: 

1. A method of depositing tungstm.on 8: substrate, comprising: 

a.) sputtering tungsten from a target; . 
b) passing at least a Portion of the sputtered tungsten through an el~tromagnetic 

:field disposed betweea. the target and a substrate; and 

c;) attracting the tungsten to the substrate to farm a first tungsten layer. 

2. 1be method of claim 1. wherein passing at least a portion of the sp~ tungsten 

_through the electromagnetic field compdses using an ionized metal plasma (IMP) process. 

3. The method of claim 1. finther comprising depositing a second tungsten layer by a 

chemical yapor deposition (CVD) process on.the fust tungsten layer. 

4. 1be method or claim 1, wherein the chemiC!l vapor deposition process of the second 

tungsten layer includes a hydrogen reduction of tungsten hexafluoride. . 

5. The method of claim l, further compriQng depositing a linor layer of a titanium 

material prior to forming the first tungsten la.ycr. 

· 6. The method of claim l, i\Jrther comprising exposing the tongstcn to nitrogen to deposit 

a tuDgstm mtride layec. 

7. The method of claim 1. :tbrther comprising ~usting a stress 18\-"el of tb.e ~ mngsten 

layer by .adjustina a substrate bias applied to the substrate. 

8. lhe method of claim 7, wherein adjusting the stress level comprises lowei;ing an overall. 

substrate stress by tuning the :first tuugstc layer stress lmt 

9. The method of claim 1, farther comprising increasing a fiJm thickness uniformity of the 

mt tmi~ton lay« 'by incrcatifts • SUDll-trate bias applied to the substl*te. 
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1 O. The method of claim 1. further comprising depositing at least about 20% of the field 
coverage on the substrate in the bottom of a feature on the substrate by ad~g a substrate 

bias applied to the substrate. 

11. The method of olaim 1, further comprising reducmg the resistance 0£ the substrate by 

inoreasing a substrate bias applied to the substrate. 

12. lbe method of clabn 1~ further comprising depositing a conductive material over the 
first tungsten layer, the conductive layer comprising copper, ~ tungSten or 

combinations thereof. 

13. A. substxate, comprising a first nmpten layer deposited on t.he substrate produced by an 

ioniza~on of sputtered tungstc:D material. 

14. The substrate of claim 13 .. further comprising a second tungst.en layer deposited on the 
first tungsten layer by a CVD process. 

lS. The substrate of claim 13, ~er comprising a layer of titanium material deposited on 

the substrate prior to the first tuxipten layer. . 

16. The substrate of elaim 14, wherein the second tungsten layer comprlaes a hydrogen 
reduction of tungsten hexafluorld&. 

17. The substnte of claim 13,, wherein the first tungStea layer comprises t1uJBStC1 nitride. 

18. 'Ihe substrate of claim 13, wh~ein the substrate. co:mpiises at least one layer of 
conductive metal or alloys thereof deposit.eel over at least one tungsten layer. 

19. The aubstrate of claim 13, wherein the Brat tungsten layer and second tungsten layer are 
deposited in a feature on the substrate. 
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20. The substrate or claim 19, wherein the feature comprises a plug on the substrate. 

21. The substrate of claim 13. wherein the 1ilm thickness unifonnity of the fiat ttmgsten 

layer deposited in the bottom of a fea.OIR is 8% or less. 

22. The substrat6 of claim 13, whczein a stress level of the substrate stack measured prior to 

the deposition of the first tungsten layer has been low~ by an offsetting stress level in the 

first tungsten layer measured after the deposition of the first tungst~ layer. 

23. The substrate of claim 13:11 wherein bottom coverage of the first tungsteu layer deposited 

in the featuie i& about 20% or greater compared to!he coverage of the substr&te
0 

in field areas. 

24. The substrate of claim 13, wherehl the second tungsten layer has no substantial grain 

orientation change when the first tungsten layer is exposed to air for at least about 24 hours. 

25. The substrate of claim 13~ wherein the tungsten layer red~ fluorine diffusion. into an 

1J1lderlying layer. 

26. The substrato of claim 13~ Alrther comprising a second tungsten layer deposited 911 the 

first tungstem layer by an elecwchemic~ deposition process. 

27. A method of depositing tmJpten. on a multilevel aubstrate. comprising: 

a) prcM.ding a substrate; 

b) biasing the substrate; 

c) depositing a fixst tungSten layer; and 

d) altering the film stress level of the multilev~ substrate with the fixst tungsten 

layer. 

. 28. A method of deposition a tungsten layer on a substmte, comprising: 

a) sputtering tungsten from a target; 

b) exposing the tungsten to nitrogen; aud 
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c) depositing the tungsten and nitrogen on a substrate to fcmn a tungsten nitride 

layer. 

29. Tue method of elabn 28,. furthet comprisin1 ionizing tungsten atoms with a plasma. 

30. The method of claim 28, &rtbor com.prising depositing a conductive layer on the 

tungsten nitride layer, the conductive layer comptlsing ex>ppcra aluminum, tungsten or 

combinations thereof. 

31. A substrate comprising a banier layer of sputtered tungsten nitride on a substrate. 

32. ~ 5ubstrate of claim 31, wherein the sputtered tungsten nitride la.yer has & thickness 

of at least about 2so A. 

33. The substrate ~f claim 31, ilntber comprising a layer of copper, alumimun, ~gaten or 

combinations thereof on the tungsten nitride burier layer. 

34. A method of depositing tungsten on a substrate. comprising: 

a.) sputtering tmigsten ~ma target to form a &st tungsten layer; and 

b) depositing a second tungsten layer by a chendcal vapor deposition '(CVD) 

proeess on the £inst tungsten layer. 

35. The method of claim 34, wherein the CVD process is a hydrogen :reduction process of 

tllugstcn. 

36. A substrate processing system compdsing: 

a) a sputtering chamber having a tungsten target disposed :in the chamber 

comiected to a first power supply and a~ ~pport disposed in the chamber; 

b) a coil disposed betWeen the tatget and the subsnte support connected to a 

SCCOJ1C1 power supply; a:ad 

c) a controller that controls a first po'fler output fxom the first power supply io 
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sputter material from the tungstai target. 

37. The syatem of claim 36~ wherein the controller further controls a second power output 

from the second power supply to ionize the sputtered material. 

38. The system of claim 37, wherein the contmlla further oontrols a tbird power output 

from a 1bird power supply 1hat biases 'Che substrate support to proYides directional attraction of 

the iOJlizec! sputtered material 

39. lbe system or claim 36, fiu:ther compiisfug a robot disposed adjacent the chamber that 

delivers substrates to the chamber. 

40. The system of clahn 36, further compri8ing a chemioal vapGT deposition chamber 

disposed in proximity to the sputtering chamber. 


