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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 



IC Fabrication Process Overview 213 

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- . 
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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. 




