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Thin Film Metallization Work Bay 
(Photo courtesy of Advanced Micro Devices) 

CMOS MANUFACTURING STEPS 

The remainder of Lhis chapter focuses on Lhe manufacturing steps that a wafer follows in a typical 
CMOS process. Although there are some operation in the process flow that can be perfom1ed in 
batches of wafeirs at ooe time, this process flow describes the manufacturing of a single wafer. For 
further simplific:ation, this process describes the production of only a microscopic area of a single 
CMOS inverter consi ting of two transistors-nMOS and pMOS. Cross-sectionaJ views of the 
product will be provided for each major operation. 

The CMOS manufacluring steps to be described are: 

I. Twin Well Process 

2. Shallow Trench Isolation Process 

3. Poly Gate Structure Process 

4. Lightly Doped Drain (LDD) Implant Processes 

5. SidewalJ Spacer Formation 

6. Source/Drain (SID) Implant Processes 

7. Comact Formation 

8. Local lnterconnect Processes 

9. Via-J and Plug- I Formation 

I 0. Metal- I Jrnterconnect Formation 

11 . Via-2 and Plug-2 Formation 

l2. Metal-2 Interconnect Formation 

13. MetaJ-3 to Pad Etch and Alloy 

14. Parametric: Testing 

1. Twin Well Process 

The first step in some CMOS wafer fabrication processes is to define the active regions of the 
MOSFETs. Many of today·s sub-quarter micron processes use a rwi11-we/l (also referred to as twin­
rub) approach to define the active region of the nMOS and pMOS transistors. A twin-well consists 
of a p-well and an o-well , with each well requiring at least three to live major processing steps to 
fabricate. A retro-grade implant Lechnique is used to obtain optimum electrical characteristics for the 
FETs. This technique starts with a high-energy, high-dose implant that penetrates approximately 
I µm into the epilayer. Subsequent well implants are done at the same active site wilh a progressive 
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decrea. e in energy. junction depth, and do. e of d< pant material uch a. pho phoru r boron (mea-
ured in at m~/ m1). The re. ul help et the thre-.h Id penuting oltage for the FETs a well a 

prevent comm n 10 problem<;, u h a lurclwp and otJl1er reliability issue . Figure 9.8 and 
Figure 9.9 illu trme. re pectively. the major teps required in the formation of the a-well and p-well. 

n-well Formation ■ The five major tep in n-wcll f rmati n are lie cribed below in the follow­
ino proce and illu !rated in Figure 9. 

Description of Five Major Steps in n-well Formation 

Process Step 

I. Epitaxial Growth 

2. Initial Ox.idc Gr \ th 

3. 1st Mak, 
n-well Implant 

4. n-wcll fmplant 
(High energy) 

nncul 

De criptioo 

The ilicon wafer. having already a thin layer f epiraxial silicon (epilayer), 
arrive in the diffu ion bay. The epilayer ha the exact cry tal ·tructure as 
the ~ubstrate. e cepr with impr ,ed purity and fewer cry. tal defects. The 
epilayer ha. alread been lightly doped with p-type d pant (boron). 

In diffusi n the wafer is cleaned in a serie of ch mica! bath. to remove par­
ti le .. organic and inorgani contamination, and 11mive oxide growth (natural 
ilicon dio. ide grov. th) from the wafer ·. fter the wafer i rin ed and dried, 

the wafer is placed in a high temperature (-IOOO O ) furnace proces cham­
ber. 0 ) gen ,~ nowed into lhe proce· • hamber to rea t with ilicon 1.0 grow 
appro imctt ly 150 of oxide. Thi . initial oxid serve. several functions: 
(I) it protecb the L p , urface of the ,epi ilic n from contamination, (2) it pre­
vents excessive damage LO the silicon during implantation, and (3) as a 
,creen oxide, il help~ control the depth of the d pant. during implantation. 

In pho1olithography the wafer undergoes a eric of pr cs step in the 
coater/dcvclopcr track tool. The "tracks" as c mm nly referred to, prime the 
l r . urface of the wafer. coat the wafer with photore ist (liquid ph tographic 
lilm), pin the wafer. and bake the wafer. An internal automatic wafer­
handling <.ystem transfer the wafer between proce . tation. within the track . 
Another wufer handler remo es resist-couted wafer . one at a time. and lnUl -
fcrs them LO the ali,~11me111-a11d-exposure system (an e tremely complex and 
precbe camera). he aJignment-and--e po ure sy~tem phot graph. the image 
of a pecilil' nrnsk la)er dire ti} once the re ist-coatcd wafer. ln thi ca e, the 
ma k layer delines the areas of the product that are to be implanted in order 
to fonn fhc n-,,elb f r the pMO tran i to . The expo ed wafer i. then 
tran. i rred hack to the tracks. where the image fir t appears when th wafer 
i prayed 1,ith the chemical developer. The developed wafer undcrgoe 
an ther bake tcp and i in ·pected b,efore being tran ferred t the i n implant 
bay. The printed pauern i inspected for proper li11ewidths, ailed critical 
dimc•1Hio11.1 ( CD!. lo the event fa major defect, the photorc i t can be 
stripped off an<l the wafer can then be reworked. Ph tolithography i the 
only area in 1he fab where a~ afcr can be easily reworked. 

The pallcrncd wafer arrives in the io,n implant bay. The photore. ist pattern 
overs i;pecific areas of the wafer that are 10 be protected from ion implanta­

tion. Window,, or penings, in the p•horore. ist allow high-energy positive 
dopant ions to penetrate into the upper ·urface of lhe epilayer ~ I µm 
j1111ctio11 depth). In lhi • ·ase. pho ·phoru • i the de ired d pant. The ion 
i111ph11lla 1: the mam proce . tool in this bay. Its purpo e is to ionized pant 
atoms, ac elerutc them \\ith high voltage (~200 KeV). elect tbe mot 
appropriate dopant species lo implant. focu the ion into a narrow beam. 
and, linall) . scan the wafer lll provide uni~ rm doping aero all unprote ted 
areas of the wufcr. 1 lhi!> p int the dopant i ns penetrate the cry tal lattice of 
the ilicon cnu. ing damnge t the covaleni atomic trncture. Thi damage 
will be repaired luter in u <liffu ion ;,md annealing rep. 

1 ore: After each i n implant operation. an oxygen-plasma reactor Looi . trip:. 
the photor.:si . l I IT each 1mpl, nted wafer. The wafer is then cleaned by a wet 
hemical pr cc ·s to n:mo,e residual ph Lore. i. t and polymers created by the 

pla! ma proce s. This note npplies Lo all subsequent implant operations but 
will be listed only this one time. 

The implanted wafer i tramfcrrcd t, diffu. i n where the wafer i cleaned 
before being inserted into an anneal furnace. Four thing occur a a re ult of 
thi • anneal pr ces~. (I) A new barric:r o ide layer i grown over the bare ili­
c n. (2) The higher temperatures cause the movement of dopant further into 
the silicon (cnlled diffusion). ) The! implant damage i repaired. 4) The 
honds between the dopant atoms and the silicon atom are activated. making 
I.he dopant atoms u part f the cry ·rnd lmuce trucmre (electrical activation). 
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- Sum 

'( P~ Silicon substrate (Dia = 200 mm, - 2 mm thick) '( 

AGURE 9.8 n-well Formation 

p-well Formation ■ The three maj r teps io p-well 1' rmation are desc1ibed in the f II wing 
pr e. sand illu trated in Figure 9.9. 

Description of Three Major Steps in p-well Formation 

Process Step 
I . 2nd Ma k. 

p-well Implant 

2. p-well Implant 
(High e11ergy 

3. nneal 

Description 

The photolithography lep~ fc r the p-well implant mask are exactl the am 
a· for the fir. t ma k. The uni difference i the mask i the direc1 pp . ite 
of then-well implant ma~k. ompar Figure 9. and Figure 9.9 10 see the 
differenc . 

The retrograd p-wcll implant energy le el are c n iderably lower than the 
n-welJ. This condition i~ due L the differen e in the mas e of the elements 
being implanted. Comparing the atomic ma . unit (amu) of boron ( ~ 11) 10 
pho phoru ~ 31 . bor n i. ab ut one-third the ma of pho phoru . Thus, 
the energy needed to implant boron sh uld only require about one-third of 
that u ed to implant ph . pit ru LO the ·ame junction depth. 

p- Epitaxial layer 

p+ Silicon substrate 1 
RGURE 9.9 P-well Formation 

2. Shallow Trench I olation Process 
Shallow tre11 h isolation ( Tl) is an alternative method for creating i lati n regions between ac­
tive transi. t r area · on a ubstrate. 1 This method is e pecially u. eful in the manufacturing of quar­
ter-micron device . Th prefi rred isolation t cllnique up uolil the late 1990 had been the LOCOS 
(local oxidation of si licon technique that wa instituted in the early 1970 . . 2 De. pite its comple -
ity STI is gaining in popularity with ULSI hip manufa turing. STI fi rmati n i. e plained a fol­
lows in three major tep.: trench tch ee Figure 9. 10 011 page 208 . xide fill ( ee igw-e 9.1 l 011 

page 209) and oxide poli. h ( e Figure 9.12 oa page 209). 
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STl Trench Etch ■ The four major tep, in STI tr n h etch are de cribed in the fol lowing 
proce and illu trared in Figure 9. 10. 

Description of Four Major Steps in STI Trench Etch 

Proce tep De cription 

1. Barrier Oxide The wafer an·ives in the diffu ·ion bay where the wafer is again cleaned to re­
move contamination and oxide. After rin ing and drying, the wafer i in .erted 
into a high-temperature oxidation furnace. ppro imately 150 of new oxide i 
gr wn n Lhe wafer. Thi layer will ~ rm a barrier t pr tect active regions from 
chemical comamination during nitride trip. 

2. Nitride Dep iLi n The wafer i • in ·erted into a high-temperature (~ 750 ° ) LP VD (Low-pressure 
chemical vapor deposition) furnace. ln~ide the pr e~ • chamber ammonia and 
dichl ro ilane ga e react to form a thin layer f , iii on nitride (nitride, i1 4) 

on the wafer. The nitride will ene two functi n. thr ugh ut the STJ formation 
proces. , tep,. I) itride i a durable ma king material. which protects active 
regi ns during the STI oxide depo ition proce, and (2 nitride erves as a 
polish- top material during rlle chemical mechanical planarization (CMP) tep. 

3. 

4. STI Trench Etch 

The wafer arrive in photolithography from diffusion. Thi photoljthography 
proce tep l ~imilar to the previou ma. king step, except a different mask is 
u, ed. Thi masking step i much more critical than the fir l ma k due to the 
mailer dimcn ion . Inspection of the wafer includes D mea ·urcmcnts as well 

a. checking for de.feet inspeciion (DI), and ptica l visual inspection (VJ). These 
mea~urements requi re checkfog the accuracy f the alignment-ex.po ure system 
relativ to th written specifications. 

The photorcs ist pattern is designed to prate t area f th ·ii icon that are not to 
be etched. The window in the photore isl al low ions and highly reactive radical 
chemicctls to et h nitride, oxide, and sili on in unprotected ure~. The preferred 
to I ~ retching the e deep trenches is the dry pla ma erch r. The etcher u e 
hjgh-p were<.l radio frequency (RF) energy 10 ionize a nu rine- r ch lorine­
based gai; i1ride a acuum proce chamber. The RF energ di o iate mole­
cules and i nile atoms to create a chamber filled with a ariery r pl ma com­
ponen . Th e plasma omponem provide 1he chemical and phy ical etching 
that re ullb in the removal of ilicon in locations de ignated a isolario11 region . 
The )anted profile and the rounded bottom of the tten he~ impr ve th filling 
proce • a1,c.J the ele ·trical charactcri lie of the i olation tru wre. 

Note: 1101 ing completi in of ea h etch operation, the wafer is stripped of 
photc rei>iM ;ind wet leaned in a ~crie • of chemical baths. Key inspec tion 
pr edures incfuc.l mei urements that verify proper step height ( }, et h rate 
( /min}, D. and DJ. Thi · n te applies to all sub equent etch operali n but 
will be Ii ted nly this ne time. 

p- Epitaxial layer 

p+ Silicon substrate 

FIGURE 9.10 STI Trench Etch 
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STI Oxide Fill ■ The ba i steps in Tl o id fill are de cribed u1 the following proce nd il-
lustrated in Figure 9.1 1. 

Description of Basic Steps in STI Oxide Fill 

Proces tep 

I . Tren h Liner 
Oxide 

2. Trench Fill with 
DO ide 

Description 

The wafer i • again cleaned in the diffu ion bay to remove contamin, tion and 
oAide. After rin ing and drying, the wafer i inserted into a high-temperature 
o idati n fuma . pproximately 150 A of oxide grow in the exposed wall 
of the i lotion tren he . The nitride mask prevent oxygen diffusion into the 
active regions. The purpose f the liner xide is to improve tbe interface 
between tbe ·ilicon and the trench CVD oxide. 

Thi depo&ition pr ce s is performed either in diffu ion u ing an LPCVD 
fuma e or in thin films using n variety of oxide CVD sy terns. Higher thr ugh­
put and dep ilion rates are obtained with the furnace. 

Trench fill by chemical vapor deposition 

I I I I I I I I I I I I Ii I tidel I H I I+ I 
0 I 

Trench CVD oxide 

p-well 

p- Epitaxial layer 

p+ Silicon substrate 1 

FIGURE 9.11 STI Oxide Fill 

STl Oxide Polish- itride Strip ■ Planarizati n of the wafer surfa e i ac omplished by everaJ 
meth d . In the pa 'l, filling the gap to planarize the wafer ould b d n u ing spin-on-glas (SOG), 
con isting of800! so lv nt and 20% ilicon dioxide. Ba.king the 00 arter the deposition evap rated 
the o!vent I a ing o ide in. ide the gap . complete surfa e etcltback al o cou ld be performed to 
reduce the veraU th.ickne . However, no method ha een as effective a planarization technique 
as CMP, chemi al mechanical planarization (also re erred t as po/i h). The following tabJe and 
Figure 9. 12 n pag 210 describe and illu trate tbe pro e . 

Description of Basic Steps in STI Oxide Polish and Nitride Strip 

Proc tep 

I. Trench O ide 
Poli h MP) 

2. Nitride 

De criptioo 

In th CMP nrea the wafer i turned up. ide d wn and held by vacuum to a wafer 
carrier. The wafer rotate. in the . nme direction a, a poli, hing pad attached to a 
r tnting poli bing table. A chemical lurry ke p. the pad and wafer wet during 
the poli hing pr es and provide. rea tant. to help abrade the oxide urface. 
The nitride, being a harder material than the ide, . erve. a the p Ii h- top 
material lo prevent over-poli hing the i olation structure .. 

Note: The following statement applie. to all poli. hing operation, and will not be 
repeated again. The por hing proces reate ex es ive particle and chemical 
cuntaminants thal musl be thoroughly remove<! h fore tran fening the wafer 10 

ther area · in the wafer fab. Special crub tati n. clean the 10p and bottom of 
Lhe wafer and enwre it i rinsed and dried. Im,p tion for film thiclrne. , paro­
le. . nd defe t are al o conducted before wafer i transferred. 

The di usi n b y i. traditionally equipped \ itb hot pho ph ri acid stat.ions for 
, tripping the nitride from the wafer. In the diffu ion bay Lhe wafer is stripped 
cleaned, rin ed. and dried then in pected to check the thickne :, of th isolation 

idc. 
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I 
G) 

_ Planari~ by chemical-mechanical polish~ 
r \J w \ I \/ \ 

r STI oxide after polish ·, 
I __,.@_!ii~d~ s~ I 

n-well -well 

I implant I p- Epitaxial layer 

t p• Silicon substrate 1 

FIGURE 9.1,2 STI Formation 

. Pol Gate Structure Proces 

F rming the tmcnire of 1he Lrnn. i t r gate i a critical step in lhe pr e . b au e it include ther­
mally gr wing the thinnest f?Ole oxide and patterning and etcrung the poly ilicon gate, one of the 

. malle~t pby ]cal :.tructurc. in the entire IC procc,;;s (,ee Figure 9. 13). The width of the poly ilicon 

gat is often !he mo. t critical D linewidth of the entire wafer. 

Description of Basic Steps in Forming the Poly Gate Structure 

I. 

2. 

Proce • tep 

Ga1e O ide Gro, Lh 

Poly ilicon 
Oep ition 

Description 

TI1e wafrr h cleaned l remove C(11Haminalion and C)x.ide. There is only a matter 
of a few lwurs before the wufer mu~l be inserted in Lh~ oxidation furnace. Qxjde 
w,11 form :.h long ru the ,ilicon is expo~ed to oxygen in the atm phere. The 
wafer,~ inserted in the oxidation furnace and a thin nxiue or approximately 20 
lo 50 i. grown. 

The water is immediately loaded into an LPCVD rurna e where, ilane (SiH4) i 
imroclu ed into che process chamber. The ~i lane di .. o iates und polysilicon i. 
dep siled on the wafer. Approximately 5000 'A of pol si li on (al. referred to a 
poly) i~ depo il"d. Some pro e. es may call for doping 1.he poly ii icon immedi­
ately followjng the deposition step. This action can be done in the ame proce s 
chamber or in a separate furnace. 

3. 4th Mu k. Poly Gate In phmolithography, deep U lithography (a urning ~ub- .2 • µm technology) 
technique~ are u~ed ro pattern the fine :-.tructure of the pol ii icon gates. An an­
rirejlectii'e cna1i11g !ARC) is comm nl) applied between the poly and the pho­
tores. l Ill reduce undesirable reflections. The resj t linewidth • for the gates are 
the narrowc t ~truclllre n Lhe I ; therefore. various quality measurements are 
required, ~uch as D and overlay rcgismu i n (OL), and defe t inspection (DI). 

4. Poly ale Etch 

L 

By far one ol the most critical etch ~tep~ in the TC proce • require lhe u e of the 
best anisotropic plasma etchers available in the fob. The e . ingle-direction etch­
en, etch the polysilicon to provide th crtical profile · b wain Figure 9.13. 

p Epitaxial layer 

t p+ SIiicon substrate 1 

FIGURE 9.13 Poly Gate Structural Process 
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4. Lightly Doped Drain (LDD) Implant Process 
As gate widths get mailer. the channel length below the gate tructure (the silicon region between 
the source and drain) al o decrease . Thi reduction increase the potential for charge to 
punchthrough the lran i tor ource and drain and cau e undesirable channel leakage current. There 
are technique that are u ed to reduce the cu1Tence of this leakage io the channel. 

Th next erie of i n implant steps begin to define the ource and drain regions of tran is­
tor . Each pMOS and nMOS tran istor will be implanted twice-once with a hallow implant called 
the lightly doped drain (LDD implant, then foJlowed by a medium or high do e sour e/drain 
implant. Lightly doped drain (LDD) implant · ( ee Figure 9. 14 below and Figure 9. 15 on page 212) 
use the larger mass of ar enic and BF2 dopant material to create an amorphous (di organized with 
no long-range order or cry. taJ trucrure) upper layer of ilicon. The combination of large mas and 
amorphous urface condition help maintain a hallow junction, which al o help reduce channel 
current leakage effects b tween the ource and drain. 

n- LDD bnplant ■ Tb tep for creating n- lightly doped drain implant. are described io d1e 
following process and illu trated in Figure 9.14. 

Description of n- Lightly Doped Drain Implant 

Process Step 

I. 5th Mask, 
n- LOO Implant 

2. n- LDD Implant 
Low energy, 
hall wjunction 

depth) 

De cription 

The purpo e of thi masking tep i to pattern the wafer in a manner that open 
window in the photoresist where n-channel transi ·tors can be implanted. AIJ 
other areas are protected by the remaining photoresi, t. 

Ar ·enic ions are selectively implanted through the windows in the patterned 
re i t. The energy, dose and depth are significantly lower (ban in the previou. 
n-well implant tep . Arsenic is preferred over pho phorus be au e it larger 
ma amorphizes the silicon urface to create a more unifonn dopant depth 
during implant. 

' I I 11111111 ~1rrt, r,L?rrf'rT I I I I I 11 
II 111 

p- Epitaxial layer 

p+ Silicon substrate 

FIGURE 9.14 n LDD Implant 
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p- LDD Implant ■ The ..,,cps for creating p- lightly d peel drain implant are de cribed in the 
following process and ilJu Lratctl in Figure 9.15. 

Description of p- Lightly Doped Drain Implant 

Process Step 

I. 6th Mask. 
p- LDD Implam 

2. p- LDD lmplaot 
( Low energy, 
hallow junction 

depth) 

I 

De cription 

The purpo e ol Lim ma,king tep is 10 p, tlern the wafer in a manner that open 
window. in the phmoresis1 where p-channel tran i. cor can be implanted. All 
other areas are protcctet.l b the rcmnining photore I l. 

Boron <.Hilu nde. B 1. 1, preferred over boron for thi implan1. tep. BF2 i a 
heavier ub tance than h ron. Th heavier B 1 help amorphi1e the ilicon 
surface. 

G) BF- p- LOO fmplart 

1111111111111 111111111111111111 I I IThml I Polfsh I ~ - I I I I I 11 I I I I 0 Photoresist mask I I I I I 
G) 

ioiHuslo1 

L p- Epitaxial layer 

p+ Silicon substrate 

FIGURE 9.15 p- LDD Implant 

5. Sidewall Spacer Formation 

idewa/1 spa ·er will be w,ed alongside the poly gate 10 prevent the higher ource/drain 
plant from I en trating too close LO the channel where SID punchthrough c uld 
spacer formation require two major proces tep (see Figure 9. 16). ir. t. an ide layer i d -
positctl a r ss th' surl"ace of the wafer, then the oxide i etched ba k u ing a dry et h pr e .. Th re 
i. n requin.:mcn t for a masking ~tep hccause U1e uni ·otr pie ingle-dire tion) etch tool u e ion 
t putter away m . tor Lhe oxide. The etch proce ends when the pol ii icon i exp ed. Howe er, 
not all r the oxide i remo ed. ome oxide remains on the idewalls of the p I . ilic n gate .. 

Description of Two Major Steps in Sidewall Spacer Formation 

Proce 'tep 

I. pacer Oxide 
Dcpo ition 

2. 

De cription 

Thi. proceuure is perf nned in the thin film bay. Approximately 1000 of 
o,ude is tlcpo ited with a chemical vapor deposition D) proce . Thi · layer 
will he used to fonn pacers n the ide of the poly ilicon gate . 

The I.II) pla,ma etcher rem ves mo L of the CVD oxide leaving behind the 
thicker o ·ide l n the idewall. of the poly ilicon gat . 

G) Spacer etchback by anisotropic plasma etcher 

I I I I I I I I I I I IJ I I I I I II I I I I II I I I II I 
Q2Spacer • 

p- Epitaxial layer 

p+ Silicon substrate 

FIGURE 9.16 Sidewall Spacer Formation 
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6. Source/Drain SID) Implant Proce e 

To complet the relr grade implanl techniqu , rnedforn-do ·e implants are made to penetrate the ii­
icon lightly bey nd the LOO junction depth, but n la deep a the original rwin-wellimplant ( e 
Figure 9.17 and Figur 9. 18). The pacer xide from the previou step will protect the channel from 
the dopant atom during the implant pro ss. 

o+ ID Implant ■ The . t ps ~ r er aling n+ urce/drain implant are described in the follow­
ing pr es and illu trated in Figur 9.17. 

Description of n+ Source/Drain Implant 

Process Step 
I . 7th Mak, 

n+ SID lmplani 

2. n SID Implant 
(Medium energy) 

De cMption 
This masking tep define area of the nM Lran i tor that are to be 
implanted . 

Th.is is a mediurn--cnergy implant step that penetrates the ilicon deeper than the 
LDD ju11cti n depth. p:tcer oxide preven the arsenic d pant from en roaching 
into the na.rr ~ channel. 

G) Arsenic n+ S/D implant 
11111111111111111111111111111111 
I I I I I 0 Photoreslst mas I I I I I I I I I I I 

p- Epitaxial laj€r 

1 p' Silicon substrate 

AGUAE 9.17 n+ S/D Implant 

p+ ID Implant ■ The teps for creating th p+ ource/drain regi n are similar t n+ /D for­
ma11on. The tep for p+ ID are de ribed ia Lhe following pr s. and illu, tral din Figur .18. 

Description of p+ Source/Drain Implant 

Process tep 

l. 8th Mruk, 
p ID Implant 

2. p "/D Implant 
(Medium energy) 

3. Anneal 

Description 

Thi. masking tep defme area. of the pM S tran i. l r. thm ar to be 
implanted. 

This implam tep peDetrate the ilicon lightly beyond the LDD juncti n cJ pth. 
Spacer ox_ide prevent boron dopant fr m en rnaching into the narrow channel. 

The implanted wafer is annealed in a rapid thermal pm ess (RTP t I. RTP 
to I have the ability to quickly reach tcrnpcratllre f - I 000 °C anc.l ma.int::un 
tl1e . etpoint for everal . econd . This c nditi n i imponam L pre ent tru UJl'e! 

from preading and to conrrol the diffu i n of d pant in the ID regions. 

@ Boron p+ SID implant 

I I II ! ! I ! I I H II I I II II II I H II I II II 

p- Epitaxial layer 

~ Silicon substrat_e _ 

FIGURE 9.18 p S/D Implant 
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7. Contact Formation 

The purp ·e f U1 coolact formation pr ce .. teps is Lo form metal contact on all a tive are of 
. ilic n. The e metal contact ser et promote adhesion beLween the siJjcoo and tile metal onduc­
t r material illat will be dep sited later (see Figure 9. 19). Titanium is a good hoice for tile metal 
con tact material. although balt an al o b u. ed. Titanium ha · low resi Livity chara Leri tic and 
rea u ery ,. ell with ili on. When rai ed t a temperature> 700 °C. titanium bond with . ilicoo to 
~ rm a titanium silicide Ti i2) compound, r ti ilicide. Titanium and iii on dio id don t react; 
therefi re. no chemical bone.ling or ph i.ical onneclion i made between the e I\ material. . Thu , 
titanium can be ea. ii et hed off the oxide without the need for a masking tep. Ti ·ilicid remains 
at all location where active ilic n e i e.g. ource, drain. and gale). 

Description of Major Steps in Titanium Contact Formation 

Process Step 

I . Titanium 
Depo ition 

2. Anneal 

3. TitaniumE1 h 

De cription 

The wafer i cleuned thornughly to remove comaminan and .xide from Lhe 
si li on . Titanium (Ti i depo ited on , afer. u. ing a puttering proce .. 
Spulfering i a pl,ysi al 1•apor deposition (PVD) pr e. that i. performed in a 
plasma proce s chamber where energetic argon ion. bombard n metal target lo 
rclea e metal atom. , which depo. it onto a wafer. 

The wafer is inserted in the RTP to I. The high temperature trigger a chemical 
rea ti n between titanium and Llicon that fom1s Ti i2 (Li ilicide). 

al\ etch away the unreacted titanium. leaving chi nd ti ilicidc over Lhe 
'!icon area . . 

0 ntanium depostion 
I " 111 , II , I I I II I I I II I I I 11 I I I 11 I I 

p- Epitaxial layer 

p+ Silicon substrate 1 

FIGURE 9.19 Contact Formation 

8. Local Interconnect (LO Process 

The next tep in the I manufa tu.ring proce . i to fonn mclal nne ting line between tran j tor. 
and oilier tisili ide ontacts. The method u ed in Lhi pr c , tl w i referred to as local intercofl­
nect LI). Th step leading up to the formation of LI are a omplicated a the formation of Lhe Tl. 
The proce., begin with the depo ition of dielectric film. . followed by MP, patterning, etch. and 
tung ten m tal dep . iti n and fini bed ofT with a meLal poli~h sc Figure 9.20 and Figure 9.21 ). 
Thi proce s i. referred to a'i dama cene-a nam ad ptcd fr m a practice that began thou and, f 
years ago by artisans in Dama cu . Syria.3 The re ult of the e steps produce a top urface that re-
embles intricm inlaid jewelry or artwork. The graphic in igurc 9.2- illu trate how the metal 

line are ~ rmed within the wall of the etched oxide. 

FIGURE 9.20 LI Oxide as a Dielectric for Inlaid LI Metal 
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Description of LI Oxide Dielectric Formation 

2. 

3. 

4. 

Description 

rrier layer of . ilicon • • proce . The nitride 
ide. protection for ts in the next ftlm layer. 

LI dielectric comp ure i fonned from 
oxide r i01 . T oru or boron. The 

addition of dopant to the ox.i • • of tbe glas . An 
additional RTP step allow the gl rface. 

CMP i u ed to planarize the LI o ide. The of the oxide 
after polish i -8000 A. 
The wafer i patterned in photolith graphy and then etched in the etch bay. 
Narrow lrencl1es are created in the LI oxid that will erve a the forms for 
defining Lhe path for the LI metal. 

p- Epitaxial layer 

r p• Silicon substrate 

FIGURE 9.21 LI Oxide Dielectric Formation 

Description of LI Metal Formation 

Proces Step 

I . Titanium 

2. 

Dep ition 
{PVD proce · 

Depo ition 

3. Tungsten 
Dep icion CVD 
proce s polish) 

4. Tung ten p Ii.sh 

Description 

A thin barrier layer f titanium (Ti) line the bottom and lbe in ide of the LI 
walli.. The Ti erve. as a "double-adhe iV'e tape" lo hold the tungsten (W) 

Tiwnium nitride (Ti ) i, depo. ited immediately o er the Ti to erve a a 
diffu ion barrier for the tungsten metal. 

Tung ·ten fills the LI • • 
over aluminum for LI 
voi in the formed m 
c.,!!arac.:teri tics. - -- -

The tungblen i p Ii hed down to the upper urface of the LI oxide. 

~ Dlffus10~ Photo I ~ 
I I tmptant j 

TI deposition 
p- Epitaxial layer 

P'" Silicon substrate 

FIGURE 9.22 LI Metal Formation 
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9. Via-1 and Plug-1 F rmation 

The inrerloyer dielectric (IW) erve a. an im,ulat r material between each metal layer or between 

the fir. t m taJ layer and ilic n. The rLD will have many mall l'ios. which are mall openi ng in 

the I LD that pr vide an cle tricaJ path"' ay from one metal la er lo adj, cent metal layer . Vias are 

fi ll d with n onductivc metal (u~uall Lung ten. and referred lO as a rungsren plug and are placed 

at th appropriate I cations to D rm the electrical circuit between metal layer ee Figure 9.23 and 

Figure 9 .24 ). I LD- l i the fir t r a eries of interconnection pro -e ~ t be <le ribed. 

Description of Major Steps in Via-1 Formation 

I. 

2. 

J . 

Proce • 'tep 

I D- I xide 
eposition ( VD) 

xide Polish 

IOLh Mask. 
I.LD- l Etch 

Description 

Oxide is deposi ted across the uiface ol' Lhe wafer with a VD tool in lhin fi lms. 
This layer ( IL0-1) will serve as the dielectric material fr m which vias are t be 
formed. 

CMP i u. ed to planarize the !LD-1 oxide. The resulting thickoe • of Lhe oxide 
after polish i. approximately 8000 . The wafer i, . crubbed and cleaned to 
remove particles generated during the poli. h . tep. 

The wafer is patterned in phoLolithography and then etched in Lhe etch bay. 
Small via holes. le ·s than a quarter micr n in diameter, arc el he<l into the 
ILD-1 oxide. This ~tep is critical in terms of D. L. and defect . 

-2_ ILD-1 oxide 
depos1tlon ------

t 
p- Epitaxial layer 

p• Sillcon substrate 1 
FIGURE 9.23 Via-1 Formation 

Description of Major Steps in Plug-1 Formation 

Process Step 

1. Titanium Barrier 
Metal Depo ition 
(PYD) 

2. Titanium it.ride 
Deposition (CVD) 

3. Tungsten 
Deposition ( VD) 

4. Tung~ten P li~h 

De. criptioo 

A thin layer of titanium 1, tlcpo. iled acros'.'> Lhe surface of lhe wafer with a PVD 
tool in thin film .. ·ntanium lin • the b 110111 and the waU • of th via hole . 
The Ti serve· u.~ the glue that hold, the wng. ten plug in ide the hole. 

TiN is lhmly dcp sne<.l n t p of Lhe Ti layer. The i ·erve as a diffu ion 
barrier for the tungstcn in the next deposition tep. 

Another VD tool b u ·c<.l l deposit tung ten on the wafer. Tung tea fill the 
~mall openings t form the plug. 

The wngst n- oated wafer is polished down to the upper urface of Lhe ILD- 1 
oxide. 

p- Epitaxial layer 

p+ Silicon substrate 

FIGURE 9.24 Plug-1 Formation 
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SEM Micrograph of Polysilicon, Tungsten LI 
and Tungsten Plugs (Polysilicon is repre-
sented by the thin lines between the taller 
LI lines). (Micrograph courtesy of Integrated 
Ci rcui t Engineering) 

10. Metal-1 Interconnect Formation 

The next erie of operation ha to d with dep iting a lhr e-layer metal film r ferred lo as a 

metal scack or sandwich, on the afer, foll wed by a ma king and etching tep ee Figure 9.25). 

The multilayer metal tack con i l f different refract r metal - titanium aluminum/ copper, and 

titanium nitride. When fini hed. the wafer will have lhe fi t of five metal tacks to be con tructed 

on the device. The number of meLal layer on a device varie depending on die 

complex.ity with advanced die currently ha ing ar und eight metal layer ·. Jncluding LI metal, the 

device covered in thi proce flow ha a total of i meta l layer . 

Description of Steps in Metal-1 Interconnect Formation 

Process Step 

l. Titanium Barrier 
Metal Depo ition 
(PVD 

2. Aluminum-Copper 
Deposition (PYO) 

3. Titanium Nitride 
Deposition (PYO) 

4. 11th Mask, 
Metal Etch 

Description 

A · with other metal proce e '. titanium i • the fir t metal 10 be depo ited on the 
entire wafer. It pr vide a good b nd between the tungsten plug and the next 
rneia.l. aluminum. It al bonds w 1110 the interlayer dielectric material and 
impr ve th reliability of th metal tack. 

The aluminum-copper 99% Al, I% u) metal i sputtered onto the titanium­
oated wafer by a PVD tool in thin film .. The I% Cui added to the aluminum 

to improve the reUability of the aluminum. 

TiN is thinly deposit d on top of the alumi11um-copper layer to erve as an 
antirenective c ating for the next photomasking tep. 

The wafer L patterned with photoresist, tben the three-layer metal stack i 
et hed using a plasma etcber. 

p- Epitaxial layer 

p+ Silicon substrate 

FIGURE 9.25 Metal-1 Interconnect Formation 
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11. Via-2 and Plug-2 Formation 
The next four ope.rations will result in tJ1e f rmation of th econ<l interla er dielectric (ILD-2) and 
the via openings ee Figure .26 a.nd Figure 9.27). 1 LD-2 i ~imiiar lo ILD- l e ept for the very 
first tep of Ii i ling mall and large g.ips that were etch d into Meral-l. Gap fill i the filling of the e 
gap with a dielectric material that c, n be placed int the na.rro pace with ut creating void or 
other defects that could affect electrical pe,fonnance. There are two common method for filling 
gap -spin-on-glass (SOG) with etchbad. and hiRh-den iry plasma chemical vapor deposition 
(HDPCVD). HDPC Di the preferred method for 1;ub-quarter micr n pr es e . Once the gaps 
are filled. a pla ma-enhanced D (PEC D stem (inishcs depo. iting the remainder of the 
lLD-2 oxide. FolJowing the deposition of the ILD-2. the ide i polished, patterned, and then 
etched to open the vias for rhe tung!>ten plugs to b formed. 

Description of Major Steps in Via-2 Formation 

Proce tep 

I. lLD-2 Gap Fill 

2. ILD-2 OX-ide 
Dep sition 

De cription 

The latest gap-fill method for L l device. utilizes a high-den ity plasma 
proce . . to alternately depo\it anti etch the interlayer X-ide a its being depo. ited. 
The re ult i. a dense oxitle with few or 110 void in the met al gaps. 

3. lLD-- Oxide Poli h The wafer i, polished to planarizc the 'Urface prior to the ne t pallerning step. 

4. The wafer i patterned with photoresi l, then the ILD-- ox ide i et hed u ing 
a pla ma etcher. 

Implant 

(2) ILD-2 oxide 
~ deposition 

r -----

p- Epitaxial layer 

p+ Silicon substrate 1 
FIGURE 9.26 Via-2 Formation 

Description of Major Steps in Plug-2 Formation 

Proc , tep 

I. Titanium Barrier 
Metal Depo,iti n 
(PVD) 

2. 

3. 

De. ·cription 

s y, ith olher metal pr ce. ses, titanium i the fir l metal to be depo ited n the 
wafer. fl pro, itle a good bond between the mngsten plug and the next metal, 
aluminum. It als bond, well to the interlayer dielectric material and improve · 
the rcliabilit of the metal stack. 

Ti .1 i-, thinly deposited on top of the Ti layer. The TiN erves as a diffusion 
barri r tor 1he tung~tcn in the depo ition tep. 

nother D toul is u,cd lo deposit tungsten on the wafer. Tungsten fills the 
D) ~mall Yia opening~ 10 fonn the plug. 

4. The tung,ten-coated wafer i~ poli. hed down to the upper surface of the TLD-2 
l,xide, leaving the tung~ten plugs in the via .. 
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Tungsten 
4 Tungsten deposition 3 

polish (Plug-2) 
-------...,_..,,---

p- Epitaxial layer 

t p+ Silicon substrate 1 
FIGURE 9.27 Plug-2 Formation 

SEM Micrograph of First Metal Layer over 
First Set of Tungsten Vias (Note TiN Cap 
over Aluminum) 
(Micrograph courtesy of Integrated Circuit 
Engineering) 

12. Metal-2 Interconnect Formation 

The next ·erie f operations de cribe the proce . ff rming 1he int 'f ·onne ts b tw ·n layer, (see 

Figure 9.2 on page 220 . The pro e s i repeat din th rune manner~ r a!J remaining metal tack . 

Description of Major Steps in Metal-2 Interconnect Formation 

Proce Step Description 

I. Met.al-2 Dep sition The econd metal stack i • dep sited e actly ai the fir t metal stack. he . tack is 

2. 

3. 

4. 

l Leh a composite of three 1ayer'-Ti , Al/Cu, and TiN. pla ma etcher is u ed to etch 
the Metal-2 line through wind w • in lhe patterned re bt. 

ILD-3 Gap Fill 

ILD-3 Oxide 
Deposition 
to P lish 

Via-3 Etch, 
Ti/fiN Depositi n, 
Tung. ten 
Dep siti n. Poli h 

Followi ng the Metal-2 et h, HDP VD ~ u cd Lo fill the metal gap~ with d n e 
oxide. 

lLD-3 oxide is deposi ted using a PECVD method. Thi a ti n i foll wed by 
poli hing the oxide lo attain urface planarity. 

Yia-3 openings are etched, then the e are filled with barrier metal (Tt/fi 
Tung ten i depo ited aero the wafer ·urfa e. The tung ten i poli hed off 
the wafer until the LLD-3 oxjde la er i reached. Tung ten plug are Iefl in the 
vias to provide the imerconnecl between Melal-2 and Metal- . 



220 CHAPTER 9 

p- Epitaxial layer 

p+ Silicon substrate 1 
FIGURE 9.28 Metal-2 Interconnect Formation 

13. Metal-3 to Pad Etch and Alloy 

After repeating the layering process for layers 3 and 4 and at the completion of the Metal-4 etch. 
ILD-5 oxide b deposited using Lhe thin film process (Figure 9.29). CMP ii. not required for th is 
dielectric layer becau~e the structures to be pauerned are much larger than the quarter micron 
dimensions formed earlier in the process. The ILD-5 layer is etched lo allow metal filling by 
the Metal-5 depo,ition. The Metal-5 layer is deposited thicker than previous metal stacks. This 
metal layer is etched as necessary to form bonding pads and to remove metal lrom areas where it 
is not needed. 

p- Epitaxial layer 

p+ Silicon substrate 1 
FIGURE 9.29 Full 0.18 I.1.m CMOS Cross Section 
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Thi!> product incorporates 0.18 µm processing Lechnology, including twin-tub Lechnology, ret­

rograde implants, :,,hallow trench isolaticm, shallow SID diffused regions, sidewall spacers, Litanium 
silicide contacts, titanium barrier metal!. tungsten local interconnect, tungsten plugs, three-layer 
metal stacks, HOP oxide gap !ill, and PECVD oxide a!> the interlayer dielectric. 

The final steps of the process include one more oxiue layer (lLD-6) followed by a top layer 
of silicon nitride (-2000 A). This layer is referred to as the passivation layer. Its purpose is lo pro­
tect the product from moisture, scratches, and contamination. A final low-temperature alloy step 
in a diffusion furnace is performed. This heal treatment helps improve the metallurgical bonds 
between metal connections, thus improving electrical performance and reliability. Care must be 
taken with this alloy step lo prevent overheating lhe product, which can cause permanent structural 
defect<i. 

14. Parametric Testing 

SEM Micrograph 
of Cross-section 
of Microprocessor 
(Micrograph courtesy 
of Integrated Circuit 
Engineering) 

The wafer is tested twice to determine its product-wonhiness--once when the wafer completes the 
first metal etch and again after lhe completion of the last wafer fab process step. Following metal 
etch, special microprobes connected to electronic test instruments are used to measure certain elec­
trical parameters of specific device test tructures on the wafer. This in-line parametric testing pro­
cedure i also referred 10 as wafer electrical rest, or WET. 
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INTRODUCTION 

Wafer metallization is the deposition of a thin film of conductive metal onto a wafer by use of a 
chemical or physical process. This process is closely linked to dielectric deposition. Metal lines 
conduct the ignal through the IC circuit while the dielectric layers ensure signals are not influenced 
by adjacent lines. Both metal and dielectrics are thin film processes. In some cases, metal and di­
electrics are deposited by the same type of equipment. 

Metallization has unique terminology for the different metal connections. The term intercon­
nect describes the conductor materials, such as aluminum, polysilicon, or copper, that create the 
metal wiring that carries electrical ignals to different parts of the chip. Interconnect is also used as 
a general term for the wiring between devices on a die and the overall package. A contact is the 
electrical connection at the silicon surface between the devices in the silicon wafer and the first 
metal layer. Vias are openings that pass through the various dielectric layers to form an electrical 
pathway from one metal layer to the adjacent metal layer. A metal plug fills the vias to form the 
electrical connection (interconnect) between the two metal layers. These connections are illustrated 
in Figure 12. l. 

Metal interconnect structure 

Subquarter micron CMOS cross section 

FIGURE 12.1 Multilevel Metallization 

Metal stack interconnect 

Via interconnect structure 
with tungsten plug 

Local interconnect (tungsten) 

Lnitial metal contact 

Diffused active region 
in silicon substrate 

The interlayer dielectric (ILD) is an insulating material that electrically separates the metal 
levels. Once deposited, the ILD is patterned and etched to form via pathways for the various metal 
layers and the silicon. The vias are filled with a metal, traditionally tungsten (W), to form the via 
plug. Appreciate that there are many vias on a wafer, up to 1011 vias on each individual layer of a 
300-mm product wafer. 1 This process of creating vias in the ILD is repeated for every ILD layer on 
the die. In traditional metallization, a blanket layer of aluminum alloy metal is deposited on the di­
electric layer and then patterned and etched to form metal lines. Metal etch is an important tech­
nology for traditional metallization. 

Metallization is in a transition period and is undergoing rapid change with the introduction of 
copper metallurgy to replace aluminum alloy. This change is due to the difficulty of etching copper. 
To overcome this problem, copper metallurgy uses the dual damascene process to form vias and 
copper interconnects (explained later in this chapter). This metallization process is literally the op­
posite approach of traditional metallization (see Figure 12.2). Damascene starts with deposition of 
a blanket dielectric, planarizes the dielectric, patterns and etches holes or trenches in the dielectric 
for vias and connecting metal lines, deposits blanket metal into the trenches, and then planarizes the 
metal down to the dielectric to define the metal interconnects. 

Metallization technology is critical for increasing performance in advanced ICs, as explained 
in Chapter 11. Reducing chip performance signal delay caused by interconnect lines was not a sig­
nificant concern for older IC technologies. The dominant signal delay has traditionally been caused 
by the device. However, for newer ULSI products manufactured with denser wiring, signal delay 



Metallization 301 

due to interconnect has become a larger portion of the clock cycle time and has more effect on lim-

iting Lhe IC perfonnance.2 

Traditional interconnect Flow 

• 
Cap JLD layer and CMP 

Oxide Via-2 etch 

Tungsten deposition + CMP 

Metal-2 deposition + etch 

FIGURE 12.2 Traditional Versus Damascene Metallization 

-

Dual Damascene Flow 

Cap lLD layer and CMP 

Nitride etch-stop layer 
(patterned and etched) 

~ 
Second I LO layer deposition and 

etch through two oxide layers 

Copper fill 

Copper CMP 

- ~.-~, _ _,. - - ~- -·- -~- - ........ - -- _ ... ___ - - - -

METAL 1 (W) 

Copper Metallization 
(Micrograph courtesy of Integrated Circuit Engineering) 
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TYPES OF METALS 

The types of metals and metal alloys used for chip interconnects are evolving based on the 
performance requirements. Requirements for a successful metal material are:3• 4 

1. Conductivity: Must be highly conductive and capable of handling high current densities 
while maintaining electrical integrity. 

2. Adhesion: Ability to adhere to the underlying ubstrate and easily connect to external 
connections. Low contact resistance to semiconductor and metal interfaces. 

3. Deposition: Readily deposited with a uniform structure and composition (for alloys) by a 
relatively low-temperature process. Deposition into high-aspect ratio gaps for damascene 
metallization technique. 

4. Patterning/Planarization: High-resolution patterning for traditional Al-based metallization 
without etching the underlying dielectric. Ease of planarization for damascene metallization. 

5. Reliability: The metal is relatively soft and ductile in order to withstand cyclic temperature 
variations during processing and service. 

6. Corrosion: High resistance to corrosion with minimal chemical interactions with the 
adjacent layers and underlying device regions. 

7. Stress: Resistance to mechanical stre s to reduce wafer distortion and material failures for 
reasons such as cracking, void formation. and stressed-induced corrosion. 

The melting temperature arid resistivities of different metals found in wafer fabrication and 
silicon are hown in Table 12.1 . 5 

TABLE 12.1 Silicon and Select Wafer Fab Metals (at 20°C) 

Material Melting Temperature (0 C) Resistivity (µil-cm) 
Silicon (Si) 1412 = 109 

Doped Polysilicon (Doped Poly) 1412 = 500 to 525 
Aluminum (Al) ' 660 2.65 

Coooer (Cu) L083 1.678 
Tungsten (W) 3417 8 
Titanium (Ti) 1670 60 
Tantalum (Ta) 2996 13 to 16 

Molybdenum (Mo) 2620 5 
Platinum (Pt) 1772 10 

The various metals and metal alloy · u ed in wafer fabrication can be grouped into the fol-
lowing categories: 

♦ Aluminum 

♦ Aluminum-copper alloys 

♦ Copper 

♦ Barrier metals 

♦ Silicides 

♦ Metal plugs 

Aluminum 

The earliest interconnect metal in emiconductor fab1ication was aluminum, and it is still the most 
common interconnect metal in wafer fabrication. Aluminum is projected to continue as the domi­
nant fab interconnect metal for several more years.6 Copper interconnect metal is expected to 
replace aluminum for high-performance JC fabrication during the early 2000s. Nevertheless, it is 
beneficial to review the background into the selection of aluminum for metallization because many 
of the same basic technical challenges exist today. 
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Selection of Aluminum ■ Aluminum ha, been one of the major materials used in wafer fabrica-

tion, along wilh silicon and silicon dioxide. It is u ed during wafer fabrication in lhin film form to 

interconnect the different devices in the silicon wafer (see Figure 12.3). At the same time. aluminum 

is one of the thickest films deposited on the wafer. with the first metal layer depo ition about 5.000 

A thick. The upper noncritical layers on a wafer (e.g., metal layer with bonding pad ) can range up 

to 20,000 A thick. 

Bonding pad Metal-5 

Top Nitride 

Metal-4 is preceded by other vias, interlayer dielectric, and metal layers. 

FIGURE 12.3 Aluminum Interconnect 

Aluminum's low resistivity of 2.65 µQ-cm at 20°C has similar but slightly higher resistivity 

than copper, gold, and ilver. However. silver and copper are both prone to corrosion and have high 

diffusivity in Si and SiO2, a fact thal keeps them from being used for semiconductor fabrication. 

Gold and silver are much more expensive than aluminum and do not adhere well to oxide films. 

Gold was sparingly used in the beginning of wafer fabrication, but its high contact re i lance with 

silicon required a platinum barrier metal. On the other hand, aluminum re cts...r.eadily with i;;ilicon 

dioxide SiQ?) when heated to forrn a thin layer of aluminum oxid~2O3), which promotes ad­

h~sion between the il"Tcon d10x.ide and aluminum. Aluminum is easily depocited on-i:lie warer and 

etches in olutions that do not attack underlying films. For these reasons, aluminum was selected as 

the preferred metal for metallization. 
Overall. aluminum is compatible with lhe major processes in silicon IC fabrication and is rel­

atively inexpensive, making it the choice for metallization since Lhe early days of IC fabrication. 

However, because of increased circuit density, increased number of metal layers on a wafer, and lhe 

reduction in linewidth due to scaling, the metallization technology ha evolved from the simple 

one-level metal layer to a scheme of multiple metal layers. With it lower resistivity, copper is de­

sirable to replace aluminum as the primary interconnect material. 

Ohmic Contact ■ Before VLSI circuitry, pure aluminum was used for metallization. Silicon 

melts at a temperature of 1412°C and pure aluminum melts at 660°C. However. aluminum and sil­

icon alloyed together actually have a lower melting temperature depending on Lheir composition. 

For an alloy of 88.7% aluminum and 11.3% silicon, the alloy melts at 577°C, which i referred to 

as the eutectic temperature. 7 The eutectic temperature is the lowe. t temperature that an alloy melts 

at a particular eutectic composition. 
To form a contact between aluminum and silicon. it is necessary to heat the interface. usually 

in an inert or reducing H2 atmosphere at a temperature of 450 lo 500°C. This thermal bake is also 

referred to a~ a low tempe~re anneal or sinte1: Baking the aluminum on silicon forms a desirable 

elect1ical interface referred to as an ohmic contact. An ohmic contact has very low resistance (the 

voltage-current characteristics of the contact interface behave according to Ohm's Jaw). However, 

there is a small resistance associated with the ohmic contact and it is inversely proportional to the 

area of the contact. That is, smaller contacts have higher resistance. In modern chip design, ohmic 

contacts use a special refractory metal (e.g., titanium J.n__the. fmJn._oLu.ilicide) as a co.11ta~t at the 

sJlig~m inte1face to reduce electrical resistance andimprove adhesion (see Figirre 12.4 on page 304). 

Ohmic contacts are fabricated with a sahcTcle (self-aligned Bidde) process to achieve optimal po­

sitioning above the source/drain and in close proximity to the gate structure. The salicide process is 

discussed later in this chapter. 
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~ J-~====!.1 Ohnuc contact 

FIGURE 12.4 Ohmic Contact Structure 

r- Barrier me1al 
/ r---Alummum. rungstcn, 

copper and so on 

Given the hundreds of million, of contacts that can exist on a pa11icular die, a reliable con­
tact interface with low re,istance and excellent adhe,ion is extremely important for optimum elec­
lrical performance. A failure 111 any individual contact can cau,e the entire chip to fail during test 
or use. 

A problem encountered during the earliest work to develop ohrrnc contacts was undesirable 
interaction between the aluminum and silicon during the thermal step. Thi, condition led to the 
microalloying of the contact metal to the silicon, and was referred LO as ju11c1io11 spiking. Spiking 
occurs when the interface of pure alum111um and silicon is heated (sec Figure 12.5). caw,ing tht: 
diffusmn of silicon into the aluminum. The amount of silicon ~1ssolved into the alumrnum is not 
uniform and will depend on the time and temperature involved in tfieheatmg process. If pure alu­
minum 1s heated to 450 C and a source of silicon is prc!-.ent. silicon will begin Lo dissolve in the 
aluminum until it reaches a concentration of about 0.5%.8 The problem 1s that the source of this sil­
icon is the wafer. As the silicon is dissolved in the aluminum. it leaves behind voids in the wafer. 
permitting spike!> of aluminum to form and penetrate into the ,ilicon contact region. If the alu­
minum forms an ohmic contact to a &hallow junction. the spike may cause a junction short. 

The problem of junction spiking v.as addressed b) two methods. lhe addition of silicon to the 
aluminum and barrier metallization. The first approach was to use an alloy of aluminum and sili­
con instead of pure aluminum If there is already silicon in the aluminum. th1-; will slow down the 
dissolution of additional si licon from the substrate. I lowcvcr. silicon ulloying in aluminum is lim­
ited and can lead to silicon nodule formation (small regions of high silicon concentration) in the 
aluminum due to s1hcon condensation. Nodule formation can significantly increase the contact re­
sistance and pose a senous rehabilit) concern from local heating at the nodules. The main method 
to resolve junction spik111g was lhe introduction of barrier metallization to inhibit diffusion (see the 
follow111g section). 

It is important that the oxide al the contact interface be as thin a, possible. Wafers with ex­
posed contact regions are often dipped in a dilute hydrofluoric (HF) acid solution immediately be­
fore placing the wafer!'> in the deposition chamber. This serves co rcmo\'e the native oxide layer prior 
to comact formation. 

Junction shor1 

FIGURE 12.5 Junction Spiking 



Metallization 305 
Aluminum-Copper Alloys 

Aluminum metal was selected as the primary interconnect material for IC because of it low re-
i tivity and it. compatibility wiLh silicon and the wafer fabrication process. However, aluminum 

suffer from a reliability problem known as electromisration. This is the movement of aluminum 
atoms in the conductor due to momentum trarufer from the electron carrying the current.9 Under 
high current-density conditions, electrons ~Wde with aluminum atorns..,_causing tb.e t!toms to rad­
ually move. This movement of atoms leads to a depletion of atoms at the negative end of the con­
ductor.in conductor regions where depletion occur , this action leads to voids, thinning of lines, 
and a potential open circuit. In other regions of the conductor that have an accumulation of metal 
atoms, metal atoms pile up and form hillock (. ee Figure 12.6).1° Hillocks are protrusion on the 
surface of metal films due to electromigration. lf exces ive or large hillocks form. adjacent lines or 
lines on two levels can hort together. With advanced circuitry de. igns in ULSI technology, there 
is increased current density and chip temperature. both of which make the aluminum chip metal­
lization more prone to electromigration. 

Hillocks short-circuit two metal Imes 

AGURE 12.6 Hillock on a Metal Line 

Electromigration in interconnects i • controlled by llo _ing__the aluminum with between 0.5 to 
4% copper. This alloying essentially increa,;es the conductor's current-carrying capacity by redut:­
ingthe grain boundary diffu ion effect in the aluminum. At the same time, it has been hown that 
values of copper in aluminum greater than 8% will actually increase electromigration. 11 The exact 
reason why the addition of copper reduce the chance of electromigration failure in Al-Cu alloys is 
not well understood. 12 If copper is alloyed with alumiaum. more care must be given to plasma etch­
ing thi alloyed aluminum (etching is discu. sed in Chapter 16). Copper is difficult to etch, and any 
residual copper remruning after etchjng the aluminum alloy interconnect can promote corrosion. 13 

It is also possible to have electromigration in contact and vias. Electromi&!,'ation failure in contacts 
i resol.Yf;d by the u e of barrier metallization. -

Electromigration is probably one of the most widely studied failure mechanisms of integrated 
circuits. Studies of this failure began in the 1950s with the development of the semiconductor and 
intensified in the late 1960s with the discovery of crack formation in the aluminum conductor lead­
ing to failures. 14 The significance of electromigration is that it usually occurs after the chip has been 
in service for an amount of time, which means that failure occur catru trophically during cu tomer 
usage. 

Copper 

A major transformation is underway in IC design and fabrication by mean of the introduction of 
copper interconnect technology. Copper interconnects will replace aluminum metallization with 
copper to achieve ignificant benefits in chip performance. A legitimate que tion that someone may 
pose is why introduce copper if aluminum has performed o admirably over the years. 

Need for Copper ■ The benefits for introducing copper for IC interconnect metallization are: 15 

1. Reduction in re istivity. The interconnect wiring resistivity reduce from 2.65 µfl-cm for 
aluminum to 1.678 µfl-cm at 20°C for copper. reducing RC ignal delay and increa ing_ chip --·peed. 

2. Reduction in power con umption. arrower lines consume les power. 
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3. Tighter packing density. Narrower ]foes permit tighter circuitry packing, which means that 
fewer levels of metal are needed. 

4. uperior resistance to electromigration. Copper doe not have acancem for electromigration. 
-5. Fewer process step . Potential for 20 to 30% fewer proce, ing step with damascene pro-

ce ing of copper. 

As wafer fabrication design rules reduce to 0.15-µm linewidlhs and below, the increased 
packing density of devices on I.he chip permits more electrical signal peed from device to device 
(the transistor are clo er; therefore, the signal has le s distance to travel). This density leads to 
improved chip performance. However, this improved chip performance i only possible if the in­
terconnect system between the devices is optimized. Narrower linewidths lead to increased line re­
sistance. Tightly paced conductor lines with a dielectric material between them act as capacitors, 
leading to a degradation in performance fr<2fil_an increa ~ in re .is.t.ance{Rl..and capaci nee (C . This 
condition i the ignal delay or interconnect delay discussed in Chapter 11. lf either or both of these 
two parameters are reduced, then the signal delay reduces, leading LO increased chip performance. 

One po sible method reducing interconnect re istance i to increase the conductor cross sec­
tion. However, thi contradictS the goal of increased packing den ity ince wider conductors will 
take sub tantially more pace. Smaller IC feature sizes are not achievable with larger linewidths. 
Thi is why the . erniconductor indu try i placing emphasis on copper-to lower the interconnect 
resistance, which lower Rand therefore the overall signal delay. The optimum improvement to RC 
signa] delay is gained when resistance (R) is reduced and the capacitance (C) is lowered by using 
a low-k dielectric along with thinner barrier metals (see Table 12.2). 16 

TABLE 12.2 Change in Interconnect Delay Compared to 0.25-µm Device Generation 

Technology 0.25 µrn 0.18 µrn 0.13 µm 
Conventional Interconnect Technology: 
• Al/Cu interconnect alloy and TiN barrier metal 0 +21 % +93% 

New Technology rntroduced by Generation: 
• Reduced barrier thicknes -10% 
• Low-k (3.0) dielectric - 27% 
• Dual darnascene Cu interconnect and plugs -16% 

Another benefit from the implementation of copper is that smaller linewidths can carry the 
rune amount of current, permitting a tighter packing den ity on each metal level. This condition 

produces fewer overall level of metal on a chip, leading to ignificantJy reduced manufacturing 
costs. 17 

Copper is a relatively soft metal. It has superior resistance to electromigration, a common re• 
liability problem with aluminum. 18 This means that chips fabricated with copper can handle higher 
electrical power densities, which permits I.he development of new product applications. Table 12.3 
compares Cu and Al for different propertie and proce . es common in wafer fabrication. 19 

TABLE 12.3 Comparison of Properties/Processes Between Al and Cu 

Property/Process Al Cu 
Resi tivity (µ.fi-cm) 2.65 1.678 

(3.2 for Al---0.5% Cu) 

Electromigration resistance Low High 

Corro ion resistance (in air) High Low 

Etch proce. ing Ye No 

CMP (chemical mechanical planarization) proces ·ing Yes Yes 

Copper Challenges ■ There are three major challenge involved with using copper as semi­
conductor interconnects that distinguish it from traditional aluminum interconnects. The e three 
challenges differ significantly from aluminum technology and must be resolved before the imple­
mentation of copper for IC interconnects:20 
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1. Copper diffuses quickly into oxides and silicon. This is a concern if copper diffuse · into the 

active region of thestllcon (i.e .. source?araTrilgate region of the transistor) because it will 
damage the device by creating junctjon or oxide leakage. 

2. Copper cannot be ea ily patterned u ing regular pla ma etching technique. (see Chapter 16 

for a di cussion of etching). opper dry etching doe. not produce a VQ!alile..by-product dur­

ing the chemical reaction that is necessary for economkal dry etching. 

3. Copper oxidize quickly in air at low temperatures (<200°C) and does not form a protective 

Jayer to stop further oxidation. 

These challenges are addre sed by converting to dual darnascene processing with pecial bar­

rier metal optimized for copper. Damascene proce sing eliminates the need to etch copper. 

Furthermore, tung_ ten _pl~ are expected to be used as the first le~ metal to contact Qie ·-~ 
drain, and gate regions.21 Thi. use of tungsten overcomes the concern of copper contaminating lhe sil­

icon (referreom-an:opper poisoning). The tungsten may even be patterned for wiring of the local in­

terconnect (LI). All other metal lines and vias for the multiple metal layer are expected to be copper. 

Another major hindrance to converting to copper in semiconductor manufacturing i. the nat­

ural reluctance to introducing new material into production. New materials mean there are new 

sources of contamination, new equipment :ind procedure . unpredictable re ults, and o on. Change 

always brings unforeseen problem that po e increased ri ks to the emiconductor manufacturer. 

However, these risk are balanced by the beneliti. from changing the interconnect material in order 
to improve IC performance. 

Barrier Metals 

A more effective way to make reliable ohmic contact to shallow junction without material diffu­

sion or problem such a junction piking i to use barrier metallization. A barrier metal is a thin 

layer of deposited metal or metals that is de ·igned to prevent intermixing of the materials above and 

below the barrier (see Figure J 2. 7). The thickness of barrier metals has typically been around 100 

nm for feature. izes in the 0.25-µm generation, which is substantially thinner than the 400 to 600 

nm thickne required for 0.35-µm generation of devices. Thickness of barrier metal , i projected 

to decrease to 23 nm or less for the 0.J8-µ,m technology node and beyond.22 

FIGURE 12.7 Barrier Layer for Copper Interconnect Structure 

Barrier metals are widely u ed in emiconductor manufacturing. For contact between the 

tungsten (W) plug that connect'> the aluminum interconnect wiring and the silicon source/drain , the 

barrier metal prevents the silicon and W from coming into contact with each other. Thi. barrier pre­

vents diffu ion between the Wand ilicon and any junction . piking. 
The essential propertie. of an acceptable barrier layer metal are: 

I . Good cliffu ion barrier properties . o that the diffusivity of the two interface materials (e.g .. 

tungsten and ilicon) i lov. at the ~intering temperature (sintering refer LO joining the mate­
rial by thermal means) . 

2. High electrical conductivity with low ohmic contact resi tance. 

3. Good adhesion between the semiconductor and the metal. 
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4. Resistance to electromigration. 

5. Stability \\hen thin .111d at high lc!mpcraturc. 

6. Resistance to corrosion and oxidation. 

Metals commonly used for barrier metal\ arc a chlss of high melting point metals known as 
refractory metals. Common refractory metals used in mulli~mctalh,.alll}nf<irwafer fabrication 
are titanium (Ti). tungsten (W). tantalum (Ta). mol) bcfonum (Mo), cobalt (Co). and platinum (Pt). 
Refractory metals have been used in wafer fabrication ,ince the I 960s. such as in the formation of 
Schottky barrier diodes in bipolar proce-.ses. The benclits of using titanium as a barrier metal for 
aluminum alloy winng are improved adhesion. rc<luced contact resistance, reduced stress. and con­
trolled electromigration. To achieve good barrier propenies. wafers undergo a clean step (referred 
to as sputta etch and explained in a later section> before depos1uon in the processing chamber to 
remove native oxides and oxide residues on the wafer 

Titanium tungsten CfiWl and titanium nitride (TiN) arc two common barrier metal layers that 
inhibit-diffusion between the silicon sutw'i-ate and aluminum. TiN is widely used in ULSI manu­
facturing for its superior barrier performance in aluminum alloy interconnect processing. TiN 
functions as a barrier metal for both tungsten and aluminum. TiN is also widely used ac; an antire­
necll\'e coating on aluminum to impro\e the phorolithography patterning process (see Chapter 14). 
However, TiN docs not produce good contact resistance to siliwn. To resolve this problem, a thin 
layer of titanium (e.g .. several hundred angstroms or les,) is typically deposited before the TiN so 
lha1 ii can react with the underlying material as a silicide (see the following section for an expla­
nation of .silicide) and lower the comact resistance. The Ti and TiN are typically deposited in a clus­
ter tool to keep oxides from fonning between the two layers. 

Copper Barrier Metals ■ Barrier metals are critical for copper metallurgy. Cu has high diffu­
sivity in si licon and silicon dioxide, which will destroy device performance. Tradi tional barrier met­
als are not sufficient barrier, for copper. Cu requires complete encapsulation by a thin-film barrier 
layer that functions as an adhesion promoter and effective diffusion barrier.2' There 1s a trade-off 
between these two requirements since good adhesion requires some reaction with Cu. whereas a 
good barrier metal ,hould not react with Cu. The special barrier metal requirements for copper 
are:24 

I. Prevent copper diffusion. 

2. Low film resistivity. 

3. Good adhesion to both dielectric material and copper. 

4. Compatible with chemical mechanical planarization (CMP). 

5. Metal layer i, continuous and conformal with good step coverage and deposition in high 
aspect ratio gaps. 

6. Minimal thid..ness to allow the copper to occupy the maximum cross-sectional area. 

For Cu 111ten:onncd metallurgy. tantalum (Ta), tantalum nitride (TaN). and tantalum silicon 
nitride (TaS1N) are candidate material,- t<)r barrier m~etals~;e-Figure 12.8). The diffusion bamer 
must remain thin (about 75 A) ,o that it dclCs not affect the resistivity of the high-aspect ratio plug 
while still acting as a barrier metal. This condition is difficult to maintain as geometries continue co 
shrink and metals arc deposited into high-aspect ratio vias. Research ha-, shown Ta has good bar­
rier and adhesion propenies for copper, whereas TiN. a traditional barrier metal for AVSiO2 inter­
connects. ha., good barrier properties but poorer adhesmn.25 IfTaN is used, it is obtained by small 
amounts of nitrogen doping or by deposition with a tantalum nitride compound. Investigations have 
also shown tungsten nitride (WN) func1ions as an effective barrier for Cu metat.26 There is ongo­
ing research in the <levelopment of barrier met:ils for Cu metallurgy. 

Copper barrier layer, can be depmitecl by using high-density plasma CYD (HDPCVD) or 
ionized metal plasma physical vapor deposition Ionized metal plasma PYO for tantalum achieves 
good step coverage. For d~1n with hil!h as~t_ratio gaps, then HDPCYD barrier deposition 
is often the choice.27 - - ----...--
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Tantalum 

FIGURE 12.8 Ta for Copper Barrier Metal 

Silicides 

Refractory metal react with silicon when alloyeJ together to fonn a silicide. A silicide is a me1al 
compound that i thermally stable and prov ides for low electrical resisti \ it} at the . ilicon/refractory 
metal interface (see Figure 12.9). Refractory metal silicidcs are important in wafer fabrication be­
cause of the need to !!Q_U.C.e the electrical resistance of the many si I icon contacts in the source/drain 
and gat~regi~ chip performance. Titanium and cobalt arc common refractory metal used for 
contacts in aluminum 1merconnect technolog)- . 

Titanium silicide tpolycide) contact 

Polysilicon gate -

Silicon substnitc 

FIGURE 12.9 Refractory Metal Silicide at a Silicon Contact 

Tungsten metal 

Titanium silicide contact 

If the refractory metal is reacted with poly ilicon, it is called a pu/ycide (see Figure 12. IO on 
page 310). Doped polysilicon is used ai the gate electrode and has a relative!} high re. istivlly 
(about 500 µ,!l-cm). which lead. to an undesirable RC signal delaj. A polycide 1s beneficial for re­
ducing the eries re. istance of an interconnection to polysihcon. Al the ame lime, it maintams 
polysilicon· good interfacial characteristics to oxide . 

ilicides improve contact re. istance by reducing rel>idual oxide on the silicon surface during 
silicide formation. ilicides form extremely good metallurgic contact to the silicon. sef\oing a, a crit­
ical adhesion layer bt!lween tbe contact metal and tbe silicon junction regions. Man) silicides are. ta­
ble at temperatures exceeding 1000 C with a relative!) high eutectic temperature. Table 12.4 on page 
310 Ii Ls some properties or common silicide u ed in wafer fabrication.28 Recall th~he..eut.ecl-l£ 
tern rature is the lowest 1emperalllre where the alloy melts.JI is unde irable fur the silicide to melt 
because the liquid alioycan c tend into the substrate material and cause junction piking. 
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Titaruum polyc1de 

Polysilicon gate 
Titanhnn silicide 

Doped silicon 

FIGURE 12.10 Polycide on Polysilicon 

TABLE 12.4 Some Properties of Select Silicides 

Silicide Lowest Eutectic Typical Forming Resistivity 
Temperature Temperature* (µCl-cm) 

(OC) (OC) 

Cobalt/silicon (CoSi2) 900 550- 700 13-19 
Molybdenum/silicon (MoSi2) 1410 900-1100 40-70 
Platinum/silicon (PtSi) 830 700-800 28-35 
Tantalum/silicon (TaSi2) 1385 900-1100 35-55 
Titanium/silicon (TiSi 2) 1330 600-800 13-17 
Tungsten/silicon (WSi2) 1440 900-1100 31 

* B. El-Kareh. Fu11dame11talf of Semiconducror Processing Technolog ies, (Boston: Kluwer Academic Publishing 
1995), p. 537. 

Silicide formation typicaUy require the refractory metal bed~ on the silicon wafer, 
followed by ~hi h temperature thermal anneal process to produce the silicide material. In areas 
where there is silicon, the me al reacts to form a silkide. In other areas on the wafer surface. sucb 
as where there is SiO2, there is little or no silicide formation. Often this thermal anneal step uses a 
rapid thermal anneal (RTA) process in a multichamber clu ter tool. 

TiSi2 has traditionally been the most common contact silicide for wafer fabrication, serving 
as the contact between the transistor active regions of ilicon and the tungsten plug. It is often re­
ferred to as the glue that holds the tungsten to the silicon. Its beneficial properties are high temper­
ature stability, compatibility with self-aligned contact processing (discussed in the following 
section), low resistivity when compared to other silicides, and its compatibility with T~ .t._arrier 
metals.29 TiSi2 forms two different grain phases (a phase is a pnySJCally homogeneous material 
state) as it is annealed, a low-temperature C49 phase and a high-temperature C54 phase (see Figure 
12.11). Both of thee phases are TiSi2. 

The C49 phase of TiSi2 forms at an anneal temperature of 625 to 675°C with a resistivity 
of 60 to 65 µfl -cm. The C54 phase is formed in a second anneal following the C49 phase forma­
tion and requires a temperature of 800°C or more. It has a much lower resistivity of only 10 to 
15 µfl-cm. which i desirable to lower the overaJl contact resistance.30 

However, at the time of lhi writing, TiSi2 appears limited in its future use as a contact sili­
cide in sub-0.25 µm technologies. Contacts for ultrashallow ource/drain junctions are becoming 
thin. TiSi2 is unde irable for thin contacts because the silicide resistivity increa es.31 It is also dif­
ficult to form this contact during the second anneal becau e of criticaJ time at temperature 
requirements. 

The silicide that appears promising for the 0.18 µm and below technology nodes is cobalt 
silicide (CoSi2). This silicide maintains a reduced contact resistance of 13 to 19 µfl-cm after its 
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Sintering Resistivity 
Temperature 

TiSi2 C49 

l I 
625- 675°C 60 - 65 µO-cm 

TiSi2- C54 

I ,, l 
800°C l0 - 15 µO-cm 

FIGURE 12.11 Anneal PhasesofliSi2 

anneal operation, even with deep ubmicron geometries of 0.18 µm and less. This reduced resis­
tivity occurs because Lhe grain size of CoSi2 is aboul ten lime smaller than the grain size of TiSi2. 

Therefore, the low resi tance phase is completely nucleated and grown during the thermal anneal 
operation. A CoSi2 contact is also easier to form because of lhe smaller grain size. 

Note that a silicide is not a barrier metal. In some silicides it i found that silicon diffuses 
rapidly through them. This diffus10n~uring heal treatment of the metal-silicide-silicon sys­
tem where silicon diffuses through the silicide to the metal, which then reduces the integrity of the 
system. The solution to this problem is to place a metal barrier layer between the silicide and the 
metallization layer (discussed in the preceding ection). A common silicide barrier film is titanium 
nitride iN), which is effective for both tungsten and aluminum.A.tantalum-based_ barrier layer 1s 
anticipated for copper metallurgy. 

Salicide ■ Because of the need to scale device sizes in VLSI and ULSI to optimize performance, 
the cross-sectional area of the source/drain (SID) contact between the silicon and the first metal 
layer is small. This small size leads to increased resistance. A technique lo decrease contact resis­
tance at the source and drain areas by providing stable contact structures is referred to as a salicide. 
A salicide approach (taken from the expression self-aligned si.licide) is used to create silicides that 
are properly aligned with the exposed silicon of the source, drain, and polysilicon gate. There are 
numerous chip performance issues that depend on salicide formation (see Figure 12.12). 

The basic salicide steps are shown in Figure 12.13 on page 312. This process flow corre­
sponds to Step 6 of the CMOS process flow described in Chapter 9. To form a salicide, oxide has 
been previously deposited and etched back with a dry plasma etch to leave oxide sidewall spacers 

Reduced sheet resistance 

Reduced contact resistance 

Reduced gate to 
SID resistance 

Reduced diode leakage 

FIGURE 12.12 Chip Performance Issues Related to a Salicide Structure 
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on the side of the polysilicon gate (Step 5 of the CMOS process flow described in Chapter 9). With 
the sidewall spacers, only the top poly surface of the gate is exposed. After an HF-dip clean step to 
remove native oxides, a 250 to 350 A thin layer of titanium metal is deposited on the wafer. The re­
fractory metal undergoes an RTP rapid anneal at 600 to 800°C to create the high-resistivity C49 ti­
tanium silicide phase wherever the refractory metal contacts ilicon. The sidewall spacer keeps the 
SID TiSi2 from sh~rt!!!K ~ .!_he sides ~e...gauu>Ql while the oxide of the shallow trench iso­
lation separatestlie devices. After the first RTP anneal, all unreacted titanium is removed by a wet 
chemical etch in ammonium hydroxide (NH4OH) and hydrogen peroxide (HzO2). TiSiz remains 
and covers the SID areas and top surface of the poly gate. A econd RTP silicide anneal at 800 to 
900°C creates the low-resistivity C54 metallic silicide. A major benefit of the salicide process is~ 

~ ~<Wt tolerances that would occur if patterning were required to align the refrac-
' tory metal on the silicon contact. Care must be taken dunng the anneal steps to avoi oxygen 
contaminafldn rn e furnace tube. Titanium reacts easily with oxygen to form undesirable titanium 
oxides. This oxide contamination can promote silicide formation on top of the oxide spacer regions, 
leading to a short between the polysilicon gate and source or drain. 

Spacer oxide 
Polysilicon 

Field oxide 

1. Active silicon regions 2. Titanium deposition 

Titanium-silicon 

3. Rapid thermal anneal treatment 4. Titanium strip 

FIGURE 12.13 Formation of Self-Aligned Metal Silicide (Salicide) 

Metal Plugs 

Multilevel metallization creates the need for billions of vias filled with metal plugs to form electri­
cal pathways between two metal layers. A contact plug is also used to connect the silicon devices 
in the wafer to the first level of metallization. The most common metal currently used for plugs 
is tungsten (W), which is why plugs are often referred to as tungsten plugs (see Figure 12.14). 
Tungsten has been traditionally used as a plug material because of its ability to uniformly fill the 
high-aspect ratio vias when deposited by chemical vapor deposition (CVD) methods. Tungsten is 
resistant to electromigration failure. It also serves as a barrier to inhibit diffusion and reaction be­
tween Si and the first metal layer. Tungsten is a refractory material with a melting point of 3,4 l 7°C 
and a bulk resistivity of 52.8 µ!1-cm at 20°C. 

Aluminum would be desirable as a plug material because of its lower resistivity (2.65 µfi-cm 
at 20°C), but sputtered aluminwn cannot fill high-aspect ratio vias (see the next section for a 
description of sputtering). For this reason aluminum is used as the interconnect material and 
tungsten is limited to the plug. There has been recent interest in reflow aluminum plugs, where 
aluminum is sputter deposited into the via and then reflowed by a high-temperature anneal with a 
rapid thermal processor (RTP). 32 
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(dielectric) 

I Early metallization technique 

I. Contact etch through oxide 
2. Aluminum deposition 
3. Aluminum etch 

Tungsten plugs inside 
contact holes (vias) 

I Current metallization technique 

I. Thick oxide deposition 
2. Oxide planruization 
3. Contact etch through oxide 
4. Barrier metal deposition 
5. Tungsten deposition 
6. Tungsten planruization 

FIGURE 12.14 Tungsten Plug for Multilevel Metal Layers 

METAL DEPOSITION SYSTEMS 
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The traditional metallization techniques u ed in semiconductor manufacturing fal] under a category 

caUed physical vapor deposition (PVD). PVD has been done with filament evaporation, followed 

by electron beam evaporation and, most recently, sputtering. Chemical vapor deposition (CVD) has 

recently become a frequently used technique to deposit metal films. Each change in the deposition 

system has brought improved control of thin film properties and quality. 
During the SSI and MSI eras of semiconductor manufacturing, evaporation was the method 

for metallization. It was replaced by sputtering primarily because evaporation has poor step 

coverage. Evaporation is till used in research applications and for semiconductors using III-V 

technologies. It is also used in some specialized areas, such a for C4 bump deposition during pack­
aging (see Chapter 20). 

Electroplating technology ha been employed in various applications. In recent year it has 

been used for thin film head meta1lization in the disk drive industry. However, electroplating is just 

now being introduced for semiconductor manufacturing a a copper deposition method. It is the 

early deposition method of choice for creating copper interconnects. 
The different metal deposition systems used in traditional and dual damascene metallization are: 

♦ Evaporation 

♦ Sputtering 

♦ Metal CVD 

♦ Copper electroplate 

Evaporation 

In the early day of semiconductor manufacturing, all metal layer were deposited by the PVD 

method of evaporation. Since the late 1970s, puttering has replaced evaporation in mo t silicon 

wafer technologies in order to gain improved step coverage, gap fill, and yield. It is beneficial to re­

view evaporation to under tand how it functions and why the silicon industry changed to sputtering. 
The process of evaporation consists of placing the material to be deposited in a crucible and 

heating it inside a vacuum chamber until it vaporizes (see Figure 12.15 on page 314). The mo t typ­
ical method of beating was the use of an electron beam to heat tbe metal placed in a crucible. By 

maintaining a high vacuum in the evaporator, the mean free path of the vapor molecules is 

increased, and the vapor travels in a straight Line in the chamber until it strikes a surface and con­
denses to form a film. 




