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11 Y G., we c:m us m talorganic compounds uch as trim thylgallium 
ogrm ,u, ' . ) fitl ·· r , ( IIJ ] for the gallium component and arsine ( s~ or i srs ,uc <.'Ompon~nt. Both 

I ,,i . .1. 3 ._ _ 1 n ported in viipor form into tJ,e r actor. The ov mil rencuon is 
c 1e1rnc,u; can = m 

·H~ + G. (CH3)3 ➔ C!\As + 3CH, (4) 

Al • · pouods such •is 1\ IAs trimetlwlnluminum [Al(CH3)3] can be used For -contlUUUl com • ' . , . f1 o· . 
Durin<1 pita,y, tJt CaAs i doped by introducing dopants 111 por orm .. 1ethylzinc 
[Zn(C,I !Jtl and dietJiylcadmium [Cd(C,H~)1] are t)~ical 7,-type dopants. and. s1lane (Sil-J..) 

• d tr J II compounds The hydndes of sulfor and selenium or tetra. i an 11-type opan ,or • · .. , . ed d . cl . 
tJ i • -•-- used fior 11 .h,,.. dopants. and chrom I chJonue is u to ope 1ro1mum 111 l) lln are,uw ·✓ r- d J · hi · 

into c. 10 form seniiin ulating lay rs. Since the compoun ~- 11g )' po1sonou 
and ofl 11 spontaneously inflnmmable in air. rigorou safety precaution are necessary in 

the MOC D proces · J • al tJ . 
Figure .4 show a schematic of an MOCVD reactor. Typtc: ly, _•e metalorgan1c 

d IS. transported to the quart" reaction vessel by hydrogen earner gas. where it 
compoun J ·caJ ti · · d db I is mixed ";tJi , in tJie cas ofGaAs growth. The c 1em1 re,1c on •s m ucc · y 1eat. 
ina the gase to 6Q0°C to oo•c above a sub trate placed on a graph~te u ceptor using 
radio frequency heating. A pyrolytic reaction forms the GaAs layer. fhe acl1,antages of 
using met:tlorgao.i are that they are volatile at n~oderately low temperatures and tJ1at 
there are no troublesome liquid Ga or ln ources m tJ1e reactor. 

8.1.2 Molecular Beam Epitaxy 

111 BE is au epila'Cial process involving tJ1e reaction of ~ne or mor them1_~ beams of atom~ 
or molecule witJ1 a crystalline surface under ultralugh-,eacuum conditions (-10 Pa). 

\'ncuum 

Mass OowcontroU '11 
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Figure 8.4 chem lie diagram of a \'Crtical atmospheric-pr ssu rc fO D reactor.' DEZn. 
diethylzinc (Zn(C J,)2); TMGa, lrimcthyl Qlliurn [Ga(CH1)3): TMAI, trim thylaluminum 
(Al(Cll1l1l• 
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)l,~BE can achi 11c ~r <:i control of ~lh .chem~cal coinpo ilions and doping profll s. 
S111gl -crystal, multi!. yer stn1ctures with d1mens1ons on Ilic order of atomlc la • 
be · M13E • I yer. can grown using . r tus, th M BE m thod enables the precise fabricatio11 of semi-
conduct r het ro tmctures having thin layers from a fraction of a micron down to a mono­
layer. In general , M BE growth rates are quite low. For CaAs, for c::iampl • a value of 
l ~tni/hr is typicxd. 

Figure 8.5 shows a schematic of an MBE system or gallium arsenide and related 111-\1 
compounds, ·~ch as Al,G_a1.,:\s· The tern repr nts tJ1c ultimat in film deposition 
control, cleanliness, and m 1tu chemical chamcterization capability. eparnte effusion 
oven made of pyrolytic boron nitrid are used for Ca. As, and tJ1 dopants. All the effu• 
sion ovens ~ire ~ouscd in an ultrahigh-vacuum cl1amber (-10..., Pa). Tue temperature of 
each oven IS adiu ted to give the de ir d evaporation mte. The ~ub trate holder rotates 
continuously to achieve unifonn epitaxial layers (e.g., ±J % in doping vanatioll! and ±0.5% 
in tliickness variation ). 

To grow GaJ . an o"erprc sure of r\s is maintained. illt'C the sticking coefficiE:nt of 
Ca to GaAs is unity, whereas tJiat for , is zero. 1ml s there is a previou~ly deposited 
Ga layer. For a ilicon M BE system, :m electron gun is u ed to ev:iporate silicon. One or 
more effusi n ovens are used for tJi dop.'lnts. Effusion ovens behave like sm:Jl-a:rcasources 
and exhibit a cos0 emis io,1 , where 0 is the angle between tJ1e direction of the source 
and the normal to the substrate ·urface. 

I BE uses an evaporation method in a vacuum s tern . An important parameter for 
vacuum technology is tl1e molecular impingement rdte: that is, how many molecules 
impinge on a uni t area of the ubstmteperunit lime. The impingem nt rate (9l is a func­
tion of the molecular weight, temperature, and pr ure. The rate is deril·ed in Appendix H 
and can be expressed as6 

(5) 

ltlllhign,,-ac,,u111 
~------------------------, clia,nbcr 

Dopant 

lleolmll, 
OOll 

Figure 8.5 Arrangcmcnl of the sources and .ubstn1tc in a C<)1wcntio11al 111olccul:ir bt-. ui ~pir.l,:, 
(i\.fDE) S} t 111 • (Cou ,1c or t. B. Pnnid1. Bdl L.~l.>omtoiics. L<Jc,.•nt Tl'ClmolD!:I~< l 
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or 

¢=2.64x to:o( Jtn') molecules/cm2
~ (Sa) 

" 'here pis the pre sure in Pa. m is the mass of a molecule in kg. k is Boltzmann's con. 
stant in J/K. Tis the temperature in degrees Keh~n.' nn_d M is the mol~cular weight. 
Therefore. at 300 K and 10""' Pa pressure. tl1e 1mpu1gement rate 1s 2.7 x 10" 
moleculeslcm1-s for o,Jgen (M = 32). 

EXAMPLE 1 

At 300 K. the molecular diameter of o,Jgen is 3.64 A. :10d the number of molecules per unit area N, 
is ;.54 x 10" cm·1. Find the time required to fom1 a monolayerof o.tygen at pressures of I, 10", 311d 
10..., Pa. 

SOLUTION The tirm, ruquircd to form a monolayer (assuming 100% sticking) is obtained from 
the imprn.gcn,ent rote: 

Therefore. 

N N../Mf 
t =-L-~--

¢ 2.64 x l0'°P 

t = 2.8 x 10"" • 0.2S ms at 1 Pa 

= 2.8 s at JO"" Pn 

= 7.7 hr at l~ Pa 

To avoid <'Ontamination of the epitaxial layer, it is of pammount importruicc to maintain ultrahigh­
vacuum conditions (-10_., Pa) for the MOE process. ◄ 

During molecular motion. molecules will collide with one another. The average distance 
traversed by all the molecules between successive collisions "~th each other is defined 
as tl1e mean free path. It can be derived from a simple collision theory. A molecule hav­
ing a diameter d and a velocity v ,~II move a distance v6t in the time 61. The molecule 
suffers a collision ,~th another molecule if its center is anywhere ,~thin the distanced 
of the center of another molecule. Therefore, it sweeps out (,~thout collision) a cylin­
der of diameter 2d. TI1e volume of the cylinder is 

/j\l = !E.(2d)2v& = wfv& 
4 

(6) 

Since there are II molecules/cm'. tl1e volume assoc.iated ,~th one molecule is on the aver­
age lln cm'. When tl1e volume 6V is equal to 1/11. it must contain on tl1e average one 
other molecule. Thus, a collision would have occurred. Setting 1' = 6t as the average time 
between collisions. 

The mean free path ()..) is then 

A.=VT=-'-=~ 
muf ICPd2 

(7) 

(8) 

and 

8.1 Epitaxial Growth Techniques 

A more rigorous derivation gives 

A=~cm 
P(in Pa) 

151 

(8) 

( l(JJ 

for air molecules (equivalent mole<:ular diamcterof3.7 A} al room temperature Tiicreforc 
at a system pressure of 10"" Pa. J. would be 660 km. · ' 

EXAMPLE2 

Assume an ~ffusion O\'Cll geometry of area A z 5 cm' and a distance L between the top oft.he O\'cn 

and the _gall nu".' arscmde_ substrate ~f 10 cm. Calculate the M BE growth rate for tl,e effusion own 
filled Mlh galhum arsenide at 900 C. The surface density of gallium atoms is 6 x 10" cm . ..nd 
the average thiclmess of n monolayer is 2.8 A. 

SOL~TION On healing gallium arsenide, the \'Olat.ile arsenic vaporizes flrst . leaving<1i,,;ulium-nch 
solution. Thc,:cforc, on~ the prcss~res mark~-d "Ca-rich" in Figuru 2.1 Lan, of interest. The pre,­
surc at 900°C JS 5.5 x LO Pa for gallium and 1.1 Pa for arscnic (As,). The arrival rate can be obtaioc-d 
from lhP impingement rate (Eq. 5o) by multipl)ing it by NrrL': 

Arrival rote= 2.64 x 1o"'(~X~) molecules/ cm'-• 
vMT rrL' 

The molecular weight (M) is 69,i2 for Ca aud i4.92 x 2 for As,. Substituting "alues of P • • II, and 
T (II 73 K) into the abo\'e equation gives 

Arrival rate = 8.2 x 10" I cm•-s for Ca 

= 1.1 x 10•~ I cm•-s for As' 

The gro"1h rate or gallium arsenide is go\'eme<l by the arrival rJte of g-.tllium, The gt'O\'th r.1te is 

8.2xl0"x2.8 
6 

x 10,. • 3.SA/s = 23 nm/min 

Nolt! tlrnt the growth rate is relnti\'ely low comp:irud wit.h that ofVPE. ◄ 

There are two ways to clean a surface in situ for :vlBE. lligh-tempemture baldn!( 
can decompose the native oxide and remo\'e other adsorbed species by e,•.ipomtion or 
diffusion into the wafer. Another approach is to use a low-energy ion beam of an inert 
gas to sputter-clean the surface, foUowed by a low-temperature annealing to reorder thr 
surface lattice structure. 

MBE can use a ,~ide variety of dopants (compared "~th CVD and MOC\'D). and 
tlie eloping profile cm1 be exactly controlled. However. the doping proce · is simUar to 
the '"-lpor-phase growth process: A ntL"< of cvapomte<l dopant atoms arrives at a favorable 
lattice site and is incorporated along the gro"~ng interface. Fine control of the doping 
profile is achieved by adjusting the dopant Oux relative to the Oux of silicon .,toms (for 
silicon epitaxial films) or gallium atoms (for gallium an:enide epitaxial films). It is also 
possible to dope the epita.,ial film using a low-ctirrcnt. low-energy ion bc,1111 to implant 
the dopant (see Chapter 7). 



Page 82 of 158

15~ Chap r 8 Film Deposition 

Th.- <11b,tn1tl' I 'lll[>cl'lllures for MBE r,111 '<i from 400" to 90()" •· and the growth 
mt,_ r.u1, fro111 0.l)()J to 0. µm/min. Bec.rn · of low-ttmpcmhH"e pr • ing and the 
low grm,th r.itl'. mall) unique doping prtlfiles and ruloy compositions not obtrunable from 
con,l'uti n,1I VD cun Ix produced in MBE. Man)' novel . tnichire. have be •n llladc 
w·ne ~IBE. ThcM' indudl' th .. S11JJl'rlatlfcc. which i• o periodic slnacture oonsi tin of 
.1'1 mating 11ltn1tJ1h_1 In~\· with a period I,· t~11n ~h I tron m an Ci:eu path (e.g .. 

aA . ,a1 ·. "1th •atli 1:1, er 10 nm or I s lll tl11ckne ), and l1eterOJuncHon fleld. 
efii rt tmMislors. 

Afurtl1crd ·,clopme11tin ~IBE has replncedth• group 1H !em ntulsource bymct­
alorgnnic compounds ·uch ,lS him thylgnlliwn (H IG) or triethylgalliunl (TEG). This 
approach is called mt•talorgm1ic molt·etdar beam epitaxy (~IOMBE) and is also referred 
to. rli 11111:al lx-0111 r71ilo.1y ( BF.:). 1\lthough clo-ely reloted to MOCVD. it is consid. 
ert.-d ., Sp<"Cfal form of MBE. The 111et,1lorgnnics are ufficiently volatile that t.hey can be 
, d,, ill I direct!) into tJm MBE growth cl,mnbt,r, a be,un and ,1r not decomposed before 
fonuirlg tl11: beam. Thr dopants ar g•nerally element.ti ourc , typically B for p-type 
.u1d i or n ror n-type C, l'pitn.x.i:il la) rs. 

8.2 STRUCTURES AND DEFECTS IN EPITAXIAL LAYERS 

8.2.1 Lattice-Matched and Strained-Laver Epitaxv 

For oon, eutionaJ homoepila.x.ial !!rowth, a ingle-ccystaJ emioonduclor layer is grown on 
a ,ingl < l)'Stal semiconductor ubstmt . TJ1 semiconductor la 'er, nd the ub trate are 
the same mnt 0 ri. I hming th ainP J:1ttic-e const:tnt. Therefore, homoepita~- is, by defi­
nition. a lattice-match cl pita.xial process. The homoepitax.ial process offers one impor­
tant means of controlling tJie doping profll so that de,.,ice and ircuit performance can 
be optimized For example, an n-type silicon I y r "~th a relatively low doping concen­
tration c:in be grown epitaxially on rul 11 · ·ilicoo substrate. This structure sub tantica!Jy 
reduce.- the series re istance • ociated with the substrate. 

For heteroepita.\)'· the epit, xial layer and the substrate are two liTerent semicon­
ductors. and the epita"<ial la} er must be grown in such a way that an idealized interfacial 
·1nicture is maintained. This implies that atomic bonding aero the interface must be 
~11fin11ou . Therefor . the two erniconductors must either have the ~1n1 lattice pac­
ing or he bl to deform to adopt a common spacing. These two cas 31 referred to as 
lattice-mntrl,ed epitOXIJ and trair1ed-layer epitoxy. respectively. 

Figure .6a ho,\ a lattice-matched pitaxy where the substrnte and U1e illm hal'e 
tl1e same latti constant. An important example is th pita.x.iaJ growth of A~Ca1 on 
a Ga,\s ub. trote where for ny x between O and 1, th I ttice constant of Al,Ga1 .. ,As dif. 
fers from that of C b,· I tha11 0.13%. 

For tli lattice-mis~atch d case. if the epita\'.iaJ lay r has a la.rge r lattice constant 
,ind is Oexible, it will be compressed in the plan of growth to conform to the substrate 
pacing._ Elastic force then compel it to dilate in a direction perpcodicular to tJ1e inter­

fac~. TI us ~pe of stru t11re · called strained-I yer cpitw.y and is Wustrated in Figure .fh.6 

011 tl1e other l1,rnd. if tJ1e cpitaxi I hyer h a smaller latli const nt. it will be dilated 
in the plan of growth and comp ed in • direction perpendicular to the interface. lo 
tht- al>o, strained-fa> •r epitaxy, as 111 -trained-layer tJ1ickn incre. tJ1e total num­
lwr ?f ato1~b und •r train of the distorted atomic bonds gro,, , and at some point, mis­
fit cl.blocations are nud atccl to relic,·c th homog •ueo1L~ strnin n rgy. Thi thickness is 
ref~rred to , · 111 • critical layrr t/iicknt'-S.1· for tJ1e S) tern . Figure .Ge hows tl1e c:1Se in 
wlud, there are lge dislocation at the int rface. 

8.2 Structures and Defocts in Epitaioal layers ◄ 15:! 

l..:tttlcr m. 1d, ,d 

nmmrn 
Un.<t~ .... 
♦ - ♦ ♦ • 

- -fi fi fi 
Epita.-d.llla) ·r Epll.u!.J layer Ep!1.,xl:!J la)'l"t 

[fflfij liti 1 , . 
.. 

•• 
◊ ◊ ◊ 

Subrtr.rtc crystnl Substr.1tr Cl')'$W tlb.lrato <1)'>~ 

HHHIHH ttHH!HB BHHHHI 
(~) (b) (c) 

Fig~re 8.6 chcmatio illustration of (a ) fotticc-matched, (b) trained,' and (c) rcla.ted hcicroopi• 
l:c-aal strnctn, •s. llomocpita.\')' i~ ~lruclurully identical to the latlice-matchcd heteroepitaxy. 

The critical layer thickne ses for two material system are hown in Figure . 7.' TI1e 
upper curve is for th trained-la)' r epita~ of a C ,• i,~ l~rer ou a silicon substrate, and 
the lower cun,e is for a Ga.1..,Jr layer on a C, sub trn'te. Fore=pl . for Cc01 i,, , 
on silicon, the maximum epitax.ial thid.,iess L~ about 70 um. For thicker film • edge dis­
locati ns will oc.-cur. 

relntcd heteroepitaxial tnrcture is the strQi11cd-layer SIIJJerfottic ( LS). uper-
latti{-e is an :utiGciaJ one-dimensional periodic stn.1ct11r con tituted by different mate­
rials with a period of about 10 nm. Fiaure . ho, 'an LS lia\fog two semioonductors 
,,~th differ nt equilibrium lattic-e oor1st:u1ts a1 >a.• gro\\11 in a tructure "~th a common 
in1>lane lattice con Lant b, where a1 > b > a::, For sufficiently thin layers, th I. ttit"e rif -
match is nccommodat d byunifon11 train in th lt1yers. od rth conclilion .. no mis­
fit dislO<'ation ore g nerated at tJ1e inlerfoet:s. so high-qu:.tlity Cl) ·talJine materials can 
b obtained. l11ese tu1iflcially stnich1red material <.':In be grown by ~I BE. The e mnl -
1ials provide a new ar a in semiconductor r arch and pem)it new solid-state de"ice~. 
especially for high-spc d and photonic appliootion . 

8.22 Defects in Epitaxial Layers 

Defi t iu epita.,iaJ lny rs will degmde devi , propcrtie--. For ex, mpl . defects CM result 
in r du cl mobility or i11crc!.1S d leaka e urr nt. The defect in epitaxial I ycrs can be 
categorized into five groups: 

I. Dcfi•c/ -from the mlJRtrattw. These defect may prop,1 •11tu rmm the ub trale 
into the epitaxial layer. To, id these defect . diskx.-ati n-free miconductor 
·ub lrnt · are r quired. 
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I . 
100 ', .. . 
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Ce or ln fr;,ctlon, r 

Figure 8.7 Experimentally detennined critical byer thickn 
pi~ of Ce, i,~ on Si, and Ga,.Jry\s on Gru\.s.' 

for d.,fect-fre,.,, strain<:d-layer 

2. Defects from the int ,face. O.'Cide precipitat or any contamination at the 
interfa of the pita.xial layer and ub trate may cause the formation of mis· 
on nted clustw-s or nuclei containing stacking faults. These chJsters and 
stacking faults m, y coalesce with normal nuclei and grow into th film in the 
hape of an inverted pyramid. To avoid these d £ cts. the surf: ce of th ub­
trat must be thoroughly clean d. In addition, n in itu tchback may be 

used. uch , th reversabl reaction of Eq. l. 

3. Pm:fpitat or dtsfocntlo11 loops. Th ir fonn tion is due to upersaturation of 
impuri.ti or dopant . Epita.xial la) rs containing very high intentional or unin­
tentionnl dopants or impurity concentrations ar susceptible to such d fects. 

4. Lew-angle grain boundaries and twi1UJ. Any misori nted ar of an epitaxial 
film during growth may meet and co I ce to form the defect . 

5. Edge dhloc<1tlol1$ . Th ar fonned in th bet roepita'o/ of two lattice• 
mismatched semiconductors. [f botJ1 lattices are rigid. the, "~]] r tain th ir 
foudamcntal L ttice paeings, and the interface ,,~]] contain rows of mis­
bonded toms d scribed, m· flt or edge dislocations. Tb dg dislocations 
C-J.tl also fonn in a trained la ·er when th layer th.ickn become larger than 
the critiro.l l.1yer thiekne. 

TI-1 lL l 
1 1 111111111 

[IlJ I I J:HJ 
1----- a1 ---..i 

◄ 1=:i:=i::i=+Ji:+:i:::i:=:i::::i 

l : 11,pcrbttux·. rnJ.smi,tcl, 
◄ H-t-.:};:_:J"~t"-:f:t".:r-+-1 ► acco,ru.nodakd b)• tr.iln 

► l-1--t-....-,1-,f-+-1--1--1-l ◄ 

.............. _._.L...J._.__,__._,.__, 

I 

8.3 Dielectric Depos111on IM 

Figura 0.8 1 Uustmtion of the I m nts and fonn tion of a strained-layer uperlatticc.• Arro\, 
how the direction of the strain. 

► 8.3 DI ELECTRIC DEPOSITION 

D po. ite<l die I chic fllms, re u eel mainly for in l1lation and [X ~ i . tion of diserete d ·vi 
. nd integrated circuits. There are three common])' used depositio11 m thods: atmospL ric­
pressure CVD. low-pre ur CVD (LPC\1O), and plasma- nh, need chemical \'apordcpo-
ition (PECVD. or plasma depo ition). PECVD is an en rro·-enhanced CVD mctliod in 

wh.icl1 plasma nergy is added to the them1al nergy of a co,1, ntional CVD tern. 
Considerntion in s I ~ting ad po ilion process a.re th ubstr..1t tclilpemture. tl1e depo­
sition rat and illm m1iformit ,. lh morphology, the electric-JI and mechanical proper• 
ti • and th ch mica! composition of the dielectric film . 

Th reactor for atmo ph ric-prossure CVD is imilar to th on shown in Figure 3.2, 
.xt•cpt thnt differ >nt gas s are used al the gas inlet. In a hot-wall. reduced-pres urc n- <'· 

tor like U1e one hown in Figure .9a. tl1 quartz-tu bl" i heated by a tJ1ree-zon fuma . 
and gas is i11lroduced al on end nnd pumped out at tJ1e op~ile nd. The semiconductor 
wafers ar h kl v rticallv in a slott d quartz boat. The quam-tube wall is hot b,,,cau •• 
it i , dja nt to th fum;ce, in c-ontrast to a cold-wall reactor such ~ th · horizontal ep1-
ta.xial reactor that use radio frequ JlC)' (rf) heating. 
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(a) 

lmolot<'<i rf input 

(b) 

t 
Gas 
inlet 

Alumtt\Urn 
electrode, 

Figure 8.9 hcmatic diagrams of chemical 1,-apor deposition reactors. (a) llot-wall, reduced-
pressure reactor. (b) Parallel-plate plasma deposition reactor. rf. radio frequency. 

. The parnllel-pla_ic. radial-flow PECVD reactor shown in Figure 8.9b consists of a cylin­
dncal glas_s or aluminum chamber scaled with aluminum endplates. Inside are two par­
allel alum mum electrodes. An rf "oltage is applied to the upper electrode, whereas the 
lower electrode is grounded. The rf voltage causes a plasma discharge between the elec­
trodes. Wafers are placed on the lower electrode, which is heated between 1oo•c and 
./00°C by resistance heaters. The reaction gases flow through the discharge from outlets 
loc:~t~d along the ~i~cumference of tJ1e lower electrode. The main advantage of this reao­
t~r 1s its low depoS1tion temperature. I lowe\'er. its capacity is limited. especially for lnrge­
diameter ,vafers. and the wafers may become contaminated if loosely adhering deposits 
fall on them. 

8.3.1 Silicon Dioxide 

CVD s~con dioxide cannot replace thermally grown oxides, because the best electrical 
properties are obtained with thermally grown fllms. CVD o.tides are used instead to com­
plement thermal oxides. A layer of undoped sUicon dioxide is used to insulate multilevel 
metallii.1tion. to mask iou ill)plantation and di.ffusion, and to increase the tJ1ickness of 
thermally grown field oxides. Phosphonis-cloped silicon dioxide is used both as an insu­
lator between met~ layers and as a final passivntion layer over devices. Oxides doped with 
phosphorus. arsenic. or boron are used occasionally as diffusion sources. 
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Deposition Method~ 
Silicon dioxide films c.111 be de>positcd h)· ,c\'cml method, f( . 1 t t 
-· · (300 soo•c) tJ ~ll . · · n OW• empcrature '· •·pc>--, 11ion - , le u in~ ,trC fomwd 1-- r..-lCting silnnc dopant d O TI J · I · r I I VJ • • • • ,Ill \)'g('II W C ICIII· 
,ca r('~cbons ,or p 1osp 1cm1s-dopcd oxides a.re 

SiH, +0,~SiO, +2Hl 

(12) 

The deposition process can be perfonncd either at atmospheric pressure m ;, CVD re:ic• 
tor or at reduce~ pressure in an LPC\10 reactor (Fig. 8.9a). The low deposition ll'm• 
pcraturc of the sUane-OA')'gen reaction makes it a suitable proe<:~s whc:,n film~ mmt be 
deposited over a layer of aluminum. 

For intermediate-temperature deposition (500-600°C). siliwn clioxide ca11 he fonn~I 
hyd~mposing tetrncthylo~hosilicate, Si(OC11 I~),. in an LPC\'D rc:IClor.11,c: wmpound. 
abbre,nated TEOS. IS vaponzed from a liquid source. The TEOS compound deoompos~s 
as follows: 

(13) 

forming both Si0 1 and a mixture of organic and organosilicon by-products. Although the 
higher temperature required for the reaction prevents its use over aluminum. it i.s uit­
ablc for polysilicon gates requiring a unifom1 insulating layer with good step coverage. 
The good step coverage is a result of enhanced surface mobility at higher temperatures. 
The oxides can be doped by adding small :imounts of the dopant hydrides (phosphines. 
~lne. or cliborane). similar to tl1e process in epitaxial growth. 

Tl,e deposition rate as a function of temperature varies as exp(-E/ kT), where£, is 
the ncthation energy. The E, oftbe silane-o:~ygen reaction is quite low: about 0.6 c\' for 
undoprd oxides and almost zero for phosphorus-doped oxide. In contrast. E for the TEOS 
reaction is much higher: ,1bout 1.9 e\l for undoped oxide and I .4 eV when phosphorus 
doping compounds are present. The dependence of the deposition rate on TEOS par­
tial pre<sure is proportional to {l-e.., '·). where Pis the TEOS partial pn:ssure and P., 1s 
about 30 Pa. At low TEOS partial pressure . the deposition rate is detennincd by tJ1e 
mte of the surface reactiOtl. At high partfa.l pressures. the surface bt>comes nearly satu­
rated with adsorbed TEOS, and the deposition rate be<.-omes essentiall} independent of 
TEOS pressure.' 

Recently, atmospheric-prel<Sure :ind low-temperature CVD processes using TEOS and 
ozone (0 ~) have been proposed." as shown in Figure .10. This CVD tcclmolC>Wproduc-es 
oxide films "1th high t'Clnformality and low ,1 cosily under low dcpo ition temperature. 
The shrinkage of oxide film during annealing is also a function of owne cont\/ntration. as 
shown in Figurc8. lJ. Becau e of their porosit): 0 1- TEOS C\'D oxides arc often areolll• 
pallied by plasma-assisted oxides lo pcnnil planari1;1tion in ULSI p=ssing. 

For high-temperature deposition (900°C). silicon dioxid<' is fonned by reacting 
dichlorosilnne, SiCl:H1. "1th nitrollS oxide at reduced pressure: 

(14) 

This deposition gi"es excellent filni u11ifonnity and b sometimes u<ed to deposit •~u­
lating layers over polysilicon. 

Properties of Silicon Dioxide . . . . . , . 
Table . l lists deposition methods :uid properties of silicon cbo:.1dc films . 111 l(t 1tt"r.i.l. 
there is a direct correlation between deposition tc111per:iture :md film c11111ht) I h1glu.•r 
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·vo lllm on ow n~ <'One ntrolion 

TASLES.1 Properties of Silicon Dioxide Films 

Propt>rt~ 111cm1.Jly •fQ\\1l 111, + f TEO i 1_11,+ N,O 
JI 1000'. al 45<rC at ;oo•c al 900°C 

>mpo irkln iO 10 (II ) iO. iO,( II 
0,·1hlh (W<'fll1) 22 2 I 2.2 22 
H,·fradl\ · mdi,,. 1.46 I 14 1-16 1-16 
D1 l<-t'lri<: ,tn.>n.!lh >10 10 10 

110 \ '1<"m 

Etth ml< 1. Ulin JO 60 30 30 
r l(WI I IJ O.llf 

Fllh ml,· (, mm 110 12()(1 •150 -ISO 
buffn ·11 IIF 

hp l"' ·r~I! l\onl'onfonnal 

a J Orel c ·c Depo$ll1on 150 

tl'1t11wn1tun·,, dl.'f)()'ill-d o'<id1· ntrn\ ar,• ,trn1:tumll) ,h11i1.1r to sillroi, din dt' tloat h, 
bt·t·11 th ·n1111lly gr,1wn. 

The low1•r dL"n,itie. OC(·11r in 1\1111, d positt•d bdow 500' . H ·,1ti11g d,·po,ited \lll­
t-on dicJXldl' at l<·111~rah1re I.> •t:we ... n 600• and 1ooo•c c1u , d ·n iltcalion, clunng 
which tlw o,icle thic-kn ·ss d,•Ne, ,e . . wli r tlw d •111ity irl<:re to 2.2 w m . 11w 
rermru,.., iud •x r siliCQn <linrjcJ,. i I ..16 at a, "" I •11~11 of0.639 µm. Oxid1·, with 10\wr 
indit-c, ar" porous, suclo ts th oxid' rc,ulting f rum sllnu ·-o~ygc11 dcpo ition, which ha., 
n r •fmt1.h t> ind •x or 1.44. The porou) nature of the oxid;, ,J!<O is rr,pon5ihle for th low,, 
di k•ctrk ~trc11gtJ1, which is the appli •<l electric ltcld that will use a hiith curr(•1ll to 
!low iu tlw oxi<l • nl111. Tl, · •tch l'lllP or oxidP in a hydrofluoric a id ',Olution dcfl<'ntl 
on d ,po,ilion t ·mpcn hire,, ,mealing history. and dopant con1.rntr.itmn Usu: lly. h1ghn­
<pmlity oxides are e t IIC'd at low r rntes. 

t p overag 
t p covcm •e relates the urfac topogrophy or a d posited Rim to th • , ariou steps on 

the semiconductor ub. tmt . In Lhe illu lmlion of idc.il, or cr.mf<mnal .. t,•p covcrng hQ\,11 
in Figure .1211, film thicknes is uniform along all urf, c-e< or th· step. 11w unifonnity 
or th film thiclm . r · ardles of topogmphy. is due to th, rJpid migmtio,1 of react nt 
aficr nd~orptlon n th t p <urfacc . 1~ 

Fib'ltrll .J 2b shows an .xampl of nouco,tfonnal t p covemge. wl,ieh rcsul wh n 
the r ,1 ·t:mts acl<orb and r ·act without ~ignificant surface 111i ration. In tl, i5 in t;u1ce, the 

Figure 8.12 

(a) 

Film 

~rd po~itrd mm,.'" c.,J Coufnnnal m·p t •p l'0\'1'1':11( " 
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t 60 ► O..;>ttr a f;lrll Oep0$1bon 

lk1""'t10n r.de 15 pruport,onal to the am,·JI ,lllgle of tlu1 !-,a, molec~les. Flenctants nrnv. 
l

, - •011,. the top Jiorizonttll surfa<X> oome from llltlll} different nnglc . and ¢, . the nrri,\u 
"~" - 0 I . . h .i.nl!k. ,ane, in two dim<'tLStons. from o• to I ·o : w ll'n:3S ~e!\ct:u1!5 arm'.1ng at t e top of 
a ,.-rticll ".JI li.,w ,111 .minJ Mgk• (9,l th.1t ,~mes froin O to 00 Thu~. the mm tluck. 
II<~' on tJ,r top .urf,ire is dc,1,ble tl1at of ti " ~~ surfaet.:· furtlwr ~0\\11 the "~ill. ¢, is reltt<'I) 
tu tht> " 1dth of tl,e opcnini:. and the film tl11cl..'l1l~ '-' proportional to 

IV 
9, = arctan 1 (15) 

"here/~ the' dista.nre from tlie top ,urfore ,rnd 11' is tl1e \\idtl1 of the opening. This lyPe 
of <tep CQ\er.i!!.e i.~ thin .Jong the vertical " ~ills. "itl1 a possible crock at the bottom of 
th<' ,tt,p c-.111.sed by self-shadowing. 

,!,con d,o-ode fonnl-d by TEO decomposition al reduced pressure gives a nearly 

001uorm.i1 CO\t'rage due to ropid surfat,e 111igr.1tion. imilarly. tl1c l1igh-temper.iturc 
dicllloro~1fane-11itrous o.~de reaction also n.>sults in conformol coverage. However, dur­
tnl! . il.ine---0.w;cn deposition. no surface migration takes place. and the step coverage is 
detemuned b, the arrival J.Ogle. ~lost e,-aporated or ~-puttered materiols have a step cov. 
cr.ui;e \tmilar to tllilt in figure .12h. 

P-Clnss Flow 
A smooth topographJ ~ usu.illy required for tl1e deposited silicon dioxide used as an insu­
btor beh,-een metal tiyers. If tl1e oxide used to cover the lower metal la)er is concave. 
circuit [.Ii.lure ma} re,-ult from an opening that 1nar occur in the upper metal layer dur­
w2 d.:~ition. Ekcause phosphoru,-doped silicon dioxide (P-glnss) deposited at low tem­
peratures becomes soft and flows upon heating. it pro,ides a smooth surface a11d is often 
used to insufate ad_}(lcent metal layers. This process is called P-glass flew. 

Figure .13 shows four cross sections of scanning electron micl'05<.-0pe photographs 
of P-gl= covering a polysilicon step.,. All samples arc heated in steam at l 100°C for 20 
minutes. Figure .13a show~ a sample of glass that contains a negligibly small amount of 
phosphoru.< and do..--s not flow . .Note the concavity of the film and that the correspond­
ini;: angle (8 ) is about 120°. figures 8.13b, c, and d show samples of P-J(lass with pro­
gressive!> lugber phosphorus contents. up to 7.2 wt% (weight percent). ln these samples, 
tlie cfocre-.lSing ~ep angles of tl1e P-gla.s layer indicate how flow increa.~ with phosphorus 
concentration P-glass flow depend, on annealing time. temperature, phosphorus con­
centration. and the annealing ambient. '" 

The angle 8 as a function of weight percent of phosphorus a.ohQ\\11 in Figure 8.13 
can be approximated b) 

(16) 

If we want an angle smaller than 45°. we require a phosphorus conCl:'ntmtion larger than 
6 "1%. Howe'"er, at concentrations abo,·e 8 wt%. tl1e metal film (e.g .. alumfaum) may 
be corroded by the acid products formed during the reaction between 111e phosphorus 
111 thr o'lide and atm~heric moisture. Therefore, the P-glass 0ow process uses phos­
phonc. concentrations of 6 to \\1%. 

8.J.2 Silicon Nitride 

It is di111cult to grow <ilicon nitride by tlumnal nitridation (e.g .. with ammonia. NHJ 
b, ,tll}t of 1t,. "°'' growth r.ite dlld high gro"th temperature. However. silicon nitride 

8.3 01electrlc Depos111on ◄ IO t 

Figure S.13 Scnnning electron micrograph., (10.000x) of samples annealed in ,t..>am at 1 IOO'C for 
20 minutes for the follO\,ing ,wight pera:nt of phosphorus:' (a) 0 \\t%, Cb) 2 2 "~. (c) 4.6 \\t 'J. 
and td i .2 wt%. 

mm, can be deposited by an intenne<li::u:c-tempemture (i50°C) LPCVD process om low­
temperature (300°C) plasma-assisted CVD proce .1111 The LPC\'D fJms are of stoi­
chiometric composition (Si , ,) witl1 high density (2.9-3.1 glcm'). These ftlms C.UI be used 
to passh~1te devices because the) serve as good b,mirn. to tlie diffusion of water and 
sodium. The rtlms also ron be used as masks for the scJlectivc oxidatio,1 of silicon bccaw.e 
silicou nitride oxidi7.es very slowly and prevents tl1e undcrl~iog silicon from oxidi.dng. 1"1,e 
films deposited by pla;,ma-assisted CVD are not ,toichiometric and hnvc a lower <len<it} 
(2A- 2.8 gtcm1) . Because of tlie low deposition temperature. '.li~ n 111tridc films can be 
deposited over fabricated devices and serve ~ their final ~ wntlon. Plasma-dep(Nted 
nitride provides exC<'llent scratch protL-ction. scrvcs as a moisture b,irricr. ,ind prewnb 
sodium diffusion. 

In the LPCVD process. dichlorosifane nnd ammonia reatt at n-<lut-ed pre!>!.ure to 
deposit silicon nitride at temper.1tures beh\"een i00°C and S00°C The re.1ction is 
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iU,+1 H,~ i 'H + H1 

2 di,+ l,-=-=---+ 2Si Il + JH, 

(l&} 

(IS/,) 

The produ depend trougly on d position conditions. _,:i1 mdial-0ow. parallel-pbte 
reactor (Fig .9b) · used to depont th nl,n ·. The d po 1tioa rat gen •r.ill • rncreases 
with incre.ising ~ mpcmture. power input. and r actant gas pre· ur . 

con otrntions of hydrog ·n ai-e contained in pl ma-depo~ted film . The 
pl ma nit rid (also refi rrecl to ~ s ii ) u ed in semiconductor proc-e.sing gener;"y con­
t iru 20 to 25 «t'I- hydrogen. films wit.h low t n ile str ss (-2 x 10 dp1es/cnr) can be 
prepared hypl. ,m:1 d po ition. Film re isti,iti · range [rom 103 to 1021 n-cro. depend­
in on sihron-to-nit.ro en ratio. whereas dielectric strength ar betw •n l x 10& and 
6x 10 1cm. 

8.3.3 Low-Dielectric-Constant Materials 

d ,ice ·z.es continue to hrtnk down to the de p submicron region. th 
Wevel in terconnection archit cture to minimize th tim delay du top "tic r · lanl'E' 

\R} and capacitan (CJ. Th gain in device peed at the gate lev ·l is o[ •t by th prop­
ag.ition deL1y , t the m ta.I interconn cts because of th inere d RC tim consl. nt . as 
hown in Figure .14. f or e:(ampl , in device with gate length of l?,:;o nm or le , up lo 

50<k of the time delay is due to th RC cl Ii y of long interconnections.13 Therefore , the 
device u1tercon11(.'Ctioo n !work becom a limitin factor in detennining cllip perfonnanre 
m tries such. device speed. cro stalk, and power con umption of ULSI ci rcuit . 

Re<lucin the RC time ooo tan t of LSI circuits requir inten.--o,rnection materials 
with I w re · tivily and interla r Alms with low capacitanc . ote th t C = E d. where 
t; is th dielectric pennitti,ity. is the area. and dis the thicl-n s of the dielectric mm. 
Regardin tli low-<:apacitance issue, it is not easy to low r th parasitic cap, citnnce by 
iocre. ing thickn ·s of th inter!,:, r dielectric (which makes gap filHng more <lifficull) 
or decre ing ,,iring Lt i ht and area (which r ul in th increas of int rconn ct resis• 
tan •). 111 refore, mat rials with low di I tricconstant {low k)are requir d. The dielec­
tri perrnitti-.1tyi~ Pqn:ll to th product ofk and t;r wh re k ru ,d are th• dielectric constant 
and pen,utthity of fre spa , ~vely. 

Th propertiM of th int rlay r diek'CITie nlm a11d bow il is fom1ed have to meet the 
folkr,,1n reqwr m n · low di lcctric constant. low r sidu I st~ s. high plan.w'Wltion 
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Figure 8.14 alculated g te and interconnect delay vc= technology gener.ition. The di lectric 
constant for the low-k rnn.tc ri ,J is 2.0. Both Al and Cu inl ·rconnecu. are 0. 11m thick and 43 I''° 
long. 

cat._bility, high capability for gap filling. low deposition temperature, implicit)' of pro­
ce . and , of integration. A ubshlntiru numberoflow-k mat rials have been S)11thcsrz...-<l 
for the i.ntermetal d.i I hie in LSI ci rcuits. Som of the promi hig low-k umterials are 
·hc,wn in Tab! .2. These materials can be either inorg.\llic or organic Md can be deposited 
by ••:ther C D or spin-on technique .13 

TABLE 8.2 Low-k Materials 

D tcnninanl Maleri,-J 

Vapor•phase depo ilion polym rs Fluorosilicate gla: (F G) 
Parylcne 

Spin-on poly111Cl"l! 

Paryl<'n<· F 
Blat'k diamond (C-doped oxide) 
Fluorin, ted h)-drocarbon 
Teflon-AF 
LIQ d Q 
Pnlyimide 
' iLK (aromatic 

hydrocarbon polymer) 
PAE !pol, aryl •n cth rs)] 
Flnorino.tcd :unorphotL< e3rbon 
X rogcl (porou, siUca) 

Di I ctric Constant 

3.5-1.0 
26 
2.4--2.5 
2..7-3,(J 
2.0-2.4 
1.93 
2. 3.0 
2.7- 2.9 
2.i 

2.6 
2.1 
1.1-2.0 
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l • Cllept r Film 0eposnion 

t,.,tiru.,h 11,t· intrin,ic RC ,aluc of l\\1> p;mJld Al ,~ires 0:5 11111 X 0.5 µm in Crt>-<s S<' lion, I 10111 
111 1,·n~d,. ,md ,t.>p,1r,1tc'<I by J polyimide (k - 2 i ) d,d tn ln~'l·r that "0.5 µm thick. Th<- r . 
tint, <>f ,\I i _ i µ0 -cm. 

SOLUTION I.kt I be 1h,· cm." · '< tioual dim •11.,ioo f the wires. R • tan is equal tn pl di,;dt'd 
b, the en , . ,'<-1ionnl .ire~ of th,e wirL·. <O 

( /) ( ,I ) RC = -:- E: • • p I p.1cml( " ~dth 

.,. 0.5xlO ... x lO·' ) 
.8 x 10 x 2.7 x O 0... = 2.57 P' .Sx l ◄ 

8.3.4 High-Dielectric-Constant Materials 
High-k matcri.Js are also required for LSI ci.rcuilS, pecially for dynamic mndom ,iccess 
memory (01 \.\ I} circu.i~. Th torng capacitor in a DRA I has to maintain a certain 
value of • pacitnn for proper ope,. tion (e.g., 40 fF). For a given c. pacilance. a mini­
mum d 15 w unll) • lected to me t t.he <.'Onclitio11s of th maximum nllowed leakng cur­
rent and th minimum required breakdown voltag . Th ar a of the cap,1citor can be 
increased by using tacked or trench tructure . These tructure re considered in 
Chapter 9. How ·er, for o planar tructure. ar a i r duced with incre ing DRAM den­
itv. TI1en!fort:. tlie cllelect.ric constant of tl1e film mu I be incr ased. 

• e\ ml hi h-k mat rinls ha, been proposed. uch as barium strontium titanate (BS-0 
and le.id zirconium titanate (PZT). Tlae e mat.erinls ar hown in Tab) .3. In addition 
ther arc titanat doped with on or more acceptors, such as aU.-:ilin earth m ta!s, 0; 
doped with one or more donors. such • rare earth element . Tantalum oxide (Tap 5) has 
a di lectric const.rnt in tl1e range of 20 to 30. As a reference. the di lectric constant or 
i,. , i in th rang of 6 to i , and that for iO2 is 3.9. A TaiO5 ft.Im <:an be deposited by 

a \ 'O proce u ing gaseous TaCl5 and 0 5 as th tarting mat rial . 

TABL£ 8.3 High-k Materials 

Binary 

P,,raclc<·tric perm kite 

f·rrocfodnc perm kite 

lat ri ,Js 

Ta_O, 
1iO1 
Yp, 
i~. 

. r1i0 ( TO) 
(Ba.. r,) 1iO1(8ST) 

Ba(1i, .Zr,lO1(BZT) 
(Pb, La, )(Zr1 1i )O,(PLZTJ 

Pb(Mg, 3:-ih_ 1)O ,(PM , ) 
Pb(Zr0 , 0l i, "JO,( PZT) 

Dick-ct ric oristant 

25 
40 
17 
i 

140 
300-500 

300 
800-1000 
1000- 2000 

>1000 

8.4 Polysilicon Deposition ◄ 165 
EXAMPLE4 

D ~~M C.'.f>"~tor h th. following pa.ranwtcrs: C a 40 fF cell i· . , 
for s,hcon d,o~dc. If we replace SiO, with Ta.,O (k • 2S) , .'th ,.c ! • I ~ µm, and k • 3.9 
('quivnlent II area of lhc capacitor? ' vr out changm tluckn what Is th1: 

SOLUTION 

so 

Therefore. the cquh lent cell siz 

► 8.4 POLYSILICON DEPOSITION 

3.9x 1.28 25 lC A 
--d-=-d-

◄ 

Using polysillcon as th~ gate electrode in MOS devices is a significant development in 
MO tec_hn?(og)'. ?ne 1m~rtant reason is that polysilicon surpasses aluminum for elec­
trorle relia~~1t:y. Figure . ~;> shows th ma.xi mum time to breakdown for capacitors with 
both pol) illcon and aluminum electrodes.1• Pol) illc.-on is clearly superior. pecially for 

IOl' 
POI) llicon electrode 

10s 

z I 

l 
I 

101 
I 

f 0,=5 M /crn I 
I Al -" T =300"C I 

~ I electrode 
J:> I 

2 I 

101 I 

" I 
E I 

"' I 

E I 

§ I +V 
IOl I 

~ 
I 

I 
d.1_ ~ I 

I , T 
101 

I 
I 

I 
I 

10" 
10 20 50 100 

d (nm) 

Figure 8.15 ~la.ximum tim to br .ktlow11 versus oxide thiclme for a pol ruicon electrode w1d 
an aluminum clcclroo . " 
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d . Tl D 1· •'"n'or tinlt' to brv.tkdm\ll of ,1l11111inon1 lt·Clrocle i.~ due 10 tlllllll<'I ,\It· ()\I e,. 1, I IL I . . I n I-' 
L • r . , 1,,,·011111 uto111 into tlll' thin o,!de u11dt'r ,111 , e tncm ,e ,,. Pol) i~co11 bK' 11\1 •r.tbl)II O .ull • d _ , ... , dirru 10 11 sourc,'1' to cn.•,,ti' ~hnllc"' juncb ns , 11 to c•11. 1u· ohn,i con. 

l au, l llSl'U ' ,I 11 • • r f . I 
J.I ·1-u J\rldit,·0111] tisl'S iiwl11ck the m1m111actun..> o c 11u11ct l'l> :111d bigli l-, tUC""h UlC' \I h .v • . t ~ • • 

~. 1w re · ton- d ,. 600• • d 650• 
~ to,,-pl'l'" \11\' n.•,idor (F1 '.9n) ope t t>etwe·n . :in 

depo,,t E ~. ilil'On hy P) I -,Jng silnn,• at-rorcling to tJu· reactt 11 
is u •d to 

:ill.~ i +2 11 , (19) 

r tit two mot common )ow-pre sure pro<.-ei-> ' -. n o!>cn1te, ,_t n pre 11 re of - to 
l I p,1 usitJ, JOO<t siluw. where.1., the other Lnvolvcs a d1lut cl mixture_ of 20~ _to 30% 
"11JO • 111 nit1'01{t''' .it the ),1mc tot.ii pre. ure. Both p~: e can <le~. 11 po~ 1hcon on 
lnmdn'd of"· ft• per run with rood unifonnity (i.e., tl'.1ckne ·e · \\1tlun ± ::>%). 

Fi1t1,m· . l I,°'' the d •po it ion mt at _four dcposit'.011 tempcmtu~ . A! low '.lane 
liti.11 n.,<;SUrt. tht> d position r.\te 1$ proportiomtl to the .ilno pre ure. At lugh r silane 

~n ,n':mtiofu ,1tumtion of the dc1 ition rate occurs. D position, t reduced pre sur 
nernll, hnuh.'d t te111pcr,1t11re lx•t,, n 600° and 650° • ln tJtis l mpemture range. 

the d<'posibon mt.-,. ri • e p(-E jk'J'). where E, is 1.7 >V, which is • ·senlially ind . 
pt·udent th total pre ure in tJ, , rc'1ctor. At high •rt n_,pe_mture,. gns-~hasc reactions 
tb 1 ·ult LO a rou h. loo I} adhering d po it become s1g111Gcant. and ·ilane depletion 
occol'). c-..1it-il11£ poor ,miformity. At t mperature modi low r than 600°C, the deposi. 
ti II rote i, too slow to be practical. 

p~ parameters that aJfoct th polysilicon stmcture are deposition temperature, 
dop.1nts and th b .. at c·ycl applied fi llowing t.h depo ition t p. <.-olumnar stmcture 
re wbwb npol_ ilicon1S<l po ·itedatat mperatureof600°Cto650°C. Thi tructure 
cons· ts of polJ't:': t.tllin grains ranging in izc from 0.03 lo 0.3 µm , t . preferr d ori­
t'lltJtion oft 110). When phosphom is di!Tu ed at 950°C. the truct:urc changes to Cl)'S· 
t.Jlitc. and raJJI ire incre. to a ~;7,e bet-,· n 0.5 and 1.0 µm . \\ 11 u temperature is 
increa.q,d to L050° <lurin o:ocl1lion. tJ1e grains reacb a final size of l to 3 µm . Although 
tl1e initiall} depo ited film appears amorphous wh n d position occurs below 600°C, 
growth chamcteristi imifar to th polycl) rtalline-gr.tin column. r structure ar 
obs r\'ed aft r dopin° and healing. 

C 

11 ,L, _____ 1,._u ______ io.1.-------'m 

11.m., !"'1~ p=mr,- J>.1 I 

Figure 8.16 f;rn 1 o il.i.m, coo ·ntmhon ou th.- pol_ ili~·(m deposition rat 

8.5 Metall1111Jon ◄ 167 

Poly ~II n c, 11_ he doped by cliff," 011. ion impfantation, or th addition or do ,ml 
g.11 e~ dun:1g d •po<1tlo1:, r ·_forr>d to ru. in itu do11J11g. TI1e illlpl.,nt:: lion rn ·thod i. !o\L 
co,mnonl) \IS(."<.) becau~ of its lo" r proce ing t rn""rntu~s· Fi'<~ r 1- I ti I . f . I r • ·~ ' .,.1 . r ~ '°'' ie ,c- t r 1sl,1n o mg C· rystnl llicon ,111cl of500-nm poh iii :on don1•" ·tJ I I I · · · · I . " . ,---u \\II 1 p 1osp ,on,~ ,1111 antnnony u mg 1011 11np nnt:,ition. Th ion implantotlon proecs.s wa, consid,r<•d 111 
,h;iptcr ?· Implant_ Jo · , annealing l mpcn1tor . nd :mnealing timc- all innu ·nre th" 
h ct r tStancc of implant :<l pol ilicon. artier traps at th grain boundari~ u , 

very hi<lgh r sl ta_n in th lightly implanted poly ilicon. A Figur .1- illu tmt . r,~i;. 
tanc rop rapidly. • pproaching tJ1at of implanted single-crystal silicon. • tJ,e carrier 
trop bccom otumted with dopants. 

► 8.5 METALLIZATION 
B.5.1 Physical Vapor Deposition 

~he mo t common m_ tJ,o<ls of ph) ·ical vt1por d po ition (PVD) or metal are evapora­
Mn. -beam vuporation, plasma ,pmy d position. and sputt ring. Metals and metal com­
pounds ucl1 as n. Al. Cu, 1i 1, and Ta 'can be dcpo ited by PVD. E.11poralion ot-cu~ 
when a ource mnterial is heat d above its melting point in :LO evacuated chamber. Tiie 
vuporated atom then tm\'el at !ugh \'elocity in traight-lin trajectori . 111c source can 

be melted by resistan heating. by rf h ting, or with a fooused eloc1ron beam. Evaporation 
and e-beam vapomtion were us d ex'lensi,·ely in earlier gen rations of integrated cir-
cui , but they hav been replaced by sputtering for I circuits. 

In ion beam sputtering. a sourc.-e of ions is accelerated toward the t. rget and imping, 
on i urface. Figure . I Sa sho,\ a landarcl sputt ring S} tem. Th puttered mat rial 
deposits on a , , fer tJ,at i placed facing ili target. The ion curr nt and energy can be 
ind •pend ntly adjusted. Sinoo the targ t and wafer, re pla din a chamber tlmt has lower 
pre ure. more targ t material and I contamination ar transferred to the wafer. 

One metbod to increas th ion density and. hence. the sputter-depo 'tion rJte is to 
u a tJtircl electrode that provid more electrons for ionization. Another metl1od is lo use 

1()1! ,------.----.-----,------,-----, 

. -.. . ....... \ 
I 
I 

IO'J----+~ --+--~,+---j---7 
· P-<lop('<I ' 
\ pol Uoon 

10"1---+-~':..-;----+:,,----l------l 

loo 005<' (cm·!) 

figure 8.17 h ... r ~1 taut.-e wr 11, ion do.-.; into 500-om pol ·U1,'Qn t 30 ke\'.' 
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J 
L...LJ_,_._._._.1..__ 

Colll111ator 

f•I (bl (d 

Figure I.Ill (a l liU>danl sputtcnng. (bl lof1!!•throw putkrin ' · (c) puttering with ,l ~llimator 

11 m.,wielic field .. 11cl1 ,L' electn:m ryclotnm re ·onarice (ECR). to c:.iptur ' and •piral lec­
tr0, ' mcreasin!!th irionizingeffirien •in tlt ,,icinityoftl1espull ringtarg l. Thist ch­
mque. n:ferred~ to .I! mag11l'tro11 sputtrrl11g. bas found wid sp~ ad appli~1tions for th 
dcpo itiou of aluminum :u1d its allo) · ,11 a r:ite that ,u1 appro, ch I µrn/mm. . . . 

Long-throw puttering is anoth rt hn1que used to coutrol th an_gulardi.stribution. 
Fl!!ure . ISb . hO\, . a loug-lhrow sputt ring '} teoi. ln ~hmdard. sputhmng configurations. 
th re .ire two primary reasollS for ;1 wid :mgular di, tribution of incident flux at th sur­
! : the use or small t, rget-10-substr.1t parntion, db: and scatt ring of the n11~ by 
tlie working ru, the nux tm,·els from th target to tlie uh tmte. Tl1e -~ two factors arc 
link •d because mall ii,. · needed to achie, good throughput. uniformity, :ind film p!O(r 
ertic> wb n th re is ·ub tan ti.al g. • s :attering. A olution to this problem i to ·putter at 
, 'I} low pre u~. :i capability that b. been d v loped u ing variety of system that 
can ~lain the rn.,gnetron plasma under mor , rarelle<l c-on<lition . Tl cs1: y tems allow 
for sputt ring, t worlcing pressur ofle than 0.1 Pa. t tl1es pressur , uas cattering 
is I import. nt, and th targ t-to•sub trate d.istan can be gr ti ' incr , d. From a 
simple eom trical argum nt, thi nllows the angular di tribution to be gre. tly narrowed, 
which pennits mored position at tli bottom ofhigl,- pcct featu res UC'h: contact hole . 

Contact holes with large aspect mtio are difficult to fill with material. mui.nly because 
tt ring ev nts cau: tl1 lop openin ofth liol to eal befor nppr i:,b · material has 

deposited on i floor. Tltis probl m can be o, rcome by collimating th• sputtered atoms 
by placing. n array of collimating tu ju t above th ,vru, r tor trict th depositing nu., 
lo normal :t5°. puttering with a collimator is shown in Fi 1r . l . Atom wbos trn• 
jectory is more th.'UI 5° from normal are dc>positcd on th inn r urfat'll of the collimators. 

8,5.2 Chemical Vapor Deposition 

C D i. attractive for metallization beaiu t: it offers c:-oalings that are oonfonnal, has good 
st p co,·em e. and can co: ta large number of, • fe~ at a tim . The b· ic D tup i 
lh<' m 3.! tliat used for depos.ition of di I ctrics 1u1d poly ii.icon (s e Fig. .9a). Low­
r~sure D is capable of producin confonnal st p cov,n • ov r ::rn~dc> , ng of top<>-

' 1>hical prollle , oftt:n witJ1 lower el <.trical r istivity tJian th, I from P D. 
One of the rn jor new appli • tion· of VD m •t, I deposition for inle at d circuit 

p~ucti~11· _iu~ orcao ri-fractoiymetaldepo itioo For :tampl , tungst·ns low Ice• 
tn restst1,~t ( .3 µ!l--cm ) and refractory n, tur mnke it , de irable m ,ta! for use in 
int gmt d circuit fahri • lion. 
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VD Tungst 11 

1\mgst n i.s u •d bot.h , " conta .1 1 d , 
cl posited hv using WF . t1 pug an . ·' u flrst-1 :v I rn 1111. Tung.st n cun ht, 

, h as 1e s11urc gns s,n~ it · Ii .d h bo ls 
peraturc. WF,, cau be r •di,ced b . !I co j 1 ' qui l at ! ,1t room tem-

D W is . · follow· : 1 " · iydrogen, or Hane. nu, b. ,1e chcmi,tl) for 

\VF + 311 i ➔ \V • 6HF (hydrogen reduc:tion) 120, 
2WF. + 3 i ➔ 2\V + 3 if, (silicou reduction) 12ll 

2' Fd + 3 ii 1• ➔ 2W + 3SIF, + 6H, (sit ne rcducllon) (22) 

On a i cont.1ct, the elective pr start,, from sw· ·d . 
Prooe · provid cl • l 3 con I'(: uction process 1111S 
. a nu ati n a;-er of\\' gro..~11 on i but not on SiO,. TI1e h ,cJ ·n . d • 

tio; ~7i:~0~m ~ posit W ~pidly on th nucleation layer, fonnin ·, the pl~t~1e ,:d~:. 
g P oces proV1d :{CCII nt confonnal c-overa e of th to I • To· 
pr<X-ess. however, does not have perfect clectl\~tv and tlie HF' . b , pograrod p 1>· f tllS 
reaction · ·bl r l ·, • · g, • Y-P uct o 1 

1s respon I e. ,or t I encro, chment of the o;<id , as well r, ti g1 
face or d po it d w fllm . . as or IC rou I sur-

111e ilru1 r duction proce gi,-es a high deposition mt and much small r \\' r:, · 

ize tbw1 ll1at obtain d with the bydrog n reduction process I ddi•' ti bl g am 
I <l · n. uon, iepro emsof 

encroac iment an a rough W surface, r eliminated becau c there is no HF b . rod 
t. U -'I ·1 d >·P uct ~ ~em 1~n. sum )', a I ru:i re uctlo11 process is used as I.lie first step in blanket w depo-

'.tion to erve as a n11clei1tion lay rand to reduce jw1ction damage. Aft r lhe ilan reduc­
tion. hydrogen r duction is used to grow the blanket W layer. 

J'il 

1i wid~ly used as a dHTu ion barrier metal Jar r in metallization and can be cl posited 
b}' . pultenng from a compound target or by CVD. CVD 11 can provide better step cov­
ei-<10e than PVD m tbods in d p submicron technology. CVD Ti ' call be deposited111-1 

usin TiCI, \\1th Nl-13• If/ i• or 'H/ H1: 

6TiCl, + HJ ➔ 6 li + 24HCI + ~ 

2TICI, + 1. + 4HJ ➔ 2Ti1 + IICI 

2TICI, + 2 1HJ + H1 ➔ 2 TiN + HCI 

(23} 

(24) 

(251 

Th d position temperatur is about 400°C to 700°C for H3 reduction and is higher 
thru, 700°C for the / H1 reaction. The higher tl1e depo ition tempemture. th• better 
th TI mm. and the le Cl incorporat d in TI (-5%). 

8.5.3 Aluminum Metallization 

Juminum and it alloys arc used xt n ivel • for metallizntion in integrated circuit .1111! 
Al lllm can be deposited by PVD or CVD. i11ce aluminum w1cl it allo) ha, low r · • 
ti,1ti ' (2.i µ!l-<:m for Al and up to 3.5 µ!l-cm for its allo ·). th metals satisF · the low­
resist. n r quir ment . luminum , I o adhe well to . ilicon dioxide. 110\v'ver, the 
u of ,Juminu111 in integn1led circuits witl1 shallow junction ofien c • t problem . sud1 
as piking and electromigmlioo. Thi •ection con. iders the problem f, Iuminum met­
a!Jization and t11ei r olution . 

Junction Spiking 
Figur '. 19 ho, the ph. diagram of the Al- iS) tem at l atrn. '" Th phaM• di. m 
r 1. t th two component , a function of tc,npemt\lre. 111e Al l.:lll iliibit. 
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Figure 8.19 Pha.,e diagram of the aluminum-silicon system.'" 

e11tmir char.lCl.tristi '; tJiat i.~. the adclition of either component low<'I'$ the ~)'St m's melt­
m point below that of either metal. I !er , tJ,e minimum m lting tem~rature. t-alled 
e111rctic terltJX'TOltirl!. is 577°C, COrt'<'Sp<>nding to a IJ.3% i and .7% Al composition. 
The 111eltin point of pure aluminum and pure silicon are 660° and 1412°C. respec­
ti,ely. Because of th utectic charncteri ti , durin aluminum depo ·ition th temper• 
atur · on thc .ilicon sub trate must he limited to le than 577°C. 

The inset of Figure . l9 ho" the solid solubility of ilicon in aluminum. For exam­
ple, tl1e solubilil) of ·ilicon in aluminum is 0.25 wt% at 400°C, 0.5 wi% at 450°C, and 
0. " at soo•c. TI, refore, "hcrever aluminum con tac . Woon. Lbc silicon will dis­
"°"" into the almnmum durin annealing. The amount of silicon dissolved wi ll <l pend 
not on!~ on thl' 'iOlubtlity at the .innrohng t ·111pemh1re, but al o on th volum of alu­
minum to be ,;aturated \\ith Stlicon nsid r a Ion alum.inwn rn tal line .in contact with 
iiR are..i Zl. of ii.icon, as hown in Fig1,!re .20. Aft ran annealing lim I. the ilicon will 
dilTUl a chstan of approximate!) vi5i alon~ the aluminum line from theed e of the 
C'OnLlct, "lwre D is the dilTu ion coeffici nt \ • n b)' -l x 10-z e,tp(--0.9!2/kT) for ilicon 
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Figura 8.20 Diffusion of silic~m in aluminum metallization." 

diffusion in deposited aluminum n.lms. Assuming that this length of aluminum is com­
pletely saturated with ilicon. the volume of silicon consumed is then 

Vol:.2.fDr(HZ)S(PAi) (26) 
p,. 

where P>J and p , ar the densities of aluminum and silicon, respe<.'tiv ly. and Sis the sol­
ubilit)' of ilioon in aluminum at the annealing temperature."' If th consumption takes 
place unifonnly ov r tl1e contact area;\ (where A = ZL for unifonn clissolution), the depth 
to which silicon ,vould be consumed is 

(27) 

EXAMPLE S 

Let r .- 500°C, t = 3() min, ZL = 16 µm'. Z = 5 µm . and H • I µm . Fmd the depth b. urning 
unironn dissolution. 

SOLUTION The difTu ion coefficient of silicon in aluminum t 500°C i about 2 x 10 cm't: ; tbu . 
Dt Is 60 µm . Th den ityralio i 2.7/2.33 • 1.16. At 500°C, Si 0. wt%. From Eq. 27. we ha"e 

b= 2 x6({1 ;/}>.8%x 1.16 = 0.35 µm 

Aluminum "iJJ fl it ad pth of b = 0.35 µm from which silicon is con urned. If at the contaet point 
there I a shallow junction whose d pth I than b. tlit: d.ifT~ion of ,ilicon into aluminum <:M 

hort-circuit the junction. ◄ 

fn a pmctical situation. tlJe dis olution of ilicon does not take place unifonnly. but rather 
at only a few point . TI1e ffective area in Eq. 2.7 is le thM the actual coo~act 3'.'1a: hence. 
b is much larger. Figur .21 illustrates tlt , actual situation in th . p-n JUOl'tiOa area of 
alwninum penetrating tl,e Woon at ool • th few points where spil-e are fonnt!d. ~(" 
way to min.imize aluminum spiking i to add silicon to the aluminum by co-cvapomtion 
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Fslm o,posttion 

- 100 

•. c:m,ilic: •i<'" of .Jumhm,n fl],n, ( ml i1•~ iii, n. Note 11 .,lmnlnum ,piking in 

unbl th ,unounl of ,il,~-on ut11in,'<l by lhe , !lo.• 1ti~fies tlie solubilll) rrqu.ire111en1. 
• r mdl,od il to iotrQ<!ut • u barri •r metal l,1 er behn n the aluminum and th , i). 

11 1 tr-Jf (Ftf. _ 1 Th,~ b.U'Tic:r metal hl) •r mu.! I m I tlu:, follQ\,ing n.,quirem n : 
It mu,I fonn low cont:ict re lanre \\ilh . iii 11. it mu l n t react ",th alumm11111, nud 
1 J ition ,md ron1~11ion mu.,I be l-Olllp.Jtibl "itb tJ,c on:rnll i>=- . B. ni r 1n 1 • 
. i.b <ucli tit.iruu1n nilridt' (1iNI ha,·• bcx,o t'\11luated ,u1d founcl to be lab) for co11• 

or up to -o· for 30 minute . 

lcctromigr.1tio11 
ru 1 beco1111.• m,lll r, th rom> po11ding urrent d nsity lx.'C'Ome. larger. Hi h cur-

n:ul dt•ru ·u c.u1 c;I~ • dc:\ict' fitilure du to electromigrolion. Tiu: tem, clcc-tromigra­
"'"' n•fors to thc: lnlll! port of m. (i ..• atoms) ill m tals um! r th inllu n~ of current. 
11 •11 Ir. rho tmnsli r of 1110111 nturn from th I Irons to tl1 po ithe metal ions. 
Wlu.'D .i. bi.~1 l'IJl?elll p, throu'th tJ1in ,net.J conductors in int ted ircult . metal 
ions m m rc:~orn, \\ill pil up. and \"Oids \\ill fonn in other regjons. Th' pil up can 
hort.('U'Cuit adjJcent conducto , wh re, th \'Oids can r suit in an open circuit . 
~ nu:m, time 111 failure (;\JTF) of a oonduct r due to dectromigratiou an be r I led 

lo Ult Cllll'l?llt rlf'n, i~ (j ) and the acti\ ti 11 en rro· I, 

MIT-~HJ~ ) ~) 
11 "\.kT 

E-cperirn,:ntal~: , ,. lu of E ;;; o.- PV i obtllin,•d for cl posit I alu1ninum. This indi­
cat th.it l"'Ht:mperature grain-bouucl.uy clilfu. ion is tl1c prim, I'} \'t:hide of mnteriol 
bun.~rt. since JJ1 £ '= 1.4 \' would ch rnctcrize th self-diffusion of i11glc•CI') t:tl .~u­
minum. Th • electromi2:n t:ion re i tance of alu1niuum conductors c:an be incr nsecl by 

Fh'id 
0 d,, 

figure 8.22 n' ·« :IJI n.J ,1 1 of \10. FET \\ilh., b.unrr rn ,t.J b,,1\1 n the ulummum .llld 
il, ,o ..,-.J .1 cnmpc,-11 j!..J, , :ctmd., of ,hciJ · und pt1lvsil1co11 
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11,ing ·n- I t.··d,nfr1u' . The 1<·clml,1uP in l11d1• allov1111l ,~ith ppcr ( .g I " 11 1, 
0.5% u), _c_n , p~uln1fog tlu• comluctM in a di le ltic, ~r in rpo 
film d ·p<ml1on lln~ OlC)lt<-n d11n11 

Damr c n J: hnology 
The approach for fohricating a copperl1ow-k · ric int rconneci st ,. ll1 

damns n or dual dam. ne p 10\, th , dual dam. u 11 • 

for an ud\ need u intercon ical d..~mascenc· t nch 
for 111 tal lines are defin cliel t1ric (I LO), fo ,ll 
depo ition of Ta /Cu, · arrier la) •rand 
per from penetrating pper m · ml on l 
removed to obtain a pl 1c cliel('('tnc. 

For t.11 dual dam sin tJ,e Ji lcet ric · fined 
using two lithograph)'. nd rea befo re d positiu , tl1 nelil.l 
(Fi . .2:3o-4 Then a Cu ch prooes ~ US4.-d to • lit 
metal 011 th top surface. I a, 1, rized wiring and vi, imbedcl :din ula-
tor.11.J One spe ial ben flt of tJ m oe tccltniqu i that the ~ia plul( ~ now of 
the srun 111(11 rial as the m tal th riskof,ir1 electromigrnlion failure is reduCt-<I. 

EXAMPLE6 

lfwereplaoJAh,,thCuwir .ts ·,ttvdwith me low-kdicle.,1rid.l. 2-6) i11,k d uf• 10 , 1.i~ r 
whM pt:t'(X'IIL,gl' of rcdu~1.l11n in Llw n bme coru tanl \11II be. d1i -,'Cd? Th re · ti•i l) of Ali< 2 i 
µ!l-cm. and the re isthity of u i5 l.i µ!l -cm. 

SOLUTION 

1.7 2·6 x l~=42% 
2.7 3.9 ◄ 

Chemical fcchanical Polishing 
In re nl ar • U1c d vd opm nt of ch •mica) me<:h ni poli bing ( , II') h.~ 111; m ' 
In r n ingly important fo r mullll "' I interconnection lx.>c-aus it · th,· onh t Im k !\ 
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\111 

(c,) 

Oiek-'ctrie 
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Figure 8.23 ~ sequence USt.-d Lo fabricate Cu lin1:-,tud tnrcture u. rng dual damascen . 
la Rt.-sL~t tencil -•pplied. lb) Reacth"l' ion tchin1t dielectric and re ist p tti,ming (cl Trench and 
,iJ defin,bon. (dl u depcxition, followed by cht:mical nrecha.uical poli l1lJ11?. 

that allow global planariz. tion (i ..• mak n Ont surfi ce acr the" I ole w:~ r). It offer! 
m, ny advantages over other type of technologies. including b ttu elobal plan:uizalion 
o,er large or small tructur . reduced defect density, and tltc ,tvoicJ.rncc of pl, ma dam­
age. TI1r · CMP approache are ummariz din Table .4. 

The C~IP p con ists of moving th ampl urfi c against a p, d tit, t carri 
luny behv n th ampll' . urface and th pad. brasive p:irticlc. in th luny C'jllJSt' 

m hanical clam, r: on th• ainpl urfiice. loo ening the 111aterial for nh n d chemi­
cal attack or fracturing ofT the pi of urface into. lurry where tl1cy dis olve or are 
sw1:pt . '''•>· nae proce! i tailored to provide an nhanced m teri:J removal rate from 
high points on urf, c.-e , thus nfri cting 111 planariZ1tion becaus mo~t b mica( actions 
are isotropic. Mechanical grinding alone may tl,eoretically acl1iev the d ired plnnrui7.ilion. 

TABLE 8.4 Three Methods of Chemical Mechanical Polishing (CMP) 

\lt:thod 

llula.r\ 

Orb,tal 
Lin,·ar 

Wafer F,ldni: Platen M°" ment lurry Peedmg 

Dripping to p.id surf:IC<' 
Throui.:h tht> p3d surfacr 
Drippin ti) PJd surflKT 

8.5 Me1ellaa1,on 17,5 

EXAMPLE 7 

The oxid(• removal mt • _and tl,c remO\ I rate or" la) r umlemeat.h I.he o:od1: (eill ,d I t. ,..r) 
Ir and 0.1 r, resp<.><;-1.ively. To remove I µrn of ox!d , and 4 o o I µm Inn I • th al op ) . , 

tim ' ls 5.5 111inut1:<. Find th . oxide r-mO\·al rJI •. · -., > r, c tot rt:rnm·.u 

SOLUTION 

8.5.5 Silicide 

.!..+ 0.01 =S.5 
Ir O. lr 

r = 0.2 µm/rnin 
◄ 

ilic.-on fonns mirny stnbl m tallic and semiconducting compounds with m tals. ,,·era! 
m ·tal silicide show low r · ivity and high thennal tability, making tl1Pm uit ble for 

LS I application. ilicide · such , 1i i1 nd OS¼ have reasonably low r i tivitic and 
are ge~en_ill • comp~tible with_ integrated circuit processing. Silicid become important 
metallization matenals deV1ces become mailer. One important applimtion of ilicide 
isfo1 the MO FETgat electrod. itJ1eraloneorwithdopedpohilicon{pol,tid )above 
the gate oxid . Tabl .5 sho" a comparison of titanium silic.ide and cobalt "!icicle. 

Metal •ilicides hm·e he n used to reduce lb contact re i tance of the urce and 
dr.u . th gate I ctrode . ,tnd int rconnections. S If-aligned metal silicid • technology 

rolishlng >luny 

lurry upply 

Figure 8.24 Schematic of :1 CMI' poU her. 

TABL.E 8.5 A Comparison of TiSi1 and CoSi, Films 

Prc,prrti •• 1i i, 

Resistivity 13-16 
ilic1de/metal mtio 2.37 
ilicid, I r.ltio 1.W (} 117 

Rl'O j\ lo nutivt .. xid Yl• 'u 

iliticl.111011 t ·rnpemture (• bOO-MO 5-50-900 
Film Slres (dyn cm2) 15x IOIO 1.2 10 
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H Ch1.p1er . m Oepos,tion 

i\Jlmd,·l h , been prm •n t b, :1 hi lily attmcti,· · tC'clutiqu for improving ~he pcrfor. 
m t. of ul,niicmn cle,ice ,md circuits. Th· ·eff-nllgrwJ procc tasc. th ·1.lieid gate 
..i,,,,trodi: .~, ti" 11111 •k to fonn the ourcc ,tnd drain le I rod_ ~ o~ a ~10 FE r (e.g., by 
1 11 unpLint, lion. cou~ider<·<l in h.t!Jter7). T11Ls p scan ll1UU11W,1; th ·• ov rlap of these 
k-ctrod . :ind thu, n,Jucc pams1l1t- P· l'Jt:111oc. · . . 

Figure .:25 slim, th pol) ·iclt· and snlicicl pr=s.~ . ·. l>'P'.cal poly 1de formation 
$('()Ue1tt'C' i~ shown in Figurc .25a. For putter dcpos1uon: . _lugh-_t ' mpernture. high. 
puri~·C'Oinpound t:t~t'l ;~ ttSNI to en urc the _q~:Jity~f the sihC1d '.· 1 he n_1ost comrnonly 
~ ,iLc:,des for the poll iclt• proce < nr(• \\' ¼· T11 ·11, and Mo 1:. The} are all refrnc. 
IOI), th •nnally table. and re istuut to proccs ·ing cl1cmiC:~· self-~ligned ilicicll' pro-
's is 11Ju l:r.tk-<l in Figure ' .25b. In the process. the ~I} di~n- g.1t . IS patt m d ,,11110111 

.m . sihcid • .• ,nd a sidewall ·p.1ccr ( ·ilicon oxide or silicon mlrid ) 1 form d to prevent 
sl~rting iJw ,t,· to tlte sourct> and drain duona th Wciclation proc . A m tal layer. 
eitlll'r Ti or ('.o, ; bl.u,ket-sp11ttered on the entire stnicture. follow d by silicide siJiter­
in!(. Uicide is fonn ,d, in principle. on! ' where I.he 111eh.J i in wutact "~tl1 i. Aw L chem. 
i<.-J.I "'l!S]1 then rin e olT th mmmct d metal, leaYing 0111 • th silicide. Tltis t chniquc 
eliminates the 11red to pallem the wmposite pol cid gate tructure and adds ilicide to 
thP ~ouree/dmin are11 to rccluc,-c th contact re istance. 

ilicidc , ~ promising mat ,rials for I circuits because of their low resi li,ity 
and excellent tlumnal tability. Cobalt silicide has been widely inve tigat d bec-.iuse of 
its low retj«hil · nd l1igh-temperalure th •rl)lal st, bility. I low ,•er, cobalt i en itiv to 
nati<'l' oxides .. ~ w II ru an OX)'gell•L'<lntainin n,~ronmcnt, mtcl a large. 1nount of ilicon 
i-< wr umed during iliciclntion. 

(ii 
M '.! 
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~ 
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Figure 8.25 l'olyc1d and , idc p , (n ) l'olrcid • ,1n,ct11r : (il 1(:11' oxiclt:, (ii) polysilicod 
:u,<l <ilicid<• d •po;ition, (iii ) pJltt•rn polycid ·, .ind (M lightly dop<.-cl drain (LDD) impl:u1t, . ide­
" ll fomi:iliun, and soun-eldmin implant.(/,) alicidc ,Lnwlurt,>: (i) gate patterning (polysilicon 
,ml,·). l..DD. <1d v~II. and :scmrc,,/dmin implant; (ii) metal (1i, Co) dq1o. ition, (iii ) :11111 ·al 10 

funn "'11<.id,·: and (i"I ..... lf'Cti\' ("ct) etcb l r'move 1111rc:tl'tl'd m11tnl. 

8.7 Summary ◄ 177 

EXAMPLES 

C.'llculate th,, thiclm s or C<1halt llicide for a dc.<ired ·hcct re,istan . <>r0.6 n,o, n,, ~ i,llvit) 
i l µ0 -cm. 

SOLUTION n ,~ resistMty is (•qual to the pl'Q()uct of 1ltc sheet rcsh1ance and ,he nin, thiclm 

p = R, xr 

Th n 

► 8.6 DEPOSITI ON SIMULATION 

◄ 

UPREM may be used to simulal th deposition proce s. Like etcl1 simulation, cL po­
sition modeling is very stmightforward. Simulation is executed using th OEPOSmON com­
mand. wl1ich clepo ils a given amount of u er-specified 111 terial on top of the current 
structure. The material d posited may be eitl1er uucloped o r uniformly eloped. If ·ngle­
crystal silicon is d posited, then the crystal orientation must also be pecifled. If pol) 1\. 
ioon is deposited, the temperatur mu t be specified for SUPREM to detennine the proper 
poly ilicon grain size. 

EXAMPLE9 

upposc we want to simulate the deposition of 800 CVO ilicon nitride on top of a dry o.'lide l:1ycr 
approximately 400A thick. If th · p,typc si~con ubstratc is doped with boron at a level or 10" cm·•. 
use SUP.REM to detennine th final oxide and nitride layer tl1iclo1 ses. as " ll as the boron dop­
ing prof'ue in the oxide and nitride layers. 

SOUJTION The UPI\EM inpul listing i as follows: 

TITLE 

COY.MENT 
INIT1ALI2E 
(Ql,O,IENT 

OIFFUS10N 
CQll,~ENT 
DEPOSITION 

PRINT 
PLOT 

STOP 

Deposition Example 
Initialite silicon substrate 
<100> Silicon Soron Concent ration• lelS 
Grow 408/l oxide 
Tir.e• 40 Te pe rature• l090 Dry02 
Deposit 800A CVO nitride 
Nitride Thickness-0 . 98 

Layers 
Chemical Soron ~et 
End Deposition Exuple 

After simulution is cornplct ',there 11lts are hown in Figure .26. which indi~ tes final ~xid~ und 
nitri<lc layer thickness · of379 ,111d 600, , respt.'Clivel)•, and dtpicts the boron mcorporahon m the 
oxide layer. ◄ 

► 8.7 SUMMARY 
Moel m semiconductor device fabrication requir · th use of tlun film . In tl1e epitt'ci.ll 
growth process, t]1 ubstmtc wafer i. th · seed. High-<)uality, ingle-<:ry tal films ~1 be 
gro\\11 at a temperature 30% to 50% lower tlHtn the melting po!nt. The common tecbmqu 
for epitaxial gro,vt.h a~ ch mica! v:.1por d position. metalorgarnc VD • .ind molec\11. r beam 
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To minimia' lhe flC timr dcla du lo ""t:l'>itic ll lstan ,. <l - I . -r, I • ,·~ • an <;; pac,tan · t ,c sUl("lcl;> 
pro«•~~ or o 1~11 ~ntacts, copper III tallizntion or int ·rtonn~'CI,, .ind low-di,·! :ctJic-
con Lant mateni, , 1Qr int rla. er nlm. ar cxteniiv •ly u ·d to I -
th -• m11ILilf'vl'I intcrconnect tr\l ure, of LSI '·lrcu·,t 1'n ddJt~n ·tlll_'l' Ir •qmrc:•~:_'115 011 _ . . _ , ~ . ~.. ,on. u~ c ,:ipt re=.,, " 
high-di I nc-ronst, nt 11mt nal.s to lmpro, llw g t ill<ulator pcrf. d • 
the c:.1p, clt,u1ce per unit :ir •a for DRAM. onnM an to mcre:11 · 
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CII pt r a. Film Oepos111on 

PROBLEMS 
1., r, , J. , t,· rl,ffl ,Ir />rt>bl,.,"' 

wru TECH JQ · s 
• J. ti.ml th•· """ ~ rll()! ""'''U' ,-r!Oi:ity of aJr al 300 K (tl1,· mole :ul11r weight fur.ur is 29). 

:?. Tho: d1<t.uic,, 111:t" •n ,ource and 1\".U<:r fn a de~ilio11 chamber is 1- cm. E Ii mate the 
p un, 111 whkh thl di t.mcc bc<.'Omc J of the 111,·,111 free path of ouroc molecul1, , 

f'md th • nunibcr f toms p(•r nnit .uea. '., ns't.-d,'<i I fonn, 111011olny,,, uncl ·r close. 
p;idinlt ronJitlon (i.e .. each .1111111 is in rontJc;t with its ,i.,: neii:hborin atom ), assumfn 
th J, 111,·t rd o tJw nt.om 15 •I , 

•4, 1un" ..,, efTu.,ion o, n g,'Om •1 • of 1\ • 5 cn,1 :1nd f, = l2 cm. {n) alculat th arri,.,J 
r.nc of l!allium .tnd the \ •I 8E irmwtJ1 rote fnr 111 • ~fTu,ion oven Hll :d \\it.h g:lllium 
ancnid JI 970 . (b) F' r a tin dTU$i n 0\ nope roted at 700" • und ·r the 'l.\llJe eome­
tn. ~cul,itl' I.ht• ,wpinit conc.•ntroti(ln {,i.s>uming tin atom< t1<e li,lly int'Orporntcd in lh~ 
allium aswnidc l(IV'\11 JI the. foremenlion<ld mtd. The mol x>ular weight for tin i 

JI .69, and 1he p ,us al 700°C for tin is 2.66 x lO Pa. 

cno:s .2, ucnJRE A.'1O DEFECT JN EPJ.1' 'EI 

5. Fmd th • 111,1,um,un percentage of In (i.e., tl,e x vnluc for C In,. ) r.Jm gru\\11 on CaAs 
substrate "ithout fonnntion of mi5Ht d.Llocalion. if ti,.- ftnru ntm thld,'1\ess i 10 om. 

6. The latti , 1msn1.f. of a nlm i tl 0 U110!d ~/ + [a 11(s) - 11.Cf)J/011(,/1 • &1/110 where 110( ) and 
r1 rJl. re the u~tr.unc<l lalllcc constants of the substml • and the fil111 , re,pe ·ll,· ly. Find 
the , .Ju · for I tms-\,at» an<l Ge i sy$1 ·m,. 

ECTJON .3: DTELECTRIC D.EPO ITION 

7. u l In ll p rna-d po5i11.-d 5iliron nitride: that contain 20 at'ill, h -drag n and h a ilicoo.-
10-nitrogen ratio ( • ) of 1.2. Hnd x and yin tl,e empirical fomiula of 1:-:, 11,.. (b) If the 
,wation of fdm resi,'livity with ' ! mtio i given b)• 5 x lif expt....J3.3j') for 2 > 'f > O, • 
.. t.cre yi th rntlo. Hnd tJ1e re isti,<ity of the ntm in (a). 

11ie dielectric constants of i01. i,K 1. and Ta,O~ are about 3.9, 7.6, aml 25. respecti"ely. 
What Ii th • c-;q,:ic:it:uK-e mtio for th • C3JXl :ilors with the Ta,O, and Dd mtriddoxidc 
diele-ctri for the same di lectric thicl.-ne , provided the o~deJni1 ridt10..idtl h. thickness 
r. lio I: 1.1 for tho: ndtle t.o me nitride? 

9. In Pmbl"m . if BST "it.h a di-,1 ctric C()11slant of 500 is chnscn t rep!. ce 11 .0,, calcu­
lak the an:a reduction ratio lO maint.'\in the sam • capllCitance if th two films have th 
same tl,icL'Tles • 

JO. In Problem . cak·uh1te the equi,,J ntthickn . < of th T O, in tcm, of iO, tl1icl..-n if 
both have tl,e same capacitatlO'.: umo: the nctuJ! thic:lmcs, ori:1tO, is 3µm. 

l J. In sil n >--O\) •11 rcJction to d posit un<lopt..-<l SiO, mo,. the depo ition rah! i JS 
nm/min l -125°C. \\~1at h!mpt:ralure is n:quired to double the: deposition ml ? 

12. Th P- l:L,< now process require h:mpcr-.,1ure, ;,Ibo\ • 1000• . devi :e dim nsions 
lxromt> smaller in I. " mu l me lo" r I mpt:ratur . u~e: I methods 10 obtnln a 
111001h lopogrdplty al < 900° for deposit!'<! silicon dio\ide th.it ~ be 11>ed as an insula­

t r bt:tween metal la c-rs. 

ION .4: POLr. LLI N DEPO moN 

13. \\1,y h Ihm,• mo~ ol'\.m used for pol} ']icon d pos:1bon than silicon d1l,1ridc? 

14. !::~lam why Ilic d ·po5tlion t •mpt:n hm: for pol) ilit'On Olm, ti modcrntl'I , lo"\ usually 
bt:1-.•t,:n 600° •• 111J r,1;o•c 

Problems ◄ I 1 

SECTI , ,5: METAl..LIZAl'IO, 

IS. An ·-ben111 e, porntlon s h:m i 1c rd to d . ·1 ., 1 r, 
I n b I pr.»1 ,v11m mun lo onn \1 c:ap lt'IIOl'l II 

L it• nt a11< "olt,1g,· of th c,,padtance · ~hil'tecl i.., 0.5 v L. 11.. of. · • 
fj (I ti ,.. r fl 1 .. , "" ~ .bt,.,m r:ididl Qfl 
m IC "'""""r o axe, oxide clmrxc (llic silicon dioxid , tluclm 

the~ charg be remov d? 50 nm). !low can 

LG. A 1l11:tal lin · (L • 20 µ,n , \\I. 0,2,; µ,n) ha:; a hcet r ><lance ufS no, C:.k:ul~t · rite 
rc,i<lanoc f lh metal lim•, 

17. 

l . 

19, 

20. 

alculate tlw thickno of the ·r, i ruid Co 11, wh re th • inltilll T, and Co film thick-

ompare the ad\'ant. e and dis: dvanlaue ofTISi •~d Co 1 (o J' J.,. p1· · . o: · 1 ·~• .. r te,ue • p 1caoons 
di ·lectric ma~ rial Is plac<ld between tl11, two parallel metal line . Th J ngth /.. • I cm 

width 1\1 = 0.26 µm , lhickne T ■ 0.3 µ10 , and spacing S • 0..36 µm, (a) akulat lh~ RC 
U~ic d_ lay. i:i,e metal is Al with a resisthity of 2.67 µU-cm, and the di leclric 15 ®de 
'~?' d,electnc constant :3.9. (bl Calculate the RC lime delay 111e meta.I is u \\ith a rens­
tl\111)' or 1. 7 µO-c,o, and the dit1l lTic is organic polym r ,..ith dick~rk constant 2 . 
(c) ompc>ro the " ul in (a) and {b). How much can we dL"<:reaso th. llC time dcla ? 

Repe, ~ Problem l9 (a). od (b) if lhc fringing factor for the capacitors ;, 3. The fringjn)! 
foctor due lo tl1c preading of th electric-Held lines b<-yond tl1e length Md th . \loidth 0 
the melal lines. 

T~ a"oid clcc~migrntlon problems. ~he rna.'<imum allowed mrrent d<-nsity in an alu­
nnnum runner ,s about 5 x 10' cm·. If lhe runn r i5 2 mm Ion I µm "id • and nomi­
nally l µm thick. and if 20% of lhc nmner length p:1.Sses over steps and is only 0.5 µ111 

thick lhcr , Hnd the total rcsi tan re of 1h · runner if the resistivity is 3 x f 0.,, O-cn1. f'ind 
the mn.'<immn voltage thal can be applied across lhe runner. 

•22. To use Cu for wiring. on· must ov n'Ome sever.Ii ob tad· : the diffusion of Cu tluough 
iO:, adhesion of Cu to iO~. and corrosion of Cu. One way 10 overcome ih , obst.-cles 

b to use a cladding! dh sion layer (e.g., Ta or TI. ) to protect the u wires. Consider a 
cl, dded Cu wire "ith a square cro cction of0.5 µm x 0.5 µm and compare ii _.,th 
IAye red Th IAVliN ,\1r of the m size, with lhe top and bottom TI ' la) rs 40 nm at1tl 
60 nm Utick, respectively. What i lhe nm:rimum lhickne of the claddin larer ff tl1e 
re istanccs of the cl dded Cu wire nd the Ti /Al/nN wi re are lhc same? 
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9 
Process Integration 

~hc-rowa . photonic, and po" ·r ;ipplic:itions enerally employ discr led vi . For xarn­
pl •. ;111 H,JPATT diod ii ust!<l, a mitrowav g nerntor, an injection las r as an opticru 
ourc•.,u1dathyrist r. ahigh-powerswitch.How v r,most lcctronicsy tem ar built 

on th intc,e.rot ii cim,11. which i an ensemble ofboU1 activ (e.g .. transistor) :md pas­
\~ (e.g .. rt.· istor, capacitor. an<l inductor) d ,~ces fonned on and within a ingle-crystal 

· 111ieondu~1or ,obstrnte and iuteroonn t d by;\ 111 ,taJJiz:1tion pattern. 1 l • have enor­
mous admnt.ig ov r dil ·retc d ices conneclecl by wire bonding. Th advantag inclod 
(. l reduction of the interconnection p,1 • iti ', becao c an IC witl1 multile" I metal~za­
tion C.il\ 1hst:1ntially reduce th overall wiring length: (b) foll utilization of a emicon­
ductorn, ifer·s ,u-ea be(ause cl vi can be closely packed ,vithin an I hip; and (c) drastic 
redul'tiOn in p~ ing cost. becau e wire bonding is a time-con uming and error-prone 
operotion. 

This chapter discusse combinations of tl1e basic proc-e · described in the previ-
ous chapt rs to fabricate , ctiv and p, ive compon nt in an IC. Because tlie key ele­
ment of :m IC ii the tran i tor. pecific proce ·ing equ nee ar cl , loped to optimize 
it perfonmu1oe. The chapter con iders thr e major IC technologi ,ll ociated with the 
three tr.UJSdor famili : the bipolar tran istor, the MO FET, and the IE FET. ln addi­
tion. ii disc _ the f1 brk-ation of microelectromechanical te1n by 111icromachining 
lechnique . pe ificall)~ it covers the fo llowing topics: 

• TI1e design and fabrication of IC r istors, capacitors, and inductors 

• Tl1e processing equence for standard bipol r transistor and advanced bipolar 
d ,ice 

• Th processing sequence for MO FET, . with pecial mphasi on CMOS and 
m ·mory dt:vices 

·• Th, processina qu nee for high-perform nee ME FET: and ,nonolitl1ic 
rntcrow:we IC 

• The m:~or challeng s for future microelectroni . including ullr.ishallow junc­
tion. ultroUlin oxide. new interconn ,ction moterial • low power dis ipation. and 
isolation 

• Microelectromechanic-.d , t ms formed hy orientation-cl pend nt tching. · c­
riflcial e1chi11a, or LIC (litl1ography. electroplating. and molding) proc es 

• The irnulation of IC fabrication proce e usin PR.EM 

Figur 9.J Wu Irate lh interrelationship betw n the major proces ·teps u d for 
IC fahrication. Polished \\'ru< rs witl1 a -peclfic re islivity and orientation are u d as the 
Lartin~ m.'lt rial. The rtlm fonnalion t p include tJ1cnnally grown oxide film (Chapter 3) 

· id dr:po it~ pol) ilicon. dielectric. and m ta! Him (Chapter ). Film fom1. ti<,n is often 
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M k l 

i-------1 Impurity 
doping 

Figure 9.1 Schematic now diagram of integrated circuit fabrication. 

foUo, ed by 1t11ography (Chapter 4) or impurity doping (Chapters 6 and 7). Lithography 
is generall fo llowed by etcbing (Chapter 5), which in tum i often followed by anotl1er 
impurity doping or mm formation . The final IC is mad by sequentially transferring tJ1e 
patterns from each mask, level by level. onto tJ,e urface of the semiconductor wafer. 

After processing. each wafer contains hundreds of identical rectangular chips (or dice), 
typically between 1 and 20 mm on each side, as sho"~1 in Figure 9.2a. The cnips are sep­
arate b • awing or laser cutting; Figur 9.2b shows a separoted chip. Schematic top vi 
of a ingle MOSFET and a single bipolar transi tor are shown in Figure 9.2c to give some 
perspective of tJ1e relative size of a component in an IC chip. Prior to chip separation. 
eac!t chip is elecmcally tested ( ee Chapter 10). Defective chips are u ually marked with 

-50 lo 1000 dilps 

l00to300mm 
(0.S to 0.155 mm thick) 

(a) (b) 

Emili •r 

(c) 

8ipol~r 
lr:mrutor 

Figure 9.2 lie comp, rison of a wufi·r to iodividual components. (a) Scmicoudu or wafer. 
(b) Chip. (c) MO FIIT and bipolar tran istor. 
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1 C r 9 Process Integration 

. tLb ofblJ: kink ood cl11ps are select<'d and p:i lmged to P~' ·de ~n • ~pro~ri. te ther. 
inil . ..t~>Ctri J. ,u1d mteroonn l!on e1wironm1•n1 for d~trornc ap_Phcntions , 

l dnps m:ir ront,un :1 fow 1.,-ompontmts (tn111si_· to1 '. diod ,~. resisto~, , p:lcitocy_ etc.) 
or. 111.im ,15 ,1 billion or more. i111.,'(' the in, ention of tl, ,nonolltluc J ln 1959, th 
number of compo1,ent. on " stnte-<>f-the-:trt l chip hns gro"~' exponenlially. W 11 11• 

a)},.· refer to the 1.,'0mpl.·xil) of nu I ai it le"cl of integration. 111nll- cnle i11tcgrut1on 
, · JI refen. to up to 100 compo11 uts per chip, 1111·</111111-scale integmtio11 (M 1) to up to 
1000 c mpoueuts pt>r d1ip. la1" -.,cnle i11/t·gmt1011 ( 1) t~ up to 100,000 oompon nt.s 
per chip. tw y /nrg.1·•.·cal i1111•1mtio11 {V JJ to up to 10' co,npon nt, per hip, and 
ullrolnf'l!.<'•<roh· it1fl'l{rolfo11 ( I) to larg r numbel'S of components per chip. ection 
9.3 &:~ ribes ts,'O l chips: a 32-hit ,nicroprocc sor chip, which coot:lins ov •r 42 mil. 
liuo compon •nts, and ,11-Gb dyn~111ic random acces · 111 mory (ORA 1) chip. which cou­
tai.us mer 2 billion components. 

► 9.1 PASSIVE COMPONENTS 
9.1.1 The Integrated Circuit Resistor 

To fonn .in IC n?l>istor. w c.u1 d posH a re istiv layer on a ilicon substmt • tl1 n p:it­
tern lhc- layer by photolitho raphy and tching. We c.m :tlso defin , a window in a silicon 
dioxid lo~ er grown th ruully on a silicon ubstr.1te :md then implMt (or di.lfose) impu­
riti of the opposite conductivity t)1>e into the wafer. Figure 9.3 ·ho\\ · tl1 top and cro • 
~cdional ,;e,, . of two re istors formed by the latt r approach: One has a meancl r shape. 
and the other has a bar hap ' · 

t 
B 

Cool 

II' 11· II' II' II' 11' II 
I 

B - B c:ru,., «'Clion 

-, 
B 

0 
0 

p 

p ~ 

f 
p ;;; 

e 
<:; 
I 

-:. 

" 

figure 9~ lnlcgratc-d cirruil n·si$1Q~ . All morrow linei lo the large square area have the rune 
,..i<Jth \I .l.nd all ronl.ich • n- th • JO\" ii.t:. 
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nsid r the bar- haped r si.\lor first. The differential oon 
of th p•typc materi, I that i of tl1id-.11 s dx parallel to the s1~:t1::anoe ;c of.. tl,in fayer 
hown by tl,e B- 8 eros ction) i · ace a.n at a depth x (35 

(1) 

wh r W i th width of tl1e b. r, Li the length of th bar (w~ neg) t ti d 
~r as for the tim being). µ1, i the mobility of a loole, and p(x) is th.e ~op:. :nco::·~~ 
110n. The total conductance of th entire implanted region of the bar is giv!u by 

.I, w ·1 
G = dG = q- µPp(x)dx (2) 

o l • 

where ~J is tl1e junction depth. If the value ofµ,, (which i a funl'tion of the hole 000• 

centrat1on). and tl1 distributio1t of ,.,{x) are k"llown, the total e--onductance c-an b. C\.-alu• 
at d from Eq. 2. W can write 

w 
Ge g-

l 
(3) 

f"J 
wher . g = q O µ,11(x)clx is tl1 conductance of a quare re~istor pattern; th. t i • G = g 
when L = w: 

The r istance is th.ereforc given by 

R=½= ~(¼) (4) 

where 1/g usually is defined by tl,e symbol and is c.-alled tile sheet resista11cc. l11e heet 
resistance has units of ohms but i~ conventionally specified in w1its of ohms per sqwire ( ). 

,f any resis_tors in an i~tegrnted circuit are fabricated imultaneousl)' by defining dif. 
ferent 0 eometnc patt rns in th mask, such as those shown in Figure 9.3. Since tl1e same 
proccs ing cycle is u ed for all thes resistors, it il convenient to ep. mtc the re istance 
into two parts: tl\e heet resistance R0 , detennined by the implantation (or diffu~ion) pro­
cc s: and the ratio UW. determin d by tl1e pattern dimen. ions. Onc-e th valu of is 
known, th resistance is given by the ratio U\1', or tl1e number of quar s ( . ch qu, re 
lu an nr a of W x \V) in the resistor pattern. The end contact areas will introduce addi­
tional resi tance to the IC resistors. For the type shown ir1 Figure 9.3, each end contact 
corresponds to appro:cimately 0.65 squares. For the meander- hope resistor, th electric­
field lines at tl1e bends are not spac d uniformly acrlll tl.1e width of the resistor but are 
crowd d to11r.1rd the in id comer. A squar at the bend doe not contJib,,te e.oroctl. l 
quare, but ratl1 'r 0.6.5 squares. 

EXAMPLE 1 

Find the ,.,l)ue of:1 resi tor 90 µm long and lO µm wide, su Ii"" the baNh pe<I n•sistor in Flguru 
9.3. Th sh t re i l:luce is 1 kQ/0. 

SOLUTI ON The resi tur COtit,1in 9 squares. The two c,nd contact · 1.,,>rre po11d to 1.3 □. Th~ ,·,ilu 
or th · resistor is (ll .. 1.3) x 1 k ~ 10.3 k!l ◄ 

9.1 .2 The Integrated Circuit Capacitor 
Ba.si ally, two type or capacitors :tr used in i11tegrated circuits: MO capacitors nndp-,, 
junction . The !OS capacitor c-.io be fabric.it d by u ·ing a hcavil · <loped region ( uch 
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, ml null r l'\•gion) . on plat•. tJ, · top 111t!ttu el ·trod '.11 t1, .. . th r plat•. nd lht• 
ml1'1'\ llll\l!O\l l.1\l' rasl11edi'le ric. 111 t pnndcross :ct1011al, wsofa MO ap:l(). 

,h.>r ;mo <howu in Figure 9..Ja. To fon11 a ~I up.1citor. n thi k oxid 111> r is th rm. Uy 
grown on 11 ~ilicoo wb tn1t, xi, a wind11w is lithogmph'. • II '. de~ned nn~ etched in 
the )Jde. DilTu ion or ion implrullMioll i · lL<ed to fonn u P r('g10111n th \\lndow ar a, 
, :lwre, th unow1cling thick oxid St'I'\ s .~ . mask. A thin o:tid I. r i th II thcr. 
m.Jh gro",1 in tJ, wind w area. folio\\ d b a m t llization I p. The , p Citance per 
unit are.i ll giwn by 

(5) 

\\l1ere is th dil'll'Ctric pennittM Jj · · I Irie t nstant £.,I is 
3.9) arid dis the 0-sid<' tlti km• . To · tl 111 nsulatorswitl1 higher 
di l('Cl:ric cons1w1 :11'1: being tucli as 1 ha, tric eon. 
,t.uit: of T ,md 25. re pecthcl . TI ca · ind nt of the 
applied I oltige. bl:!cause tl1e lo" the c:ap:ici tor hen cl mate-
rial. Thi< al rcdures the as · · , 

jWlcti · ·0111 lim i i1 , led ircuit. The top and 
cro · no.I,; an 11 • -p junction •igur 9Ab. The detailed 
fi b n proc:t' nsid red ill ec . truch1re forms part of a 
bipolar traru · tor. cap. citor. th de, _ u d: th I is. the p region 
ism: bfased with respi,>et to tl1e 11 • region. Th o not con tant, but varies 
, (\'• ~ l \,)"1 •. wl1el'\' V~ i tl1e rse, td Vi. is the built-in potential 
of th junction. Th rie resist robly lu..,-ber thon that of a l\ I OS capaci-
tor because th p region h lug ity than do s tl, p· region. 

EXAMPLE2 

Wb t the tored charge and tJ1e nwnber of electro11 on a MO capacitor witJ1 an area of 4 Ji m: 
for (1 drelt-etri of Cal 10-nfn thicJ. iO4 n11d (b) 5-nm thick Tap,? The applied ,"Oltagc is 5 V for 
both 

p 

( l (b) 

Rgure9.4 n ) Integrated MO ci1pn~itor. (b ) Int !gr:.11 d p-,1 j11nclion c..p•cilor. 

SOLUTION 
9.1 Passive Components 187 

= .9 x8 . .S x tO ' 'F/t•mx 4 x !O • ~m' x..2.!:'..._ 
10 cm 

= 6.9x l0 " ' 

N11mlJ<:r of •I :ctrun<=6.9x 10 " Clq:4.3 x 10' 

(h) Ch&oging th· didcctrlc con~1ant fr n, 3 !J to 25 and ti tl ·u1o . r 
l,t · Q 1s5 Jo 1, C d ,e 11 1'-"'' roru JO nm lo 5 11111 we 

o '1111 • • - X , an numlx:r of cll'dron ; 81,.5 x (0-1 q . 5,5.'l x IC( . · ◄ 

9.1.3 The Integrated Circuit Inductor 

I. h~ductors ha, ·, be n wid Ly us d in 11[. -b d monolithi iuicrow:,v int , 1 d 
circuit ( 1MIC ). \\1th th increased pcedof~icondevk~· and d ·gm I •1 I • . · ,, a vanccm nl m mu . 
t1 ev(' 1nterconnection technolocrv I inductor have hrted to re~· . d 
, · · ·1· b . r,,,· • ~"'' rnor an mor 
.11t~nl1011 in s1 icon- ased _radio fr quent·)' and high-frequency appUcation . Mnny J.;ndl 
of_ 111ductor: ca? be fr bnt-ated using IC proc s. Th most popular method · the 
tlu~: film spiral mductor. Fignr . 9.5a and b how the t t> view and tJic cross ·c.1ion or 
~ sihcon-hasec~ two-I v 1-m ta! pirnl inductor. To fonn a spiral inductor. < thick oxide 
IS thPnnally grown or deposi~ on a ilicon . ubstrate. TI1e fi \ Ill ta) is then de(>O'iitro 
au~ define~ as on n~ of the mductor. Ne~1-. another dielectric i d po it d onto 111 tnl L 
A \Ila _hole 1s ~eflned hthO!!raphically and tched in the oxid . M taI 2 i.s cl 'potjt d ,lllcl 
the vi hole 1s fill cl. Th spiral pattern can be d fmed and •t<·hi:d 11 metal 2 as tlie 
s cond nd of the inductor. 
_ To ev:tlu, t the inductor, an important figure of rn rit is the quality factor, Q. which 
1 • defin~d as LwlR_. wh re L. R. and ware th inductance, re i tant-e. and fr •qucucy, 
respectively. The !ugh r the Q vnlue. tl1e lower tl1 lo from resistance. and hence tJ1e 
bett r the pcrfommnc.-e. Figure 9.5c hm, the equi, nt circuit model for an IC induc­
tor. R1 is the inhere~t r istivity of tl1 m tal. C, 1 ,md c,. are tl1e t-ouplin capacita11 • 

b l\\l'C11 ti, metal 1111 sand th substrate, and R .. ,..1 and R.,i:a are the re.! i tanc ,. of the 
iii n substrat oci; ted with tJ, m ta! line . r pecti\"•l. ~ The Q value incre. lin-
arly witl1 frequency initiall and !hen drop at higher f requ ncie bee-.i11SC of p.tm.,ilic 

re istanc and cnpacitance_. 
om approa h ti t for improving the Q valu . The 11rst · to u~ • low-dil)lectric-

oonst.ru1t material ( < 3.9) to reduc CP. The other is to u · • a tJuck-Rlm metal or low­
r islh1ty Ill ta! (e.g .• Cu. A11 to replt1 I) to reduce R,. The third approach USt! .111 
insulating ub trat (e.g., silicon on sapphire, iii n on gl. · . or c.iuartz) to reduc R 

To obtain the exact, llu of a thi11-ft1111 induclor, t-omplirotcd imulation tool~ 111u, t be 
emplo) d for both circuit simul tion and inrlnt1or oplimimtion. The model for thin-ftlm 
inductors must t .k into ae<.-ount th re .istru.tce of tli , m~tal, tl1 c.1pacit11uce ofth • o.-dde, 
lin -to-lin capacitance, tbe resisttmce of th substmtP, the pacit;u1 to lite sub tn t •• 
tutd tl1 • inductance and mutual inductance of tl1e m •tal li.n s. Hen~, it is more dill'1CUlt 
to cal 1I, te th i.n tegr-.1t cl iudut1,m Uuu.1 to cak-ulat integrated pacitance or ni ·stnn( . 
How >v •r, a simple qunlion lo stim, t th · quru-e pl. nar spiml inductor · ·v1'11 ,IS ' 

(6) 

, her JJo is the permeability in ,11 011111 (,Jrr x Jo-: ~ m). L is in henri ·,. " is th<' 1111111-

ber of turns. ,Uld ,. is th r;\cliw, of th piml in meters. 
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(ul 

(b) 

(c) 

Figure 9.5 al ·licm:uic "iew of a piral inductor on a silicon substr.ite. (/,1 l't>rsJ>Ccti, view 
.Joni: A-A' le) t\n eq11i,·..Je11t circuit model for an integr-Jtcd inductor. 

EXAMPLE 3 

f'or an integr.,tcd mdu on,ith an inductanw e1f JO nll , wb ti., tbt: Mjt1ir..d radius if the mt!ll· 
bt>r or turns » 20? 

SOLUTION c:rordin to &1. 6, 

r= IOxJO • = 2.O8xlO"' m=20. 
U x lO x2O' µm ◄ 

9.2 BIPOLAR TECHNOLOGY 

For IC npphcation..,. SJMially for V l and J, lb size of bipolar tran istors must 
Ix: reduoed to m • I hi h d •n it • re•1uirern nts. Figure 9.6 1llu tr:ite the reduction m 
tin•. it.e of th ' bipolar transistor in recent y an..' Th main diffi r nces in a bipolar trail· 
' tor in an I . compared will1 a discrete trnnsistor. ar ll1al all electrod, contacts are -----~ 

92 8,polar Technology ◄ J O 
I - -.-• t 
I I 

I ---- I I I 
I I 
I I 
I I 
I I 
I I 
I I 

r-------, 
I I 
I I 
I I 
I I 

I t I I 
t L----' I I I 

" l ,.::::=~- :A! ' 
I .._ __ .J I 1 

: ._ ___ .....J : : C,,IJ,'<:IOr 
I I : I 

' rc;i • 3000 µmF 1 1s&iii'~;! - • 

Emitter 0.5 

(n) (bJ (~) (dl 

Figure 9.6 !\eduction or th lu>rfaontal and, •rtical dimensions of a bipnl,,r Iran · 1 
(a) Junction i ·ol11Uon. (/,) Oxi<le ist>latlon. (c- and cl) Scaled oxitl. iwlation.' or. 

loc-.it cl on ll1 t~p surfa~ of th JC "".ifer. and each tra, istor must be el •chically iso­
lat d to prev nt mtcract:1011s between de,~ces. Prior to 1970. both the lateral and verti­
c-al !,.,lations w re p~vided b!'P--11 junction (fig. 9.Ga). and tbe lateral p isolation region 
, . ~lwa) reverse biased With respect to tlie n•l)'pe coUt-ctor. In 1971. thennal oxide 
wn.s u d for lat ml i. ol, tion, r ;ulting in a uh tantial r duclion in de-.~ce iw (Fig. 9.6b) 
ht> .. use th b, e and coU ctor contacts abut the isolation region. In the mid-J970s. the 
enl.itkr Itended to the wall of the oxide, r ulting in an additional reduction in area 
(Fig. 9 6c). At the pre. ent time. all lat ral ,u1<l" rtical dimensions h. vc been scaled dO\,n. 
and 1:mitt r stripe widths have dim nsion in tJ1 submicroo rcgio11 (Fig. 9.6d). 

9.2.1 The Basic Fabrication Process 

The majority of bipolar tmnsistors used in IC are of the ti~/HI type becau tl1e higher 
mobility of minority carri rs (electron ·) in the ~ region re ults iu higher-speed per· 
fon11anc llian can be obtain d ,,ith p-11-p type . Figure 9.7 shows a perspective view 
of an 11-11-n bipolnr transistor, in which lat ral i olation is pro,~d d by oxide walls and ver­
tic.J isolation is pro,ided by then ·~,, jun,1.ion. Tl1e late nil Q~de · lnlion appro;1cl1 redtice­
not only the d vice size, but also th parasitic capacitanc becaus of t.h mall r di lee­
hie con tant of ilic-on dio:<id (3.9. compar d "~th l L.9 for Uicon). This ection now con­
id I the major procc st ' P tlmt :ire used to f, bricat the d ~ . hown in Figure 9.7. 

For an 11--p-11 bipolar tran istor. th tarting mat ti I i :1 p-type. lightly dopt.><i 
(-1013 ·111~1) , <Lll>- or <100>-ori nted. pali hed silicon wafer. B mse th junctiOO$ 
ar formed insid • th miconductor. th , choice of c t I o-ricntation is nol as critical 
as for MO d \1CC ( ee tion 9.3). Th first tcp i to fom1 a buried lti) ~ The uiruu 
purpo of this layer i to minimiie the s ri re i tancc of th collector. A tlu k oxide 
(0.5-J µm ) is th m1, lly grown on tlw" fer. and a ,\fodow i th n opened in th oude. 

precis I · controUecl :unount of low-en rg)' ar.;c,l.i ion_~ (-30 k \ ( - JO" cm ~H i111pL.u1tl.'d 
into the \\'indow r gion to rv tis a pred pasit {Fig. 9. ). Next, .1 hi •11-t mperotur · 
(- I L00°C) driv · -in t p fom1 th II' buried fap!r, wll.ich has a typicJJ h t ' tan 
f ~pproximatcl ' 20 
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"• burkd I ycr 

Figure 9.7 Perspectiw , ic'w of ,u1 o.ude-isoluted bipuhr transistor. 

(c) 

Boro11 cha11s1op 11:npl11111 

(d) 

figure 9.8 Cl'Ol ··>(.'Ctional vii:\, of bipolar transistor fabrication. (a ) Buried-larcr implantation. 
(b) EpitarjaJ t r. (c) Photor · t mask. (d) hanstop implant. 

The ec.-ond l.ep is to d po it an n-type pita.x.ial lay r. The oxide is remov d and ~e 
wafer is pla<.-ed in an epitaxial reactor for epitaxial growth. Th tltickness and ~1c dopmg 
concentration oftl1 epita.'(ia) layer are detennined by the ultimate use oflh deV1ce. Analog 
circuits (with tl1 ir high r \'Oltaaes for ampliflcation) reqwre tlticker layers (- LO µ1n ).and 
low •rclopings (-5 x lOL' cm..,), wh r as digital circuits (with their lower volta forsmtch­
ing) require th.inner la r., (-3µm ) and high rclopings (~2 x 10•~ cm..J). Figure 9.8b how 

9.2 Bipolar lechnology ◄ UH 

a cross- cctionnl Yi v of ih <l •Yi afier th epitaxial process. Xot • th, t th r • is some· 
outdiffu ion from tl1c buried layer into th epit, xiul layer. To minimiw outJiffusion, 
low-tcnipcmture piL1xial proocs should be employed. and low-<lilTu iv'lty impuriti (e.g., 
A ) ·bould be us d in the buri ·d lriy r. 

The tl1ird tep is to foml the Inter.ii oxide isolation r gion. thin oxide pad (-50 nm) 
is thennally grown on ti, epitaxial byer, followed by a ilicon-nitride deposition (- LOO nm). 
Tf nitride is d po itcd <lir ctly onto th ilicon ,Yithout the thin oxid pad, th• nit.rid may 
cau darnng tot.he ilicon surfac during sub qu 'nt h.igh-temperotur steps. N~. the 
nitride--oxid 1 y rs and about half of the epitax:inl layer arc etched tmng a photor ist 
;\S rn,\Sk (Fig . 9. and d ). Boron ions are tJ1en implanted into tl,c exposed silicon areas 
(Fig. 9.Sd). 

Th photoresi t is r mov d, and the wafer is pbcecl in an oxidation furn, cc. ince 
lhe nitride layer has a very low oxidation rat , lhick ox.id swill be grown onl , in U1e areas 
not prot cted by th nitride layer. The i olation oxide is usually grown to a thickn uch 
that th top of th oxide becomes coplanar with the original s~icon surfaoo to minimize 
the urfac topography. This oxid i olation proce is call ,cl local aridotwn of ,;ti/con 
(LOCO ). Figure 9.9a shows tl1e cross section of the isolation oxide after th removal 
of th nitride layer. Bec.~us of s gregation efiects. most of the implanted boron ions are 
push d undemeaU1 the isolation oxide to fonn a p· layer. This is called tl1e p· channel 
stop (or clranstop ) because tbe bigb <.'Oncentmtion of p-type semiconductor ,~ill pre\'ent 

(n) 

Boron base irnpbnt 
I t 

-PbOlol'\:5ist 
,-:_..~==~~.J..,,-;::;;::::;-, 102 

- ....,_p"t' 

{b) 

(c) 

(d) 

· fl · I t · to ' 0 bri lion (al O,idt: isolation. (bl ll-Figure 9.9 ross-s ctionnl views o l1po ar rans, r 1u , • • 

implant (c) Removnl or lhin o:cidc. (d) Emitter and oolle<:tor mipl,uit. 
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9.2.2 Dielectric Isolation 
1Jl the LSOL tion heme described previously for tlu: bip<>1:"' tronsislor. ~\ device is ~ 
fated from other d ~ • by the oxid layer around its penphery and ~ i.s_olatecl from ,ts 
common sul trat byan· p junction {buried layer). tn high-,-oltag applications. acli.licrent 

10:' ~----------,-------, 

Ba'i< lp l 

Coll or- - -­
ln l 

Dcpth lµm 

Fig ,e !1.U) 11~ ua,mstur J ,n profit · . 

(McbfTulion 
froml-.u1NI 

t..., I 
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• ppro ch. call d dlc/ectrlr 1.,olo/1011 . i us :d to fom, inwlotin 1uh. to i,olat a number 
of pock I · of iugle-cry. tal S<'111ic 11ductors. In tl,il. appro: ch. the d •vi . i l'i(ll,,ted from 
bolh it comm n ubstrntc: mul it, ~urrounding neighbors b · a dh,k-ctric 1.11N . 

1>roc ~, ••qu •n for dielc'<.-t ric i olation i hO\,~l in I• i nirc 9.11 . ;1 oxid . Luwr 
~ fonn <l iJl,1d~_ a dO(h-oril'nt d n- -pc Uicon subslral!' using high- ,wrg)" ll •n lou 
11nplu11t111io11 tF_, '· 9.1111). 1 xt. the, r. r und •rg a high-tnnfX' . tur(' annP; linl!. pro­
c..· o th.al U1 · 1111plant •d oxygen \\~II n:act ,~th ilicon to fonn thi, oxid , la •r. 1111" d;nn• 
. g re ·ulting from imphuitation is also anncalc,d out in tl1is proce (Fig. 9.11/J l. fli-r 
thi . we obtain an 11 ilicon lttyer tlmt is rully I olatcd on an oxid (nam ly, , silicon-on­
insulator. or 01. la ·er}. This prooe s i called IMOX (, parution byimplantl-d oxygen) 

in the top ' ilicon is so thin. th isol, lion r ·gion is c~ily fonnc>d by tlw L O pro• 
s illustmt ,d in Fi ur 9.Sc or by etching n tr ·nch (Fi,. 9. Uc) and refilling it ,~tl1 oxid 

(Fig. 9.1 ld). Th oilier pr es ar almo the 111(; as tho:1e i11 I· ig,;re, 9. through 
9.9 to fon:n th />•type base, n · e mill r, and n colic tor. 

11,e main advantage of this t chniquc is it high brcakdown ,-olta c betw •n tJ,e e,oil· 
t r nd th collector, wltich c-an be in excess of s ,\'cral hundr d volts. ·n1is tccl nli'lne i: 
;Jso co,npatibl witl1 modem CMOS integration ( ection 9.3,3). This MO --oomp.llihl • 
proce s · v I)' u eful for mix d high-volt,1ge :1.11d high-d nsit · JC . 

9.2.3 Self-Ali gned Double-Polysilicon Bipolar Structures 

Thi" proc hown in Figur 9.9c needs another litl1ographic lep to define ttn oxid<' r<>gion 
to separate tl1e bas and , mitt er contact r !!ions. This gi'"e ris to a larg:• inacti\',: de,1 
area with.in th isolat d boundary. which increases not only th p.tr.1Sitic pacitane<· , 
but al o the resistance that degmd lran i tor performance. The most ff;!<.tive way to 
redu<-e the efTccts is b using a selfalig11ed structure. 

# -,en km implo.ntotion 

Annealing at bigl, !cmperuture 

ll 

ll·lype ·o 
n 

(n) (b) 

u I:: C 

ll 

II 

(di () 

figure 9.11 l'l'(>C-C Sl'<fUCne<: for did<:<."lric isola1ion liipnlllr de,i • '."itli( ,il.1co11-on•i1 ulator 
ror high-volta c appliC!ltion. (al O n ton iniplontalion, (l,l m ·,tling ;1t l11~h 1cmpcni111n• t, 
fonn di • i ol lion did :ctric. (cl Trencli !sol. lion form !d bra dry ct hmi( pmcc <. t,J ll.1.-.• 

cmi llcr. and (;()ltcctor fonnalion. 
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,·h u.~ lf-.Jigi1('0 1lnicture h tltt· doubt -pol_ . Wron tn11:tur \\,th 
1 JI rnk>tl by" tr\ n •h rt>rilk-d with pol) ·ilicon. 1,owu in Figul'(' 9 12 

th<' dt!t,ulctl ,. 11u,•nt't' of ~t<·p, for the s •lf-,JJ '11Cd Jouble-pol) 'licou 
ructure ·rti,· Lr,lll i tori~ huilt n uu 11-type epitl\Xl 11 I ) r. A tr ncl, 

1 is et h •<l b) rc.1ctiv ion t>tchirP through the 11' 11bco1. 
11 .. ~ u. thin l:11er of thenmtl o~d • l then gru,,11 ar,d 
th<! lumnel • top iinpl, nt of boron at the bottom f the 

-<I with undop1:d polJ llicon 1111d 1pped b~· a thick planar 

Tlit- fi,-,.t po~-micou I:\} r iHlepo;it •d o.od h ,1,il • doped witl1 bo • pol .U. 
-d F I, 1 "'111 bt• 11~ed •• ~ a lid-plms diffo. ion o e,'ctrinsic 
11 ml the bast- I ~n.xl, . This la}Cr IS co, red \\i i r d posi-

bOn ovd<• .u1d nitnck- 1Fii: ll l" ). Th · pm' nm.ski< used to 1 r regions. 
.u1d di" <'ld tL-eti to prod I d pol J 
Fil! 9 IJb \ tlwnn.,I o.~de i.> th II g h . and a relative~• 

(ap 0.1--0A µm l · 11 i I of ti 
TI1 of thi oxid d th in n th c<i 
uller co11t.ict,, 11w e trinsic p · bas · · d durin 

,tit l<'p u., a re ult of the out ' on of boron from tl1e pol · ] into the 
,e 9 I Becu.1.sc boron diffuses lateml ·erticall •, tlw extrinsic 
vill be ablf' Lo muke coutuct witl1 111, intri on tli;it is fonned n II. 

wider the mill ct. 
Follol,ini: ~rowt p. I.he intru15i 

ti (boron, F~. 9 13d). TI f\ -ali ·rn ic and ~tlinsic base regious . 
.\ft.-r tl1t· oonhtct i I .med ~ m o.o the ud pol} .ilicoo la) r is 

impLu1te<l \\itl1 r · called poly 2) il, used a solid-
u ura: to form 111 ·on milter I rode. shallow emit-
1 n fom1ed tlllOUgh dopant outdifli from poly 2. A 1 pid thermal anneal 
d mitt r outdilTusion st ps foetUtutes the formation o shallow emitter-base 

.u1J rolli-ctor-b: JUn<:bon~ finally, Pt film i d po ited and i11tered to Ii nn PtSi o,-er 
th n polysilicon emitter and th p· poly ilicon base oonta (Fig. 9.131'). 

This If-aligned . tn1 hare allo,1 th fabri tion of emitter regior • rnaller than the 
minimum lithO!!T'3phic dim nsion. \\11en the ide-1 cer oxide is wown, it IHls the 
contact hole to ~m degree bemuse 111 th nnal upies u larg r volume than 
th,· original rn!..on of pol) ilicon. Thus .• n ope · µm wid "ill hrink to about 
0.-1 µm if <id 1-all oxide 0.2 µm thi k i grown on e e. 

B 

figu,- 9.12 (. 
tn'l>d, 

E 

lf • .J,gnt"d d<H1hle-polysilioon bipol..r Ln111si,1or ";th ad anced 

(nJ 

(c) 

,, 
[ ,,. ', 

Poly- Ikon 

, ____ .,, 
(d) 

(c) 

Figure 9.13 Pr •. • •quo:n • for fabricatin~ doublc•polJ.i\iooo ·lf-.wt,tm-d 11--,,-.,, 1rarui:t1>n • 
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Ch■pt r 9 P1ocess Integration 

9.3 MOSFETTECHNOLOGY 
tli , MO, FET i.~ th , cl mi · · used in LSI ci 11i1. ht! u , it c-.in l,e 

II ' n;, ions Ul,111 ot f d vi . • TJ1c dominont techn log)• ro 
6 (.' 11 tcclmologi~ in which I tl1 11-clu'IJ1ul'I and 

,,; cd i;'Cii , •I ·) are pl'() dcd on th ·arn chip. 
II) I ci 1its bec-.iu · • it h ~ tbc IO\, t [>O\\'l!r 

ll le 
Figure 9. 11 sh in the size of tlie MO FET in rcecnt y ars. In the 

.,,1,1- I 7 gat ~11n and tl1e L'Orre ponding cl ,~cc , re.ti "· • bout 
6000 µ111! e d ,~1. th · mslic reduction in ·ce ar 
For a 10 \\i i 0. µ vic-e ar a shrinks to an 1 % or 
the earlv . ET. ·zation tcd to continu . TJ1e ngtl1 will 
probab~ d I\' , sc to I •s~ thar, 0, lO µmin !la . • nty:!1rst century. Tl re trends 
of ~10 fET cl ,iet>s .ir.: cou. jd red brief! · 111 ectaon 9., , 

9.3.1 The Basic Fabrication Process 

Fii,ire 9.1 - ho" a perspeL·th·e vi ·w or n n-channcl 10 FET prior to final 111 talliza. 
ti n.· 111 top la) r is a pho phorus-doped iii n dio.'Cidc(P-gl, ) tlaati used as an insu­
l tor beh, n tJ1 pol~ siliron a:1.tc and tJ1 ' ,it metallizatio11 and also :\Sa gett ring layer 
for mobile ions. Compare Figure 9.15 ,vith f igu r 9.7 for th bipolar lrun istor and note 
tl1Jt a MO FET is considembly si mpl r in its b, ic structur . Al thou h both d vi use 

I µm:) 

1.",J•t+--2X'l!µm 

Figure 9.14 Redu ion an tl1c: Jf1•J of th • ~10 FET °' the .11e I a 111 (minimum foa ture 
I ni,-th h n.-du<:t-d 

9.3 MOSFET Technology 197 

Faeld oxi<k 

Figure 9.15 I' ·rspecth' ,iew of :Ill 11 -d1ann •I MOSFET:' 

.lateral o:ride isolation. tl1 re is no ne d for vcrti(-al isol: tion in the MO FET vh • 
b ·cd h · · · · d · , ·' creas un -~ y~r n - J> JUllctio~ 1s require in tJ1c bipolar transistor. The dopiug profile in 
·!0. FE: L~_ not as l-01npli<:3t d as_ tlaat i~ bipolar transistor, and control of th dop:1nt 

d1stnb111ion 1s also I• cnticaL Thas ction 110w t-onsidcrs tl1 major proces l ps tl,at 
arc· u d lo fabrical th d , ·ce in Figul't' 9.15. 

To proce s an 11-chan11 I MOSFET ( MO ). th tarting material is ap-typ<!. liuht] , 
doped (-101~ cm-a). d0(h-o~ nt d. JJ:Olished . ilic:on \\~1fi r. n1e < I0(b orientation ispr!. 
forrecl over < 111> becaus 11 h. an mterfac Imp densit , that is :ibout one-tenth th:'lt 
of <11 l>. The flJ'St st pis t~ form ~1e_ o~dc isolation region usin, LOCO tecluaol~. 
T~e process q~1ence for tlus step IS umlar lo tbat for the bipolar transistor. A thin pad 
oxide (-35 ~m) 1 U1ermall · grown, followed by a silicon nitrid (-150 nm) deposition 
(f ig. 9.J~): The_activ dC\~ce area isd fined b •u photore · t mask and a boron d\an.~ 
la -er, nd 1s th n implant d through the compo it nitride-oxid lay r (Fig. 9.1Gb). Tu 
nit rid l~y ~ not cov red br ilie photoresi t mask is subsequent!>• remo,·ed b 1cl1ing. 
Aft r slrippmg tl1 photor ist, th w:tfer · placed in nn oxiru lion fun1a<.-e to grow ,m 
oxide (call d Ilic field o.ridl' ). where tJ1 nitride lay r is remo, ed. Md to dri"e in th boron 
implant. The tlaickn s of th fi Id oxid is typical!)' 0.5 to l µm . 

Tiu~ econd tep i to gro, th g;-tle o\id and to adjust the thr hold volta . Th 
\'Otnposit nitride---0xide I ycr over tlie :icti\'e dc,i area is r mov d, and a thit1 , te otjd 
la · r (le tltan 10 nm) is grown. For m enh,n ment-mode n-chann I device. botou 
i1,11S ar implanted in tl1e chnno I region, as ho\\~1 in Figure 9. lGc. to increa.<e the thresh­
old volt.ige to a pred ~ nnined V'.Uue (e.g., +0.5 V). For ad pletion-mode 11-cluumel W!\icc, 
rm.cnic ions , r implanted in the hanncl region to d er the thrc hold volt 
(e.g., -0.5 \ ). 

Th third tep i to form th<' • t . pol) ilicon is depo!>ited and is h vii doped b · 
diffusion or implantation of pho pborus to a t 1pk-al hC' t re iStnn of 20 to 30 
Th.is r i tru ce i. dcqu, tc for MO FETs ,~ti, gate lengtlas larger tllM 3 µm. For m. II r 
d;:vi s. pol ·cid (a <,•c11npo itc la} r of m •tal ilicidc and [X>I> Uicon, such as W-polrcid l 
can be u. d . th ate material to reduce tl1c he l re i. t,111 ~ to about l 

The fourth t pis to fomi th soul'CI?. ncl dmin. Afi •r the gate is p.ittcnwd i . 9.16.-1). 
il rves as a mru k for the arsenic i111pl,u1tation (-30 kcV,-5 x 10~' cm ii to fonn th sou 
, ud dnlin (Fig. 9.17a), which ar s U-align cl with re pect to th g11tt-.; I this tu e, 1l1 • 

onlyov rlappiug oflhl• .t i. du tol,l roLtrn" Ungoftbein1planledi 1~ (for30-k~\' 
~- cr J. • on~' 5 nm). If low-lcmpe mtim: pr~ " are usl'd for sul ' t'qll •nt . •p~ to mm-

imize lateml dilfusion. ti, parasiti gat -drain :md te-source couplin!! .~pacitml n 
much mall r thnn ll1 g;1te-chonn I c:ap.'lcitance. 
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rt oe ss Int Qration 

11 

(ell 

figure 9.16 '-"'-'""'....-u,ional ,1t-., uf :-IMO fubri ti.on ,·t111 •n : (a) Fonnutlon nf . iO • i 
,IJ'IU pl~>to • t r< 11,) Boron unpLmt (r ) Field o\id . It/) Gate •· " 

The List step is 111,·tallization . phosphorm-<lo()<'d o'cid,, ( -glru , J is d po ·ited ov ,r 
the enlin, waf.-r ~•nd u !low ·d br l1 ating tin,• wafer to give. :111001'1 ~11rfi c topogrnph) 
(Fig. 9.1,b ). ontacl 11indm . al\' d lined and etcl, ,din tJ, P-gl~ s. A metal I y r. sud, 
• al 11 minu111. ~ then d posttro and pattt•med. A ro - ~tioOJI vi .. w of the completed 
\10 JtET is shown in Fi~1r1: 9.1 ic, ai,d th, corre. po,,ding top vit-s • i~ hown in Figure 
9. l"'id. Tlw ~al <:011ta -t ~ u u.ill) m. I<' ou Jdc the aclJ~ d 1ic.-e ,lft•n to nvoid posJbl 
dain,,g to tlie thin ,!!A' 01.id · 

EXAMPLE4 

\\'h.,1 "tJ, 111.wm11111 "'1k•to-so11n:.· \'Olt.11(e Lh.i.t ~ ,\10 FIT -.,th a 5-nm pl.I.' o\ld, can ,,ilh­
• rid, \/'1111 • ti ti, O\J<lt• brt·, 1)0\,11 , t ~I V/cm ""d tl1.t1 th<' uh tnttc vohagc i zem 

SOLUTION 

I={ ii: IO'x 5 10 =4V ◄ 

9.3 M0SFET Technolnoy I !MJ 

lb) 

p 'd llJO) 

(c) 

'l 

(d i 

Figure 9.17 rabn lion qui.'n . .- (a) urcc und drain. f/,l P-~J.>l, dt1l"\1tio11. (c ·nM 
>~'(1irm oflhc MOSPF:T. (d} Tup,,ew ofth MO F7IT 

9.3.2 Memory Devices 

lt'u1orie ar drvioe I.hat can ·tor· <ligit1il information (or dnta) in term, or T,l/1 (h11111ry 
digit ). V11 rio11s m mory chip have h, n d ign,!d ,md fobri .,t d using, !-! tC'chnol­
oro•• For ,no t be e u1•111ori . tlte random a m mory (RA~1l o~miizatio11 i.• prt·­
frrr rl. In a R M. memory cells are organi~d In u motri., ~trnctur ·• and clata C'.lll he 
a ••~I'd (i.<'., tor d, r tri ,·I'd. or r,,sccl) in mndom order, ind pend •nt of its ph} . iml 
location. lllt:l random n ss memor)' ( RAM } t 'tUI retain stored data ind ·finitely a., 
long as tl1c pow •r suppl i. n The 'Rt\ ~I is hasic,Jly J flip-Oop ircult that can ,ture 
on hit f info rmation. An RAM di li:L~ four c,1h:mc nwnt-mo<l MO FET: , 1111 t-,o 
d pletion-mode MO FE1\. Tlw dept lion-m le l . FET can_ be repla db re ~ • 
tors form •d in undop d pol) ilicou to minimize pow ·r cOl\liu111pt1on. 

To reduc • tlic c ,11 ar •,1 :111d pow •r co, urnplion. tl1 ' d immic mndom ace ' m~·m­
ry (DRAM ) Ji.., be >n cl ,, •loped. F1 ir • !l.l 110" th_c dr ult diti11;~1111 of th<' onl'· 

t , ru i,t r DRA I c II, in wlu h the tr.u,,i tor n as a ;,,\itc:h ru11I one b11 of 111form,1uo11 
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. \ 

p· 

figure 9.18 
layouL k ) 

(iii 

I' 
I 

n· 
In,~ruon 1""g)ons. 

c~1 

(cf) 

i~e-tr.111.1istor DRA.\I oell nith "5torag pacitor.' {a) irctut dlagram (bl Cell 
«lion through -A' (,JJ Double-le--el polysilkon. 

11 be stored in th.e to itor. TI1 • ,·oltag I vel on U1 capacitor dct nnines the 
tate of tJ1e cell. • 5 \' may bode fin d as logic l. :LJ1d defin d as logic 

0. Th d cha vcd typi , lly in a few milliseronds, mainly became of 
th I urrei rs. Thtc • dynamic memori require peri0<Uc -ref h-
ing~ tored 

Figur 9.18b t of a I · ho,1 the corre-
5P01tding cro. - A'. Th c:· ann I region as 
on pl:1t >, tJ1 · pol, ie otl, r plate. aud dielectric. The 
row line i~ " 111ctal t.mck to ininimize tJ, • <l t cc (R) and pam-
itic apacitanc (C). th product of whic C mn Lin is fon11ed 

b) 11 • <llffu ion. The int>nial dmin · n O n con<lucti, Link 
bet\l n th u1, •rsi 11 L·\yers unc r om n . The drain region 

n be climloal d \bing th• doubl el icon , 1 in Figure 9.1 

.,,., ... IUQf C"I t1C1 'IIJU\IY 'ZQ .l 

Tlw s~ nd poly-ilicon ~lct.1mde i scpan1ted from ti fj I ·1 
I I I • I• , I . · I ' 1 •r~t po }I •con ,lpacilc,r plat • 
)I '.n ol ~<"I .• 1 ~~ t ,ndl ~ l ierm: lly ~mwn 011 tJ1 fiht-1 ·vel pol)~illcon be-fort- th =n<l 

C c<:trO< 1,15 l>Cl"ll l'llll. •d. lh ch rg • from thu col, 1· I r L , . · ) di 1 I ~ 111111 me• I 1 ·rr,orc uc tn, 
,mltel reel )' to I l :m.m 1111d r the ~tomrr..- g·1t • b,, ti li j ( • · • • 

d tJ r d ·" · , ie :on nu ty o mv r.;100 Ill)' •rs un er 1 • trnns,,•r ,u1 stomg • gates. 
To 11\ · ·l lhu rc'luirem 11ts o high-deMity D'RAM th Dl'A'I 1 . L . L • . 

I • I 1· I · I di • ' · ' " rnc:ture nas "'' n e tent c to lt\e t urc mens1on with stack d or trench c:tpa ·1 F' g 1n- l · I , •A I II Cl ors. 1g11re . °'' s lO\ 
a imp e u.,-n 1 c lructurc. Tlw advanta or tlie trench t~nt• i. LI t ti · f h , , II , •-~ · I b . , r u I U? cap!lClll\J)t't' 
o t "c ctlll "': ~utreasec Y mere, ing Ll1 • deptl1 of th tTench without inercai ·n th 
urfo • (lrea of •~icon occupied by the cell. Th main difficulti or making tr nch-type 

et>lls or tl1e tclung of the d p tr nch "~1i h n ~ds ro11nded hott d I 
I f . , 0111 oorn..-r, an t 1e 

growt Io n uniforn1 Lllin dielectric film on t.r 111:h wall . figure 9.l9b ho" a ~tacked 
~ll tructure. The . torn~ > ct P:1citau illcre, a re~ult or stacking tJie tori.g 
,tor on to~ c~f th · lra11s1Stor. The dielectric b fonned Ul in, th th nniil o:odation 
or .VO mtncl • melhocls bctw ·co U, two pol) Wcon pint . H n • tlw lacked cell ro-

ss is asier than ti,' trench-type prooc . [l 

•i 1rc9.~0 l1owsa l-GbDfu\ lclup.111isme11101ycllip11sr- 0.1 -µmd ig11rul . 
Trencl, c:apaotors nnd it peripheral circui a~ in CMO , which is discu d III Se<.'tion 
9.3.3. The memory clup has an nr of390 mm1 ( 14 .3 mm x 27.3 mm} th t containsO\ r 
2 billion components and opcmt •s at 2.5 \I. TI1is l-Gb DRAM is mounted in an -pin 

mmic pa knge, wluch can pro,,jde ad quate h at clissipation. 
Botb RAM nnd DRAM n.r olatil memorie ; that is. th · lose their tored data 

wb n power is \,jtcbed oIT. onvolatile memori , on the other hand. can retain tlu:ir 
data. Figur 9.2.La shows a floating-gate 1101wol. til memory, which is basically :1 con­
ventional :-.10 FET that has a modifl d gnte I trod , Tbe composite gnte has a regu­
lar (coatrol ) gate and a floating gate that is surrounded b}' im ul tors. Wh n a laige positi,-e 
\'Olta"t' is applied to the control gate, charge will be injected from the channel region 
tl1ro11gh the got oxid into th noating ate. \Vhen th, applied \'Olt e is r rn "ed. th 
inject cl charge c-.m be stored in th flo, ting gate for a loog tim . To remo"e this cha.cg 
a larg n Uve voltage must be applied to tl1e control gate so that the charge will hi.: 
inJ ctl'<l back into the channel region. 

Another v io1) of the nonvolatile m mory is tl1 m tru-nitride-<>~d -semiconductor 
(M · ) type hown in Figur 9.21b. \\11cn a po iti, . te \'Oltag i applied, I tro1\ 
can tunnel through the thin oxide layer (-2 nm). be c-.iptured by the tmps at the 
oxide-nitride interf, . and thu. become tored charg there. The eqni\, lent circuit fi r 
botl1 t}1>es of nonvolatil memories can b, represented b two C-.tJXlcilor& in ri for the 

(o) (b) 

Figure 9.19 (,1 ) OJ · M ,,ith a ucnch ceU tn1t-h1rt•.• (/, ) DI M \\ith •• inglt•.la~ r 

p,1c1tor ce ll. 

,k.,J. 



Page 107 of 158

Fig11n1 9.20 \. l· ,b DRA:\I that cont,1111 , o, •r 2 billiou component . \Pl,otogmph court~ of 
JB:\L ,.,11 ,..11 1999 lEEE lnt oliJ. M <: 1rroit onfcreu,v.) 

s 

(al 

C 

(bl 

(c) 

D 

n· 

C .. k 

Ot.iw 

figure 911 t\on\ l..ttilt- m mc,ry dt i (o) Floating>~te nonvofatile- memory. (b) ~1NO no 1• 

1-olabl, uwmo" r Eqwvalent reu,t o ,·itlier ~]W of n m-ol Iii m mory. 

9.3.3 

9.3 MOSFETTechnology ◄ 203 

ut · lru<:lur . as illu,tmled in Figure 9.2lc.11t1·<:harge tcored in the c::,p:1citor (C ) IISt'> 

a shift in _th thr" hold v lt,l. . and th<> ti •vice r main, at th1• high ' r thrf• hol1l voltag" 
tale (logic l ). For a wc-11-d I med 111 •111 ry de-vie ', th1• charg • retention Um can ,,.. (wer 

100 rear.. To n the me11101y (i.e .. the stor d chr,rg ) and rrtum th!' d ,-;oo to ti lower 
thre'l,old voltag<· lute (logic 0), . gat volta» or other mean\ ( uch, ultra,~olN lighl) 
can ht- us >d. 

Nonvolatil · ~emicondu<:tor n1('tnOI') (NV t\•t) 11, • be1m ext •n,ivcly used 111 portable 
·le t-roni S). t ms, s11ch :ts t:ellulnr phone and cligital cam ms. Another int r ting, ppli­

cation is the chip card. also callc<l tit · IC c.1rd. Th«> pl1oto in Figt1r> 9.22 i. an I card 
The diagmm al the bottom of Figure 9.22 illustrnt tl,e nomolatilc m moryd ,,; :c that 
. tor . Lh d. ta. which 11 be read and written through the bus to a ccntr.J pr ·~.ing 
unit (CP ). In c:ontr, ·t to the limited volume (l kB) insid · a conventional magn •tic tape 
care). the izc or th , no,wolatil memory can be incr, ·d to 16 kB, 6-1 k13, or even larger 
cl pendin on the npplication ( ·.g., one oould tor, personal photos or fingerprint }. 
Through the I card r ad/writ · machines. the d.1ta c: 11 be used in num,,rous apph<:a­
tion.s. in luding telecommunications (card t ·lephone, mrJbil mdio). p.;yment tmn ctions 
(el •ctronic pur . er dit card), pay television, trn.n port (electronic ticket, [>ublic: trans­
port). h •,tlth car (patient-data card), and. s C.'Ontrol. The IC card ,viii lik ly pla>· a 
centntl rol in th global information and s r1~ce soci t)' of the future. 1" 

CMOS Technologv 

Figure 9.23a sho,, a C 10 inverter. The gat of tl1e upper PMO d ·,ice is connected 
to tl,e gate of the low r 1 10 d ·vi . Both de.,.ic re enhan<.-em nt-mode ~iO FET: 

I 
I 

I 
I 

I 
I 

JC card I 
I 

CJ> 
1! 

'-\' I I ROM IR ~1 I ;i 
-a. 111 k1111 ·c 
,t 
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(a) (b) 

•I (100) 

(c) 

figure 9.23 Complementruy ~10 (C~10S) in rter. (a) Circuit diagram. (b) Circuit layout. 
(c) Cro<S st.-ction alon, dotted A-A' line of (b). 

witJ1 tJ1, thre bold voltage VT I s than zero for the Pl\1O d vic-e and VT. greater tban 
zero for the N •IQ d vice (typicall}' the thre hold voltage is about l/4 V Q0 ). W11en the 
input ,·olta e (V,) is at ground or at small po itive values, tl1e PMO device is turned on 
(tl1e gate-to-grouud potential of P 10 is -Vno, which i more negative than VT), and 
the N~ IO device is off. Henc , the output voltag (V0 ) is very doe to V00 (16gic I). 
When the input is at V0 n, tl1e PMO (wit11 \ = 0) is turned off. and th 1MOS i tumed 
on (V, = \/00 > VT)- Therefor v. equals zero (logic 0). 

The C 10 inverter has a unique feature: In ither logic tntc. on device in the 
serie pnth from V00 to ground i nonconductive. Tb curr nt tl1:1t I] " · in eit11er steady 
state is a smalJ leakag curr nt, and only when both devices ar on dL riugswitchingdoes 
a . iglliflcaJlt current flow through th CMOS im rter. Thus, the (l,; rage power dissipa­
tion i smalJ, on 01 ord r of nanowatts. As the number of component.!> per chip increases, 
power dissipation becomes a major ~miting factor. Low powe r con umption is the most 
attrdctive feature or the C 10 circuit. 

Figure 9.23b show a layout of the CMO inverter, and Figure 9.23c hows tl1e device 
cro ection alon tl1e -,A' lin . lo the proc ing, a p tub (al o call d :i JJ well) is first 
implanted and uh equentl) dri\'et\ into the t1 sub tmle. The p-type dopant co11centm• 
tion mu t be high enough too,· rcompen ate the background doping of the II substrate. 
The ubscqu nt pl'OCI/S e for tl1 n-chaon I ~10 'FET in the p tub are identical to those 
d ••cribed previou ly. For th p-ch:umel MO FET, 11B· or "(BF2)' ion are implanted 
into tl1e n sub~rat to fonn th source and drain r gions. chann I implant of7$As• ions 
ma • be us d to adju l tlrc th.r ·shold ,oltage. and an 11 · chnnstop is form d 11ndem ath 
th • fl Id o:c:id ~ around th p-chann I device. Because of th I' tub and the additional leps 

9.3 MOSFET Technology 205 

nccdi;;d to mnk the 11· lnuui I MO FET, the numucr of ' t t k C'IOS . . 
· · II l bl 1 ~ ps O mt1 a " <-1rcmt 
1· e sent.a )' c ou lint to mak, an NMOS circuit . Thus 111. • .1. ffl 
tJ I • r . , r ~ a ltauc-o X'tw •(!fl 

1c comp · I o pr s111g, nd th roduction in pow •r con umption. 
Inst , d of th µ tub just d · crib d. an alt<>m_ te aprn , cl• ·as t I r 1 · b · ' a • o 115<: an n lu > ,onn 1 

Ill ,,.type u ·tmt ' . shown ilJ Pigt1r 9 2411 In o,· case ti h I · b I • 1 · · · , •c n-.. -pe ( op:uit con,-cn-
t.ration must c ug 1 enough to ov rcomp ns te for l11e backgro, ., ·., · r I 

(. } I •nu uopmg o t 1 • µ uh-
st'.1'te 1. :· o > , . In >0th _tJ_ic p-tub and th • 11-tub appro ch, the chnnu l mobilitv 
will~ dcgmded b ~e mobility IS d t nnined by the total dopant cone ·ntration ci, 
1- N 0 ). An ,1pproach using two pa.rated tubs implanted into a light! , d0 ,,_,.,.i h. , , . 
1 · F· 9 24/ '['1 · ) r-u SU Strat IS s1ownm •1gur , . ). nsstructur•i c,•aJlcda 1wi11tub 1 Bcca,, · no · · d d · • . · overco111pe1 a-

lion is nee in_ eit11 r of th t,,~n tub , higher channel mohilil can be obtained. 
. AII_C

1
1vdlO ·t1:c1_rcuits_l~:1,b, . th1 potential for a troubl some probl rn calle<l lalcllllp that 

1 as~m e "1 1 pnrns1tic 1po ar tran istors. Th e p, rasitic d •vice, cons· t of the n-p-fl 
transistor fonned ~y th Nl\,1OS source/drain regions, I' tub. and tH)-pe substrate. :IS well 

the /J-n-p trnn istor formed by the PMOS source/drain r gioris. 11 -type substr:ite. and 
f) tub. nd r nppropriat~ conditio'.1 . the c.~~ector or the p-11-11 de,ic, suppli b:ise cur• 
rent to tb 11-p-11_, and ,~ce ." rsa 111 a positive feedback arrangem •nt. This latch up cur­
rent can have senou negatwe r percussion in a CMO circuit. 

An_ e rr: ~tive proce si~g t~chnique t~ eliuunate t11e latchup prob! n1 is to l deep­
tr uch isolatio1~ '. as shown_ m F1gu~~ 9.24c. 1 h'. t11is t~lmiqu . a trench \\itb ad ptb ct per 
than ~•e w II is form d Ill the ilicou by a111sotrop1c reacti\ e sputt r etching. An oxide 
layer 1s thermally grown on the bottom and walJs of the trench. which is t11en refilled b,· 
d posited polysilicon or si lk-on dioxide. Thii t chniqu cao eliminate latcbup bcc:1u · 
the n-<:hannel and 71-chann I cl vie s ar ph ically isolated b)' the refilled trench. Th 
detailed steps for trench isolation and some related CMOS procc , re cliscusscd nex-t. 

p-chonnt'I 
,....--'----, 

p-rul,;1mt · 

V•Cpil, • 

n·• ubstrJ.tc 

(bl 

(c) 

p' 

Al 

Figure 9.24 Various ;v1O _tructun' , . (a) 11 tub. (/,l Twin tub 1 (,,) ~dlllt.-d trc11d, 11 
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Wdl F nn:,tion Tc bnolo '.. I II ~ i:,.,~n ",II, or t1 r trogmd w 11. Th, twin. 
T11t· \\t'll of u .~I. _c:ait he __ 1 d:~~h ~• .. ·,;or xnmplc, it nc ds high•t mp rature pro-
" ·ll p , ~-~hib1~ ,oine <lisu u·" . t. (Iona . r than Ii ors) to ·hi vc, th 

. I I'"'"'° l .uul ti Ion r . mus11.>n nn ,.. . I I h 
ce·sm (, ,o, """ r th'- >r ~ th dopmg con ntml on i. li8J tat 
rt.-quircd" U tli:ptl1 of 2 to 3 µin. i~cnlt ~vilh d ptlt. 
tlu: ~urfdet: a11tl d re, c 111 not 111 d tirn ltigh nerg)' implanl.11ion · us d (i.e 

d ti ruc-ess t:<-mpei:ntur nn · · __,. ) ·• 
To n· u . ie P · · ·red de th inst ;,d of dilTuJon from the surmc . Ince the 

impl.lnting th ,on 10 tlw de_ 1 1 Pt . 1 enc=· we ~n deJgn thew II depth wiUi dif. 
l . d lin d b) th ,mp ,1nta ,o, '""' I ,. 

dept i " tt•nl Tl (i1 f the well in thi. , .m 1av pea~ at acer-
~ reul i1npla11tation cm: ',b 1 proTI ~s ..• lied retrograde u;c/1. figure 9.25 shows a 

. d h . th. ·Jiron ,u slrotc. u ~ c-"" . _, ti 
tllJO epl m " · '. : rofil in the trogmde well nncl tJ1e conv ntion.u 1erm:ill)' 

111paru n oflh<' 1111punt ~ tJ d l)""' retrograde w Us is around 700 k V and 
11 '· Tl 1 ' """' ,or ,c n• an ,,. ,, -

<lifi'ust><I" • · 1 1 e • .., • .1 reviously. th adv-antag of high- nergy impla.i,ta. 
00 k v re n,,r1j\ I, !> m noon= p 1 . di • H 

4 · r-· Ji • · ti ll ncler I w-t mperotur ands ,ort-tirn con lions. ence, 
tion is th.it ii cait onn ~c~O: 1•1 and incr nse the d vi den ity. The r trogmde well 
it (,tn rrout tdh_e_ l te, • cl t1~n o, er the conventiono.1"' 11: (a) B ·iu of high doping 
offers ml' :.,d itioil,u 3 1'1 • 11 fli\l!ti' •1•. lo,,=r tlnn that of the conventional well, and the 

th botto 1 the ,w re · ,, ) 1 ' • 
n M u • . . .. d· (b) th chnnstop can be fonne<l t the nm time as 
I tcl1up prob! 111 U '.' bel ,mtiut~mzcre.d,,ciug i>roce! ing tep and tim ; and (c) higher well 
ti: re•"""'""d we unp nn a 1011. fro U d . th ,e ~-e·- reel tJ ch nc of punchthrou h m I mm to e so~ 
dopmg in tJ1e bottom call uce 1 

C,11\ ,otio,,,!ly 
<lllTuscd p-weU 

O,·pth from ,iliron <urf, (µm . 

Boron 

figure 925 Rrtl'O!(rll(le ,,.well unplante<l impurity conccntr.ition profile. Also shown is a con· 
------• ,l,IT,,,...,) ...ill • 

d\'anced Isolation Technology 
Tltc conv ntioual isolatiun procc ( c lion 9.3.l) h, some dis, dva11tag tlmt m. kc 1t 
unsuitabl for dcep-snbmicron (0.25 µ111 fcatur s and sm lier) fobri tion The lugh­
t<.'mpcr::ttur oxidation of silicon and long oxidnti n time result in tl,e cncro hm nt of 
1!1 chanstop Implantation (u uall I rou for , MOS) to th aG-tivt' rPgion ;u1d , use v, 
shiO . TIie. rea of th active region · r duced because of th l(ltcml o. dution. In addi­
tion , Lh n ld-oxid tl1ickn ss in subrni.cron isolation spacinr,-; is ~i •niflc.,ntl)' I titan the 
thidm . of n •Id oxid growu in wider s1xKing . Tr nch I olation t ·chnology can :\void 
tli s probl •rns and has b com· th mainstream t ·chnology for isolation. 

Figur • 9.26 how the proce.~ ·qu nee for fonning d • p (larg r than 3 µm ) but 
narrow (lcs than 2 µm ) tr 11cl1 isolation tnicture. Thcr ar • four lep : patlemin tl1e 
area; tr nch tching and oxide growth; refll(jng with die! c{ric ffi(lterials. uch as o:rid 
or undoped polysilicon: and plan ri'l.'\tion. Th.is d (_)-lt nch · lati u can be u~ in both 
advanced CM and bipolar 1.bices and for th Lr ·nch-type DRAM. Since th , isoln­
tio11 n,, teri.1 is cl posit •<l by CVD, it doe not n e<l a lollg time or a high-I mpemture 
process, and it (jminal' lat ml oxidation and boron ncroachm nt probl ms. 

notl1er xampl I shallow-tr nch (depth I than 1 µm) isolation for 10S, hown 
in Fig1.1re 9.27. After patterning (Fig. 9.27a). th trench. rea i etched (Fi . 9.27b) nd 
th n refiJl d with oxid (Fig. 9.27c). Befor rclllling, a cl1anstop implantation can be per­
forll'I cl. inc the oxid hos overfill d th trench. tl,e oxide on the nitride ho,tld ~ 
r 1110v d. Ch mi<:ul mechanical polishing. which w, discussed in lion .5.4, is u e<l 
to remo,· tJ, oxide on the nitride and to g I a fiat surface (Fig. 9.27d). Because of i 
high resi tance to poli lung. the nitrid act as a top la · r for tJie C IP procc s. After 

SIOi 

l::==s::a.._.k::::=~~ 11~, 
iO_ 

(Ii) 

150nm 

(h) 

400nm 

norp 
tub 

(cl (dJ 

Figure 9.26 Pro<.-c- s 1ucncc for fom1in 'a dc~p. nnrrow-trcn -~ isol, t:◊n ~~~:•n.~~a~Tre1wl1 
m, k patt ming. (b) Tren h tchin, :md o.~dc growth. k) Pol U1ron dqxi-t ◊ 
trench. (d) Plan~riz;allon. --~-----
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(al 
(b ) 

Figurt 9.27 "hallow-tn:nch howtlon for MO ". (a) Patt ming " 'th pholore,.,1 on nitridclo_vdc 
lllnu /,l On ctr;hin>? and cb, , lop l111planlalion. (c) Che,niall' por deposition (CVD) otjde IQ 

n,Jlll !,/) Pldfillr ,urfacr after clwmical [ll~ical polishing. 

thl' poli.hing. the ni tride I · rand tbe oxid la) rcan be remo, xi by H1PO, nd HF, 
re,peoth I)'. This initial plannrimtion step is helpful for tl1e ub qucnt pol ilicon p t­
cemm and pl.mariz.1lion of lhe multi! vel int rcoonection proce es. 

C tc Engin<•eriog Technology 
If" . use:". polysilicon for both PMO and, MO t • the tl1w..hokl, ltage for PMOS 
~ :: -0.5 to - 1.0 V) has to be adju ted b • boron implantation. T11 · make th chaonel 

0ftl1 PMO a buried type, hown in Figur 9. . The buri d-typc P 10 suffers 
ri us bort-channel effects as tl1e d ,ice size hrinks below 0.251,10 The most notice­

able phenom oa for short-ehannel effects, re tl1 VT roll-olT. dmi -induced barrier low­
ering (DI BL). nnd the large I akag curre1lt at th• off tale. that c:,en with tJ1e gate 
,-oltugc at zero. leaka cum:nt fl™ through our<.-e and drain. To ,illt:Viate tlti.s prob. 
lent. on can chun , n · polysilicon top· poly iii con for PM O . Due to th work fonction 
differenc (l.O c\l from 11 • top· polysilicon). on l-:Ut obtain a sutfaet-p-typc chaunel device 
\\ilhout tlu, boron \'1 adjustment implantation. I fence, as the l Im loizy hrinks to 0.25 
µ ,n and I •. dual-gat tructur are required: p· polysilicon gnt for PMO . nd ,1 • polysil­
icon for . I (Fi . 9.28b). A comparison ofVr for the urfa hann I and the buried 
channel is hown in F1gur 9.29. , ot I.hut th VT of tli · ·urfac, cham1cl rolls off more 
lowly in the d p- ubrnicroo regime than in tl1e buried-channel device. This make th.e 
wface-channcl de\-ice with p· pol} ilicon ~uirabl ford ep- ubmicnm cl '"i operation. 

To form th p· pol i!ic.-011 g,.it •, ion implantation of BF: is commonly used. llo"-ever. 
boroo pen trnte ellsil> from the pol iii n through tl1c o:<id into U,e ilioon ubstmte 
, t high t mpemture resulting in a \'T hifi. Th.is penetration is enhan d i11 tlie pres· 
eure of n F atom. Tiwre arc metJ1ocb to reduce thi fT~t : u • of ropicl thennlil anneal­
in to n:du • I.bl' lime at high temperature. and. c-onsec1u otl), tl1 diffusion of boron: 
u e of nltricled oxidr to 1ppr •. · U, • boron pen I ration. sin boron cM 11>' comblne 
with nitmg n .t.11d be<:ome le mobile: and th making of a mu!tilay r of pol} iUcon to 
Imp the boron ,llom • t th int r:face of tit two fa) rs. 

ll<1rv11 11nri..n1 
bul'l,-d tkm,.,J 

JJ•MO 
urfuw cl,ann I 

M 

(b) 

Ll;;!Jyd"f"'\) 
clruin "fU :tun• 

ILODJ 

n-MO· 
<IJ(f...,, dum,,-1 

,,.~(0 
<IIIUCI, ch.mnd 

L.OCO 

Figure 9.28 (a) A coo,~ntional Ion •-cl1anncl MO tn1cture "ith ,iugl pol) ili<:on ~ •h• ln 'l. 
(b ) J .. :,nc '(.l MO structu " i th dual pol) iliwn g;,te, . 

--0 2 

0 

f .. 
~ 02 

0.4 

0, . 

0 

ur! clwmd 
(p' 1l<>i)-s,hcoo g t •) 

/. ---········--­-.-

Buru:dclu111n I 
ln'poh 1l1enn g;it<·l 

U.5 
f.tµ ,n 

10 

Figure 9.29 111t· \I roll,olT fo r .i hurl ,d-type cl 1111d w,d for surfac •·l)l''' ch.um ·I 111• \' , 
drop , ry qui kly : s tlie channel lcn~h lx.-c.-omt l ·s th.in 11.5 µ, n 
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..., ,, J I ,, . 1 ,ni mprcx.-c ~or ,:;hip (l't>ntinm -l) thnt I, s .u\ flrl'a of about 
rl~)r~.,. ~It• - · · 1·· • 1 · d · o 

d l.,,~.--1 ,iiilli 11 ~ 111nn11enl! 111is lcup1 ,nm .1tc us111g .l '.µm 
~ 1u111 un <.-on ,w~ - '""" l".... • . • 

~• : 1,•cbno~• "ilh .1 siI-lt:, •I aluminum m,·t.\lhzn.t1on. 

Di ,1'10 Ii; · IX'<·n wid I , t~-<I I • 
it, RAM 'il'('u1h. l lh<• pr,·"'llt Lim ~11 ~i" 11>;d~plci~altioi11~- 11

11 th:•.~arl ' d11 . it \hl\ 11 ,-<l 
I r . • ., ~ llln ~ • 1,1 ucN, UC'C ., full}' dt'\'d• 

Opl'< ,or lr,111'ie.'et\ l'r, ao1r,lllit-r, .ind ·ilbtor • nnli " · · I . 
' ·1 r I . ....... luOns Ill \\11'(• I (:On11u1m1 al <Ill ['(JIiin. 

lll<"lll. " o,t o t w 81 MO pr()C(' ,cs an• b cd ti , ' 10 • .-
1111 I h dd' . ' Oil le " proc:' ~ \\1th M>lll,· 111(1<. 1 at on ·. uc :L~ a mg ma~ks for h1polar tmnsistor fi b · 1· TI r 11' • 

I (f . 930) · r I ' I . ,l n 1011. 11· ,, °''~"&" Ill• p , 1g, • - is ,or a 11g 1-p<.·rfom1011c • BiC lllOS p~· b •·-·' ti · I · 
¥v• I • ••~ d><.'U<IO J•(WiJM~ •ICM pl"" •s~. 

111 initial niat riu l. ha µ-tvn.. ,ilit'On ~11bs1:ra1 .. •\ii 11 • ht n",d I • ti r •.. 1 ,d . ·; .. - , . '' ' 1 ~ ll}'l'r I\ lC,11 ,orm,:u 
tor 11 . coll :<:tor ~ -51.SIMc •. Th L,m ,d p la) r i> ~ rm >d hy ion uuplantutlon to in r.., • 
th<' doping le- I to pn:qmt p1.1,1chtl1rougl, A lialttl>· dc,""d n p' I · I . • ,., ,.. • , a\ r 15 gTO\~n on I 1c 
"~.uer. a1~d a h~,n-\\ LI proctM for tl1e C 10 ii. ~rfonned. To achie\ •• high p<·rfonn me. 
for tl, , bipolar Iran htor, fo11r additional 111,15ks :ir need~·• n1 .. ) •• • tlin b · I • 

'-"\l \.,; ...... ,. un •< n ,na.s 
the ~'OIi clor deep''.' mr~k. ~ ha e /J 111,1Sk,, nd tlw poly •mittt:r mask. Ju Olh ·r pro­

mg st ·_ps._ the 71 r _g,on lor bas conh1c·l <.'aO bc fonn •d \11tl, th p· impl.int in th 
sourt-c/dnun 1mpl. ntation of the P 10 . and the 11· cmitt •r 111 ht, fonncd wit! ll 

urce/clmin :mpku\lntion oftlte , MO . Tit additiomll mnsks, nd longer p mg1li,~e 
con1p~rcd w1tl1 a l:indard C 10 . re tl1 mnin drmvback,. of BICMO . 111 • additiou.J 
co I hould be ju tillcd by the 11hm1c d perfonnanc.-e. 

I ' 

(b) 

Figure 9.31 (a) l,.10 logic gnt •. (b) Ilipol.tr MO (Bi l,.10 ) IOj!ic 1,ratc. 

11p11 bipoLr 
polys11icon ~m,tw, 

Figure 9.32 Opwn~ Bi l,.·IO. dt it· ,1nictun.• K '} f,•.ilur ,nclud • wlf-alii:ned µ .u-H.111 
liun !fl lay r.- for improvt.od p-•~klng d,:m,t}, $ ))Jr.ltd_· uptunii ,d 11 .lnJ p "di (h1in-m·ll 

MO ) fomit-J in :in ,-pih1:d.J la) •r with intnn,,c I lgnmnd dopi111! .. ,id poh ~~t 111 nuttrr 
for iinprowd hipnlnr p<:rfommnc ·. 11 
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9.4 MESFET TECHNOLOGY 
d . 11. "r<-enule .,roet,"ing tt hmqu1.·,. ,n :onj,mclton "itl1 IIL'w fohri a-

, ul 111 ,.1w11111 ~ ,. . I f " ·t· I' . 1· ·Ii~ lt •l\l" 11.,,cl,• I s,ihle tlit> drv_11 opnwnt o st won- i~ • 11. ti II lll( ('ll'CW( ,lppro.l( ' \ . • ' , 

I •d 1 • t ~-J ,,iuln<n tllinn1 ,1rse11id,· h thrc • 111lwre11t udv.wtag • · mparetl 
111111 .<N'lll t> •~ ··8· '" • · r 

h ., I I ·I ·Iron 111 bilih which re ult. in lower s ne · r,•. ~ln•~ · ,or a criv ·n 
\\ 11 ,Ul('()ll; ll!( I r < • • ·cJ . J . o· 
J . ··- I . 11 ·r drin \ ·I ty at ,1 i;wn el<.'Ctri Oeld. \ lu 11111pro, • \l sp<:t'<i; 

l'\l ,om Ul, Ill( l . · 1 I . . I d Ii 1 
d ., ihilit, io ~ madt n,iitl~11l11l111g. whi h cru.1 prom ", attire-ro,1tc I c ctric-

·'" Ult.' • I I J d" d t in ulit<'d uh tr. te. flow,,,. •r. !(illlimn nrs •1tid · ,iso I, · ! ue . 1sn rnn age : a very sltort 
nlinorih-<.unwr l.ifetimr· I.ick ofil ,tobl •. pa, ,i,.1t111 • n:iti,· • oxide: ,~1d ~I) t,J ~ ·fi•cts lh;t 

· - • fm•.,,11·t,,clu ltigher tb·rn in Uicon. The short m111onty-camcr lifolim ~- nu1.nv omt"n "~ " L ~ . 

d ti e Lick of high-qu,tlit, in ufating rJms ha, pre, nted tl.i development of bipol r 
~ 11 

1 
1 und delJ, -<l \10 tt.-clioulogy u. ine:gallium :m ·nidc. Thus, the empl,asis of gal­

ltum «r-t·ttide I It •lmolo~ is in tht· }-1.E FET area, in wltid, our main concen15 ru-e 
tilt' maJOrit\ carrier,: tr.import and the m ta!- emiconductor conta<.'t.. . 

typical r. bri(<ltion ~ '(Jllt'O It for .1 lugJ1-perfo~11, 11 •_}. I £ :E_T C, . hown Ill Figur 
9. \ L"er of ·.,., i~ epit. xi,illy grown uo ,1 mun. 111 ting C, ~ sub_ tn,tc._ followed 
"' '.Ill n ' rot1tJci la, r (.Fig. 9.33n). \ IIU: I etcl, ·t pis perfon11ed for I . latiOn (F,g. 9.33b), 
;i;,ii. m •t.il 1,1} r is,..,. pomt d for th • ource and dr.un ltn1ic contac'i: (Fig. _9.33c). A 
ch.um..! rt • ...trb I followed b) n gat' r • · et h ond Ott! ,,por:ition (F1 •. 9.33d 
.i.nd ,· , t'T a bnorr process that remov the photo · is1 , sJ10\\.1l in Figure 9.3:le, tb 
~fE 'FET i; C 111pl1•ted (Fi . 9.3:Jj}. 

The ,1• cont:1t1 L,yer re<lu the . ourct' ~nd dr.tin ohmic cont:1 tr sistan 
th,t t}1 1:at • ,.s o!Ts •t h)\\~trd ll1e ource to minimiz l11c , ource re.istru1ce. The pitax. 
i.ll J.1~ r · thicl. nough to minimize the !Teet of urface d pl tion on th source and 
dnw; re<istnnce. The , t electrod hru ma.ximnl cross• · ~oruJ ar a with a mirtimal foot­
pnnt. "luch pro,id low .,te resi.~rul and minimal gate I ngth. In addition, th length 
1L,_., is de.igned to be gre. ter tJ1an tJ,c d pl tion width at gate-dr.iin breakdown. 

\ represent, 11,·e f: brication sequen for a ME FET integratl'<l circuit i ho\\1\ in 
Fie:ur 9.3-l •· rn thi proce. , n • sourc.-e and drain region are elf-ali~ d to th gate of 
:ich ~IE FET. relati, ly light hannel irnplant is u· d for the enhaucem nt-mode 
,itchin" cbi . and a he, ,<ier i111plant i used for th d pl tion-mod load d , ·ce. A 

gut rece is 11 ually not used for such digital IC fabrication bccau~e tl1e unifonnity of 
each dt:plh is difficult to control. leadin to unac.-ceptabk- variation in the tlir hold ,-oh­

. Thi, procesl quence can • l~ be USt.>d for a monolithic miNmt OU' inte rated cir­
n.nt 1~l~IIC). Note that gallium ar nide l\IE FET proc,s ing t chr•ol · · similar to 
tlic ~ili,-011-b.lSed 1-10 FET prcx-essing technology. 

C.tllium arsemd . I . witJ1 compl xiii , up to the larg -seal inlei,!mtion I ,-cl (- 10.000 
componen per chip) lm~e been fabricated 8 us of the lughcr drift ,. locil)· (-20% 
h.igher tlum ilicon). allium rs nid • J haw' a 20% high r peed t}1.ut ilioon !Cs tl1:1t 
11. the<amed · ign ml . Ho" ·,er. uh,t, ntial 1111prov m nt in CT), talqu:11il) andpro­
ce. i11g tl'd1nol~ , rt- need,,(! hefor alliurn ars nid n sc:•riouslv chall ng ll1e pre-
eminent po ·oon of silicon in J appUcations. 

9.5 MEMS TECHNOLOGY 

Tht•l't' h.ll bt>t>n r.1p1d1} grm,ing int r tin m1rmrlt'l"tro111n·Jwnical y fems ( 1EM ') siJ1(e 

thP lat!' 19 . wh n ,1 spinnine rrucromotor made from polysiliron ,,.., fabricated on. 
,iii lll dup. 1' TI1 • 111.u1ufrK1ur of ilicon ME~I . adopted man ofth high!) d loped 
It hnologi • of 1lioon 1nlt-1trJtt:d circuJ Thi • pproach h.,. •n,,bhl :-.tEM products to 

Cfllrud..J K"'"1b 
o Ji-. · 1.i),·n 

Mc ctd, 
for l l bOn 

Ohnucoonlllct 
("\-aporati<m 

Channel nW<S 
t1ch 

Cal~roc::,ess 
etch and g~t .. 
1..·vaporulio11 

Cootpl<•lt'<l 
Mt::sFET 
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figure 9.33 Fabric;,lion sequ n of., Ga. M · ' FET." 

be produc d at low co~t by using batch fabric, tion. JU t a for IC . In addition to ti, I 
fabrication pr , , omc peci.iliz d t x hniqu ha,· been de, <'lo1x-d for !\!EM . Thi 
eel.ion co1"id rs tltree sr inlized etclting t hniqu : bulk microu1a ui1tin1t. surf. • uucro­

machinin . 11nd Lhe LIC/\ proc<' ,. 
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Photoreshl 

Olurucc.>nflleb (di 

Fir..1-1,._ I 
lot •rt<>nocct< 

(c) 

Cunt.'lci ,,.., (I) 

llPdAu 

('<X>lid•l<--d 
inlt"l'CUfln 

Figure 9.34 Fabri<.·.u,on pro(; FET direct-coupled FET logic (DCFL) with active 
loads otc that then· •ou • en<l dl'1li11 r •gion.san: · lr-.lligncd to the I! tc." 

9.5 MEMS Technology ◄ 21,5 

9.5.1 Bulk Micromachining 

In hul~ microm11chinlng, th• tlevil'e ( •.~ .. a scn.~r or an 11ator) is Imped by ctclring., 
larg · mgle-crystul ubstr::itt•. TI, · nt,ns ,,r • [>.lttcm don tl, • hulk subslrak to J ·ftn. 1h • 
isoltttio11 and transduc r fun<:tiom. Oric::11lation-ck:pcnclent w •I cl, ••nical etching kcluuq~ 
iirovidv hi Ii-resolution •tch and light dim •nsional control. orten. a bulk-micromaclrined 
d vi ' u, c two-sid~ proc 'S Ing, crc:Ui11g a sclr-iwlat •d Mructure witl1 one sid f:X})O'l<'<I 
10 the m · urcd vnnublcs. such 3S 111c,ch1111ical or ch mical ignals. "hil - tl, . otlu,r ~di.' 
i c,nclo ed in a cle~n p:,cka' . Two- id<>d stn,cture .u," r,• robust for opcratiofl m cmi­
ro,1mcnts l,oslil to mlcrocl ctr uic devices. impl • m cl,m,ical devices such , 
diaphnigio pr ssurc sensors. membranes, and canUle-'l:r-bcam pie1,0r ~ tivc acccl ration 

~on- are fabricated c.-01nuu:rc-i:Jly by this technique. Fi<'ure 9.35 illustmtc, a fabrica­
tion proce of a implc silicon· rubber membr:'.lne . .., 

9.52 Surface Micromachining 

9.5.3 

urfoce-microm:ichined dcvi s ar <.'Onstructe<l entirely fr m thin nlm,. There an; ?\'• 

ml di IT. r nee, and trad -om bctwe n stmctur m:i.d,, from bulk and th.in film mat<·ri• 
als. Typical dim nsions for buJk-micromnchine<l s nsors ar in tl,c milll111 t r mn , .. but 
• t1rf. ce-n,icromachin d de,ices arc or micrometer dimensions. urfa.ce micromachinlng 
pcnnil~ th fabrication of trudurally ~'O•tlplex d ,~ces by acking nd pallcming laycn 
or '"building blocks" of th.in lllms, wh re; rnultilay red bulk de,i ar difficult to ron-
trucl. Free- tandlng and mornble parts c-.ui be fabricated u~ina crillcial layers. Figur 

9.36 illust le how sacrificial tcl1in tcchniqu can be used to cretile M lcctro tatic 
micro111otorn~th well-<l ftncd. ubmicron tolernn be!\, n th rotor aocl tl1 cent r hub. •~ 

LIGA Process 

LIGA il a C nnan acronym for /i(/wgraphlc, galoo11ofom1111ig. t1bfon111m". •• It corui I 

of three basic proce..s ing t<>ps: litbogr.iphy, electroplating. ru\d molding. Th LJC pro­
cess is bas don x-ra)' radiation from a S)'ll hrolron. TI, proc-ess can produ microstn,c­
tures with I t r.il dimension in the microm ter range and tmctural heights of , ral 
hundred micromcte~ from a \'Itri ty of materials. Its potential npplication c;o1er micro­
el ctroni • s n ors, ntil'rOOptics. nlicromechani . and bioteclinolo . 

ilic.-ont· 
n1bbt:r 

(,;) (b) 

(cl (d) 

figure 9.35 Fnhric. lion procc -, of impl • ~1hro11c n,bbt;r m mhr.~"·_lul, itnd,· <lc.•~I'.'°'\ ..,tJ 
putleniing. (bl KOi r et hing. kl ' ilic,111c rubber spin · 1111~- (d) N1tnd£- rt'IIICJ\'ru on back do-
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P ucm,-d l I polysilicon 111> ·r 7 
E p h tcd rubstnl!c 

Pnucmed 3nl poly<ilicon lny<•r 

Oimpl, p•U~n•cd on PSC 

'\ 

And"'"' I Itemed o11 1<1 PSC la)" r 

/ 

PattcmNI 2nd Poly,ilicon layer 

(n) 

(b) 

Figure 9.36 (11) acrifldal proccs fl°'~_ for an ck>etrostntic rnicromotor. il 

glas$. (b ) Pl,otogr:iph of a micronlolor. · 
c. phosphosilic.ue 
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An cxa111ple of th LICA process is s1,own In Fi ur 9.37. An x-my r ist, TMgi111? 

from 300 µm to more than 500 µm iu thickness. i< d pos-Hed on a sulxtmt • Witl, an •lec­

trically conductive surface. Lithographic p~ltcmingis done with ext nded ,xposuri, from 

highly collirn, ted ~-ray radiation through aux-my mask, as shown Figure 9.370. A Oower­

sh. pe<l trench stnicture is fomed in tlr thick resist after elev ·loper treatment (Pia 9.37b). 

Conductive: ubs1ratc 

(a) 

Electroplntcd 
mctul 

(c) 

Figure 9.37 'n)e LICA pnn· H• 

X·l'll)'fTIMk 
wuhft1w114: 
goldp..111:m 

(bl 

c.,,. plate for lnjt 'on moldmit 

~ -------. 

(d ) 

cron/11111 ,II 
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(<-) (0 (g) 

Figute 9.37 1ro11111111t·d) 

~h-t.tl 1, tJ,~·n dl"t.1ropl, lc·d on tl1 e~'!)Osec:I ooltom condu til·• ·urface, filling the trrnch 
• uidc"O,P11J1jt tbl' top surfa • of the re i. t {Fig. 9.37c). The mN,il ~in1cti.1ru i fonncd 

. ill r relllff\1J1g tht> · t (fig. 9.37r/). This ~truclmc ,UI be u cd repeatedl · as a mold 
,u..~·n for fn · :IIOn moltlin to fum1 multipl • pl, ti repli or tJu.• ori_ginal pl.lt:ing base 
(Fi • .. i,· . Th , pliw1, b,L-;e replicas. io l\lm, can Ix- us d to d tropl,11 man · inetnl 
structures as tl1 final proclu ~. . hown in Figure 9.37/ and g. 

n~ distiot:l ,idv.uit. ge of tJw LJ 1\ pl'OC('-.s is tJ, ability I re.it three-dimensionn) 
tructuw, ... ~ thi k ; bulk-rnicromachin d dc,i s. while r>taining th me degree of 

d.-tj~ fle'<ibil.it) . urfoce 11licro111;1chining. Ho" v r, 111 • iilitinl ~ 'llC:hrolron rndi tion 
proce i.s a ,·el)' c'0511)' skp. nnd the mold cparotion tep. ma • result in dcgrndalion of 
tl1e oni;n.11 mold ins rt. 

9.6 PROCESS SIMULATION 
RE~I can be \lrem h us ful for th.. imulntion of a L'Om IC fi cabon 
1?110.· • ~ ,1n e:wn1pl .1'' ~nsirlPr. s.imululion of the ; ~1 0 · pol n gat 
ribt.·d in . t-ction 9.3.l Th t·ro · ection of ll1 · d ,,ice to Ix· , ted \, 10\\11 

initialh in Fi run 9.l ir and l repc·, tt-d here in Fi rure 9. . Thre ', r •i f the 
d('\.iet' , denoted h, cut line ,1-,1 ~ B-8~ a111.l C-C: are simulated. Tht.>w l11re ula-
tio1 rcpre •111 il,;_. c nter of ll1 • d ·,icl·. tl1 · 111•tt/dmin r -~011 , ,ind th• field r gion. 
r <p('<'thd~ 

TI1 I ructuw · unulnted mi, f'R E:\I i11p11t cl ck.. Th fhst deck 
,im11lute proc-c~ •in" m tJw ;«:tiv' , up to Ute point al which tJ,c pro-
c "' equrnt'(' dn ew• for tit \lie ·glon. . h,· ,,-cond and third decb 
,tart will, tlie ff' ult frorn ll,e n I ·t ptOl' -~,iug for the gat 'nd 
, w11 re~ons, r q:>e tin•I) by u,111g th,· SAVE FILE stalein nt 
.1 oftlw fi~r deck I<> ,ave t 1b equentl) u~mg the a\ !Cl troc-
turt· in 1'11• IN ut., 1 l11ird de ks. Th • fourth tfock i< . im-
1l.ir to t11 flr,t. mul. 11( in U1 fleld r1.>gion . Tiu: fifth d ~k 
cumpl k~ f, I ng. 

TI1, rompl u 1we is ai. follow. : 

U Procen S1rnuf111o11 ◄ 21 
C 

,,· ,,· 

C' 

Figure 9.38 
PREM amub11on. 

L B gin with a high-re ~ ti-i"-• < lO<h p-l>.,,,. .1. I 
'J r - , I l(.'On SIi tmto,:. 

2, Crow a 400- iOz 1>ad lay r. 

3. D '!JO it an 00- ilicon nitride layer on top or th pad o~iJ . 

lrip th ,1ilridc- from :1reas ouL~id • oftJ1e acth, r gion 
5. Implant boron into tJ1 r, Id r gi ns. 
6· Oxidize th Geld regions for 3 hour., at 1000• in \\ 1 0 . 
7. Etch down to tJ,e ilicon in U, , ,ICti\' region . 

8. fin plant boron to et the tlir . hold \'Oita e of tl, MO F'ET . 
9. Crow a 400- gat oxid -·. 

10. Depo it 0.5 µm of pol} •ilicon. 

ll. Dope th pol} jJicon "~th pho~phorus II ing POCI,. 

12. Etch th pol ilicon in lh , re outside tJ1, ate r gion. 

13. hnplant rs tti c: to form tl1e Olir iliain r ,gions. 

14. Ori,·• in th source/drain As implant for JO minut at J000°C in drv o . 
15. Open contn<.1 hol sin th gate.. ource, and dmin region . • 

l6. D posit pho phom -doped iO2 (P-gl· ) over the wafer urfac . 
17. Re flow th > P-glass :it 1000° for 30 mi nut . 

l , Reopen th cont:ict ho] ·, and depo it aluminum. 

. Plot of tJ~e doptn; pro~} in t11 gnte ( -tion -A'}, u dram ( tion B- 81. 

.md fi Id (s ction C-C ) regioru nre . ho\,q1 in Figure 9.39. 9.40,. nd 9.-H, respect:i 1 
TI1r UPREt-1 input listing i,, follows: ) , 

TITLE 
C0'1'tE.NT 
COM.\fENT 
INITIALIZE 
COM'IENT 
OIFFUSIO 
COMMENT 
DEPOSITION 
C0.'t'1ENT 
DIFFUSION 
CO'-IMENT 
ETCH 
ETCH 

NIOS Polysilicon Gate-~ck 1 
Active device region initial processing 
initialize silicon substrate 
<100> Silicon Soron Concentration-lelS 
Grow 400A pad oxide 
Ti e- 40 Te perature-1000 Dry02 
Deposit 800A CVD nitride 
Nitride Thickness-8.08 
Grow field oxide 
Time-180 T perature• l000 ll'et02 
Etch to silicon surface 
Oxide a.11 

i tride all 
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ITOi 
(().',NEN'f 

I LANT 
C ,ENT 
DIFFUSION 
C ENT 
DEPOSITION 
C ENT 
DIFFUSION 
PRINT 
PLOT 
SAVEFILE 
STOP 

TITLE 
C ENT 
c~ENT 
I ITIALIZE 
C ENT 
IMPLANT 
((),Y,',jfHf 

DIFFUSION 
COM"1ENT 
ETCH 
C MENT 
DEPOSITION 
C ENT 
ETOI 
COMMENT 
DEPOSITION 
PRINT 
PLOT 
STOP 

TinE 
COWIENT 
C<HIENT 
INITIALIZE 
CO ENT 
ETCH 
ETCH 
CO'-t\lEHT 
I PLANT 
C ENT 
DIFFUSION 
C ENT 
ETCH 
C E T 
DEPOSITION 
C :-IE.NT 
DIFFUSION 

Oxide all 
Implant boron to shift threshold voltage 
Boron Dosc- 4ell Energya50 
Crow gate oxide 
Time•30 Temperature• lOSO Dry02 HC1 %-3 
Deposit polysilicon 
Polysilicon Thickness•O.S Temperature-600 
Dope the polysilicon usi ng POCH 
Time•25 Temperature- 1000 Phosphorus solidsol 
Layers 
Ch ical Boron Phosphor Net 
Structur Filenameanmosactiveinit.str 
End Deck l 

N>IOS Polysilicon Gate-Deck 2 
Gate region 
Initialize silicon substrate 
Structur•nmosactiveinit.str 
Implant arsenic for source/drain regions 
Arsenic Dose•SelS Energy-150 
Drive-in arsenic and re-oxi dize source/d rain regions 
Ti e-30 Temperature• l000 Dry02 
Etch contact holes to gate, source, and drain regions 
Oxi de 
Deposit phosphorus-doped Si02 using CVO 
OXi de Thi ckness•0.7S C.phosphor•le21 
Reopen contact holes 
Oxide 
Deposit Aluminum 
Aluminum Thickness•l.2 
Layers 
Chemical Boron Arsenic Phosphor Net 
End Deck 2 

~S Polysilicon Gate-Deck 3 
Source/drain regions 
Initialize silicon substrate 
Structur• n1110sactivei nit.str 
Etch polysilicon and oxide over source/drain regi ons 
Po 1 ysi 1i con 
Oxide 
Implant arsenic for source/drain regions 
Arsenic Oose-Sel 5 Ene rgy•l50 
Drive-in arsenic and re-oxidize source/ drai n regions 
Ti e•30 Temperature-1000 Dry02 
Etch contact holes t o gate, source, and drain regi ons 
Oxide 
Deposit phosphorus-doped SiD2 using CVO 
Oxide Thickness-0.75 C.phosphor•le21 
Reflow glass to sr:10oth surface and dope contact holes 
Time•30 T perature-1000 

COl MENT 
ETCH 
CO, ENT 
DEPOSITION 
PRINT 
PLOT 
STOP 

TITLE 
CO".'IENT 
COi MENT 
INITIALIZE 
CO~:.lENT 
DIFFUSION 
CQM',IENT 
IMPLANT 
CO,;MENT 
DIFFUSION 
COl ENT 
IMPLANT 
C ENT 
DI FFUSION 
COMMENT 
DEPOSITION 
(O\t',IENT 
DIFFUSION 
PRINT 
PLOT 
SAVEFILE 
STOP 

TITLE 
COM.'IENT 
COi . ENT 
I ITIALlZE 
C ENT 
ETCH 
ETCH 
C MENT 
IMPLANT 
COMMENT 
DIFFUSION 
CO: MENT 
DEPOSmON 
CO: '1ENT 
DIFFUSION 
Cc»•IENT 
DEPOSITION 
PRINT 
PLOT 
STOP 

9.6 Process SfmulaliOn ◄ 2.21 

Reopen contact holes 
Oxide 
Deposi t Alu!!11nu 111 

Alu!!li nv111 Thickncss• l.2 
Layers 
Chemical Boron Arsenic Phosphor Net 
End Deck 3 

NMOS Polysilicon Gate-Deck 4 

Is~l~ti~n region initial processi ng 
In1t1al1ze sil icon substrate 
<lOB> Silicon Boron Concentration• lelS 
Grow 400A pad oxide 
Time•40 Temperature•l000 Dry02 
Implant boron to i ncrease field doping 
Boron Oose• lel3 Energy•l50 
Grow field oxide 
Time-160 Temperature-1000 Wet02 
Implant boron to shift threshold voltage 
Boron Doseoo4ell Energy• 50 
Grow gate oxide 
Time- 30 Temperature- 10S0 Dry02 HC1"°'3 
Deposit polysilicon 
Polysilicon Thickness•0.S Temperature-600 
Dope the polysilicon using POC13 
Time- 25 Temperatu re- 1000 Phosphorus solidsol 
Layers 
Chemical Boron Phosphor Net 
Structur Filename•nmosfieldinit.str 
End Deck 4 

NMOS Polysilicon Gate-Deck S 
Isolation region final processing 
Initialize silicon substrate 
Structur• n1110sfieldinit.str 
Etch polysilicon and oxide over source/drain regions 
Polysilicon 
Oxide Thickness-0 .07 
Implant arsenic for source/drain regions 
Arsenic Oose• Sel5 Energy•l50 
Drive-in arsenic and re-oxidize source/drain regions 
Time- 30 Temperature-1000 Dry02 
Deposit phosphorus-doped Si02 using CVO 
Oxide Thickness-0.75 C.phosphorwle21 
Reflov, glass to smooth surface and dope contact holes 
Time•30 Temperature-1000 
Deposit Aluminum 
Alumi num Thickness• l.2 
Layers 
Chemical Boron Arsenic Phosphor Net 
End Deck 5 
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Figure 9.41 Plot of the doping prollle in tJ1c fleld region. 

► 9.7 SUMMARY 

This chapter considered processing teclrnologie for passive component . acti,·e dc,ices. 
I , and lv!E I'S. Three m,tjor lC technologies based on the bipolar transiStor, the ~IOS­
FET, and lh IESFET were discussed ind tail. It appears tl1at th MOSFET will be 
the dominant technology at least until 2014 b cnu · of its superior performance com­
pared \\~th th bipolar tmn -istor. For 100-nm CMOS technology. a good candidate· the 
combination of nn S01 sub trat with interconnection usiog Cu and low-k mate1i:\ls. 

MEMS is still an emerging field. MEI\IS has adopted the lithographic and etcrun 
t chnologies from lC fabrication . pecialized etcl1ing technique ha,·e also been devel­
oped for 1'.·IEMS: bulk micromachining using 011 orientation-dependent etching process, 
surface micromachi1'tina using sacfific.11 farers. and the LIGA process usina x-ra • lithog­
raphy ,~th highly collimated radiation. 
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PROBLEMS 
, \ ini.,h d,-,w/r• r/,fftcu lt rirc,l,lir111.! 

.ECTION 9.l: P. 'IVE COM:PON 

l. For a ~h ·t Tl">i.- ace of I kn/Q, find tho: 1111<,i 11111111 re L,tt1ncc tloat ,u l.1t• fabricated on~ 
2.5 x .2 • 11in1 cl1ip 11<ing 2--µm line with a 4-µm pitch (i.o:., di lltnet· lx•l\'<'<·n 1h,· ccnlcrs 
of lhc p.mJld li11cs). 

2. D ·,igi, " """k so:t for., 5-pF ~t mp.ic.~tor The oxid(.- thicknc · is 30 11111 . " "' ' 1h,1t 
th • minimum window . i7.<' is 2 x 10 µ m and the maximum reg, lrJlion errors nrc 2 µm . 

3. Dr .. w J complt·t•· ,1.,p-by-st p . el or m ks ror the '))Ira.I induC'tor with thrct> tum~ on . 
ubstrul . 

-l. D,• ogn u lll-11 11 ,,;quart ,piral imluctor in "hich the Loi.ti k·ngth of 1h11 int r ~1 11 ne<.1 is 
350 µm: 1hr; ,pa<,ing IM!1" •n tum, Is 2 µm. 

ION 9,2: BIPOLAR TECII 'OLOGY 

• Dr,,w the l.'itt11it di.gram und J ..,ire =~ l'Cli0n of .1 cl,unped tn:m lstor. 

Id ·ntrf) 1h1· pu'P"'l" of the foUm,ing tcp, in lf-al i ml'<I do11bl1·-pol),'>ilicon bipolar slntl·· 
lure (al undopcd pol~'lo1lk'()n m tr>nch In F,gu rc 9.13',. (b) the poly l in Fil(tm· 9.13/J. and 
Cc tlm prily 2 m Fi ,,.,. !l.13r/, 

Problems 22/S 

E . 10, 9.3: MO FE'l'TECl h OLOC\' 

"7. In • M proc., sing. tho llll'liug •TI t ·ri ll! h a p·t °P" IU O-<.·m <100~-ori,·nt l iliron 
w:u,•r. Th,· Si>1n·w nd drruu ar<, funned by ·'™"Lil" implu,ltation nf lO inn n' t 30 V 
ll1ro11gh J g;,t • d · of 2.5 nm (a) Esllnlllll• th• thrc,hold , olta ., ct. ng,, 1,r th · tk.'\/Klc. 
(b) Dmw th · (loping prt'.J'\I • ,tlong " <.'OOrtlin t • pc:rp,:ndkular lo llw "111:,c ru1d P,'l.~slni: 
through lh · chunncl ~ ioon or th,· :1<1u.rc • r •gion, 

(a) Why i <LOO> mi ·ntalion p refe rre<l in , M fabric.ition'> (h) Wh,11 un: th cb~ , .111-
tug _ir tno thin ~ n Id oxide i used ir, l MO d('vi ,,? (c) Whal probl Ill' 1rlf a 
poly;.,lkv n gal is u.~ for ,l(utc I ·nglhs I · 1h:m a µm ? an anoth,·r m tcri<1l be sub,11-
tuted fi r pol) ' liw n? {dl I low I ,1 sclf-:Jigucd gate oblllined, and "h•t an:· IL> :id,-anta 1 '!I 

(11) Wh t p11rposc d P-ghm s •rv11? 

"9. For a flo:,1lng-g-11 ' non,.olatile mc1n ry, the lower insulator ha,, u dldcd.rlc constant of 4 
,md i 10 nm thick. The insulutor abo- • the noating gate ha;" diclcctnc consu ut of 10 and 
is 100 ~rn thick. If th · cu rrent density Jin th luwcr insulators is gi.-..,n by J • of:." re 
Os to·· cm. and th current hl the othcrln>'Ulator · negligibly ,11wl, ftn<l th th hold 
vollajtc shllt of the d :vice <;nu$ I by a ,'Oita • of 10 V apJ)licJ to th control gale for (a) 0.25 
)Is. nn<l (b) a sufficiently long lime that J in th I,,., ' r ln'Ulator ~'Om • ncgli)!ilily ,nwl 

O. Draw a compl t st ·p-by- t p ·et f m· ks for the Cl>IO in,.<:rtcr hown in Fi ,re 9.23 
Pay particul, r nltention to th· cross ec:linn ho,,11 in Figure 9.23c for )'Our ,) •• 

' 11. A 0.5-µ, n digital C 1OS ted,nolugy h. 5-µm-wi<l • transistors. Th., minimum \\iri- " ir:!ll, 
· 1 µm, and th m~lollizalion la· r con.tj ts of J-µm -thick aluminum. As<um , th. t II. 1 

400 cm1N-s. d i, 10 non. V .,., i 3,3 v. ,md the threshold ,-olt c is 0.6 \'. Finally, =um • 
that the ma.'dmum vollage drop that can be tolcrrttro is 0.1 V when . I µ,n1 crvss •cti,.m 
aluminum wire is l.-:irryin, Ilic 111aximurn current that can be supplied by the , ~10 Iran• 
istor. I [ow Joni; n \\ire can be allowed? s a imple ~uan:-IJw, long-channel model 10 

predict the MO current drive (resi thity of aluminum · 2.T x 10 Q-cm). 

12. Plot the cross·s 'onal ,; ,.._, of a twin-tub MO structure of the follO\,;n tu ~ of 
procc ,in : (a) 11 -tub h11plan1. (I,) 71-lub implant, {c) lwin-tul, drl,· -in, (dl n ruclectiw p· 
source/drain implant, (e) sclccth'l! 11 • sourt-eldrain implant u~in • ph ton, i las ,n..s .11.d 

(0 P-glass <lcposilion. 

13. Why do w • use a p· pol) ilicon g.itc for PMOS? 

14. Wh:it i tl,e boron pen trntion pmhl in in 71• polpilicon P~IO I lo,,•would )'Oil clin11n.1t • 1t? 

15. To obi in a good intcrfacial propcrt . " b11n: re,,[ I~) ·r i, llStrJll)' J •po. ited bet<•'t'en U1c 
high-k mnlcriru and substrute. -Jculat..- the effero, oude thickn • , if th t. l:d gate 
die! ric truClurtl is (a) a buffered nitnd 0 of 0.5 nm Jnd (b) "Ta,O, of 10 nm. 

16. Dcscoihe th , dis.id,·:,nt;i > s of L.O 0 technology and the adwnlngc, of ha!lO\v-tnmch 
isolation technolOi;)•• 

ECT.CON 9.4: ~1E FET TECH 'OLOCY 

17, What is th • pnrpos of ll1e polyunidc usc-d in Figure 9.34f' 

1 . Wh I i tl te n, · 11 that il is difficult to nink b,po!Jr traosi ton, Jl\d MO FETs i.11 .: ? 

' 19. 

· 20. 

nON 

se. PREl\ l lo ,im1J tc th· bipolarpl'{)Cc des ribcJ in l'ction 9.2.1 . Plot the dopin 
profile along tilt' follo,vin~ ,. rtical cm section ·, ( ) from th top of the ba>c t n~ 
(b) from the lop of the •mittcr l.'Ontacl , :u1d (c:) from the top of th,· llectt>r contact. 

Use UPR~M to simulate the C~IOS proce < <le oibo1<1 by Figun· 9.23. Plot the dopu1i: 
profile a.long the following ,·crti I ms.< ,ecti ns: (sl through 11111 PM S . uiw1urnin 
region). (bl throu •h the P 1OS gat re !ion, (c) through th,· , 10 sm,rc · dr.un 
and {d) lhrou h th , MO. gat • re 
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10 
IC Manufacturing 

\I 111l ,cunne t d •flnt-d a, !lit p b) "W.clt raw materials art' c.-on,· rted mto Gn-
1 1,~I produ t, 1Jlu,tmh.J in .l'igun• LO. l. :l nmnufactunn!( openltion C':ln be viewed 
\?r. Ju JI~ a") tcm \\1th mw 111;1tcri.1I,. ,111d suppli s ning. its inputs and flni.shcd 
t ,nnwm.J produ . senin!,! , output . Jn integmted circuit miu111facturi11~. i11put in. te­
ri.11 rndu • 1111 nductor \\1uers. in,ulator... clop,1111', and n1eta~ . Tl1r outpul< are th 
I ,th m I,, TI1 hp< . ofprocc< tJmt.uiseio I onm111frcturing.whi hli3\ebe a 
th. ~,h- o prn101• chapt •rs m th.is t>xt, include oxidation andd po ition processe·. 
pli I bthoer-apb~. dc:hmg . .inJ dopmg (implant,1tion and/or diffusion\. 

I lo-, " r, bt,foru ll1ll lied I t-an I put to tl1eir int nded u in v,uiou commer-
dal "1< ronic ~ . ll'IDS .md pr1.1duct. ( ud1 as <.'Omputers, cellul,Lr phon .. an di ·taJ cam. 

~er.J otJ1 r • proce ,e, 111IDt take pla . The include electric .u t~ ting and 
p. J...,~ne, Testin i.<; n ·ll)' to )ield high-quality produc . Quality . q 1Jire confor­
man · of all produw to a I of pec1fications :111d the reduction ofanp..: bility in the 
111.1n11f., :tu ring proct'. \l. tintainin)? qu.tlity oft n invoh·e. th m <>f. t !i,tical process 

ntrol. \ d . ·gned (:xpcriinent ii, .u, :ttre,oely useful tool for di · "'ring ke) ,'llriabl.es 
tJ t mflueore q~ charJCt ruti tatistical experimental design is a ).10\'<'rfuJ approoch 
for, t m.1h alh ,amn~ control!, bl process conditi ns and d temunin their impact 
on out11u1 p:mim ters that an ure qunlity. 

,\ k m ·Irie: tl1Jt can be used to e"aluat any manufac:turing pro-:!'$~ s cost. and 
, I directl) irnp.1c:ted b )'lelcl l"ield refers to the proportion of ma.m1I-1ct 11r d prod­
u . that pcrfonn as required b) a l of specification . Yield is in, .-n,d, proportional to 
th t ,ii manu£ cturing cost: Tiu> liiglwr th )i Id. thC> lower the co t. Fmally. oomputer­
intrgmted m.umfat1urin~ ,, aimed at optimizing th cost-elTecti\'ene,;s of clectroni man­
ufllcturin!( b, usin the latest clevelopm •nt.-. in computer hard",.re and software technology 
to enhan expensi1·e manuf, cturin m •tl1och 

1111.> ch«pti,r d ribc:s each of th concepts. pccific,ill ~ it discu. , th fo llow-
111 t pi : 

• Ele<-tn .ii I ting and t' t ,tructun:. 

• El :t oi pacloging proc-e <.e 

• ·1..1tisticaJ P~- ntrol ,md e pcrim •ntal d ·gn in th • context of J 
Ill: nl)fa Uri.JI 

Fi 11r11101 Ul .. ,b.J r.im 

10.1 Electncal Tes11ng 227 

• I , )rtt Id and ,~1nt111< \ irld mod h 

• :0111p11tl'r•i111t.'"rull'd onan11fac.ilni11g ') t rn 

\1t-'\\t•d from a~ t •m<-k-v •I 1wrsp<-cti,u . IC manufocturin~ intn-.ccts with ncarl)· 
,tll ~art, of the production proce,,. induding design. fobricatio,,. intt-gration, w, ·mbly, 
ll• hng, and P• c.·k-i~ng. Th (,nJ result L\ Rn el ·ctroujo > tem thnt m ,,,t all ,pt--cifl .,1 
per~ rmnn •. quaht), co,t. and reliability r <1uin•ment . 

► 10.1 ELECTRICAL TESTING 

Elrctrical me~ urcni n perfonned on le l tructur re. major m x·htimsm for. • 
ing integmt d ci rcuit )icl<l (sec ect ion 10,5), : well , oth ,r indic-: tors of product per­
fonuunc<.• . uch me. suremenl ar • pcrfonn d both during and ttt ti, c.-ouclusion of th,· 
fabrication prOCI:! . ln addition, l ·<.1ricii.l tesUug of th , final product i crnci,il to c.·nsurc 
qualit) , Th •se cone 'PIS ar disc:u cd in 111ore d tail in the following ,ub ~Ion . 

10.1.1 Test Structures 

To e the imp ct of th pres ·nee of defocts 011 semiconductor wafers can~ •d by p-.ir­
ti !cs. contamination, or other sources, specially dr igned t t tructur re used. 11i ,e 
st r11ct11r . also kno",, as process control monitors (P !\Is), incl11de sing} tmnsi tors. in­
gle line of conducting materi,J, •10 capacitors, and int rconncct monitors. Product 
wafers typically contain several PCM distributed aero the urfac . citlwr in die ites 
or in tl1e cribe lin s beh,•ecn di , (see Fig. 10.2).1 

Pr quality can be checked at , rious tag of ,nanufacturing through in-lin 
me:isnrement on PC I structures. Three typi , I inl rconnect t I strnct11re .1re . hown 
ul Fi rur 10.3.1 U ing such te I truclur · . measurements are perfom,ed to · , tl1e 
:, ence of defects, which can be inferred by th pres nC'I.' of short circi1it or opeo cir­
cuits wing . imple r i lance me. ur 111 11t . For mple. the m 'andt:r lruttun· fadl­
it, h•. lhc detection of open dr uit through incr a.sed eud-to-encl resislau · of tl, 

Figure 10.2 Conflgumlion nf product., and PCM. on a lypic'dl wmioonductor "•li·r 1 
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I' 

\bl 

Fi re lo.J· ., , h· 1 1ruttim, ur 1111,·n.'Otlll<'t'l l.i '" 1 (a l \ k,md,•r ,tn11,cur.:. (/, ) Doubt,•. 
IITI , -tun h) { uml 1J1l".U1Jt r•t unl, :i,trudu.n.· 

t•,111 lil,,t•"i'<' he 11-i•d lo detect horts auv 
,nd_,,, ,u c 111hq,iU l\'<.lncdlw 1.stllnc b.;1" 1b 

-111L·,u1d,· h ~trnctu co111bi11 · th capabilitit- o her 
nit, dw d II of both ,!mrts :ind op<: n .. Vuriou t-on ous 

,p.,w 111 tlu-~L· tc t stnictures tillow tbe coll ction or sta 011 

~•riuU~ Ul . 

10.12 Final Tast 

Funroon.J t,· bn, .11 tlw rou1pldion of 111,muf11durin)!; is th rUllll arbiter of proce qunl-
1r, . .uul ~irlcl 'th pu'lJI • of fin u testing is to n. ure tl1at all product perfonn to th 

n .,h rt., for \\ hi h tl1e~ w re d (ijtll '<I. For intcgmted circuit . th,· II.' t process 
ti -~nil J ~-•t ti •.tl on wh •tl1 r ll11: chip l t I · ll logic or m lllOI) d 'i 111 eit:h r 

.1111011,.,t,.-d , t eq111pm nt ( TE) i., u ed t-o applr a measurem nt sumulus to the 
dup und n-('(,rcl tl1 r · ult(. Tl,1> major Functions or tlu,. TE ~ input tlt:m enera-
h n p. lt ·m ,tpplitJh 11. ,md u11tput po1uc d ·I ction. ! 

Dunn • e.;ch functi nal t ,t cycl •.input, c.1or.; are sent throu h t11 cl.lip by th TE 
m tin,..d s,-q1M1 . utput respon · ar r ·ad and compared ,\itl1 e ed resu lts. 
11,i, '<JU ·n · t, n:-pt~tt'<I for t ,1ch input patt 'm. It is oft •1 m · <nr, to perform uch 
Lt Jt ,m u.s ,11ppl) ,olt,g Md opemting I rnperahJ to e1t,uro d1e,ice operation 
.1t ,ill potenti,u rei:hnes The nwnber and s qu ·nee of failur in tl1 • output signnh1r 
m indtcali\ · or m,mufa,111rin1: prOl.'(.-:SS fan II 

T◄ t resul IIM) he" p~ ,d i.11 .1 v.trie~· of wa> _. Two ,ample ate h0\,11 in Figure 
1ll 4 and 10.5. f'i~re 10.-1 ho-, two-duneru ional plot II cl n ~hmoo plot for, h ]>D• 

th •tical bipol.u- product. In hmoo plot. the outlinc,d had,·d r gi n Is when:: th d~'\oice 
lS mt.-ndt'd to opttnit•·. ,1.!11.I tJw hlrmk art',1 outsid repre nl tlre failur · region. llotl1er 
~p,c:,11 · utput i, the c II m.,p hown in Pig:ure JO.~. Cell map, are VC'I)' u ·fol in iden­
tu)int-: ..uu.l isolatm11: de\1c<· failnr~,. pnrtl<'ulnrly in 111 ·,uol) arr.i) .. Jn ,1dditioo. tl1 p. t­
i m een I~ 111 th • ttll rm,p ma oo compil ·d. c.,tul~ cl, . nd lat •r compared with 
•• lib ry of e~i,tin11: d •feet typt• . tl1ereb,· aiding IIJ tl1(• diagno i! of fau lt, 

10.2 PACKAGING 

med. tltc t rm · refi thC' et or technol~e mid p~ tl1at 
'"itl1 el !fc'tron A I an,1logy L' to ron id •ran el •ctroni prod• 

w11,.111 hody. y. pmclut-t, haw "bnt.i11s." which are nruilo-
Ell'<:tronic p.1 ,ic e · 11ervo11, ,, t 111 .. , w •II 11.~ tJ1 .. kel tal 

n.,. p..1d.1 ,,. b r inll'rt'OIIOl'Ctllll(. ~~ ring. cooliug. aruJ prot ~g 
lb n •pt 1. ill I Figure 10.6. 

\ ' 

Figure 10.4 E,mnpl • o l\\ 0•1J l1111m,i1111al \1Jll:1)(,· ,l,moo plt,t for b1pol . .r J • • 
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1 O 1 Die Separation 

ic- .., t.·rns '"' l of t'\ r ,J k•, ·I, of p,ld,.1 •it!!(. l'uch will, di rt1nt-­
'('{ion de,,t •~ Fi~•~ 10.i' d •pict tltb p.ic'k.1 !it•!! lul'rurcl1_ . ' Le\, ·Io 

iwction, ,lup-1 pnnl•· I c'ircult board or du1>-to-1mxh,I con. 
,d \nl-to-bo.inl mt • ruwcti · · Lt" 13. 1.,.._ ls-! 
I i:,.-,,,•n ,ub,u, •111bl1l'' ,md I l<'m (. u h , , com. 
h 

f'olla.,,u oal h- tin,. iodh1dual I , (<lr diet,) mu~t be eparnted from th , sub-
"1'-II• t>nti:ill, th . fir.at . t ·p In tl1 p;1<.·lc.igin' procc. . lo a <-01111110 11 method 
tla.,t 1 .. .,, for 111un1 -ars. thl' sub, trot • wu£ r c, mounted on .i ndscribed 
111 both t y <lin-.•ti~rn usin~ a di:11no11cl cribt•. Tlris L~ dOlll' ,J bard rs 
i3 co ;!5CJ µ rn 111 ,,;dtJ1 th, t .m• fonrwd round tht' periphery of tl1 • d g fabnca. 
t>nu l!lll'd \\itl1 the CJ).t.\l phur · of tl1 sub Lr.It ible. After 

nbn H·d from the l, Id •r ,u,d placed upsid ··d on a soft up-
port. :1ppl pressure, fmccuri, . r .uor_,g the scribe lin . 
n II ith 111il\il . . to 1d11al d, 

:-- I lion p di: aw rnther th,ui ,\ diamond 
nhc>. In thu proccdun·. tlw wafer 1 :u1 e hl' ' l of Ill) lar film. The 
'" t, II to ilh r ribe tJ, w.ifer or to cul el · through it fter sepa• 

r. tron, the ,Ill? rem ,ed fro111 tlw m)l r. Th e · di re tJ,cn ready to be 
p!.,ct>d mto k,,~< 

10.U Package Types 

Tlwt>· .m· ., 1111111b,;-r of approach to t11e packiiging of ·in l f . TI re dual Irr-line pack­
a~,. or DIP If,• 10. l i th package mo~t people:: en~i,ioo when tl, -y tllink of inte­
Ef'.ll J cm-w . n,e DIP" dC\ ,loped in tl, 1960s, qui kly becam tl1e prumtl) package 
i r ! , and ha., long dominated tl, eltt<.-troni s [JllCkaging mark t. Tll DIP c-.m be made 

, .. 
fi 
1100111, 

h) ,B. pnnled 1nm1t I nl M M. rnultichip 

10.2 Peckeo1n11 .. 23 l 

Figure 10,8 Dual In-line pacbg<'.1 

of pmsti or mmic. ,\ith t.lw latter call d the CcrDIP 11,c C ·rOIP co115i)t, of a DIP 
constructed of two pi s of ·and,\iched ceramic "~th I ads protruding from I tw n 
the mmic pint s. 

In th 1970s and 19 , surface mount package.\ w r · dM loped in l'i'o/•n • Lou 
ne fo r hi her-d nsity interconn c l tl1an tbe DIP approach could provid . In oont~I 
to DIP . the! "(1ds or a surface-mounted packag • do not pen i-r:nt , th printed circuit board 
(PCB) upon which il i n1ount d. Thi means thnt the p3ckag· n b.· mount ·don bQth 
sid or the 00: rd. tl1 r b al)()\\~11g higher den lty. On () mplc or SU h .i p:ickngc i5 
tl1e qu, d llatpack. or QFP (Fig. 10.9). \\lhicb h I · ds on ull four id to furth r increas 
thr number of input/output (VO) oonnectious. 

fore re ntly, the ne d for gr •ater and greater numbers of I/O connections h I d 
to tl, • d -clopment of pin grid array(PCA) and ball grid an-dy CBC ) [),'lCk:ig (Figs. 1O.1O 
nd IO. ll , re pee-lively). CAs have n VO <ll'nsity of about 600. and BG u h, ve-

d,.m itie greater than 1000, • compilTed with , bout 200 for QFP . BC CM be iden­
tift d b , the sold r bump on the bottom of the packag . \\itl1 QFP . · 11,e pacin 
beh,-een lea~ bccom tighter. tl, • manufacturing )1cld dec.-reases r.ipidly. n1e BG :ill°'' 
higher density and tak up less space than tb QFP, hut it. manufacturing pr 
inlterently mor expensive. 

Figure 10.9 Quad fl~tpa k.' 

Figure 10.10 Pn\ grid OIT'.iv pnd ragc.' Figur• 10.11 BJII grid arruy p;,1·l.lL'•'' 
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Tbt nt dewloptnt'nt ill pa t, ·,,g i. the cl1ip cal p.ic P), which 
10.1 , . cl11fincd i p, k, gt'" no larger tl,an 20% greater than tli 
I~ o t,\kt: the form of miniatumed ball grid arm •. Tirey a.re 

hip, tcd ( n I 0.2.3) using convcntio11al quipment and 
,pically 1n:U1ufiictured in a pl't>Ce Creal s extemal power 

lhwh d silico o dicing tlic wafer. 
,u n fram work t before dicing. 
rt lectrical cont lnlion of the fln-

01 red I . fo e of thi appro. ~1 

Iii'\" th.<1 an dd d farer Oil to pro,~de IC<>-
b'i<; functw I • ) . re flexibl nough so thnt the JX clc.1gcd ~ice 
1, compli;uit t ure lt' ting 11nd bum-in. and the p,1ck. g can aceo111• 
11 ,1., the, rtL noopl.uuri tlienntcl e~'Pansioo and controction of tb ur\d rly-
in pnnwd arcuil board durmj! assembly mid operntion. 

10.2.3 Attachment Methodologies 

.\Ji I m~I be mounted and boud :d to a p::icbgc. ond tJrnt packag mu t be ttacbed 
to ., pru11ed cm:uit board befo the I c-ru1 be u ed in an electron.ic syst m. !Vlethods 
of Jttacluog l · are referred to uwl I packngi11g. Th teclm.ique used to bond a bare 
di,· to a package.- has signific-.l(lt effect oo tlie ultimate electrical, mechanical. and tJ1er­
m:i.l properti of the lectron.ic s:, em being manufactured. Chip-to-package intercon-
11ectio11 · u rall~ accomplish d by eith •r wire bonding, tape-automated bonding. or 
flip-chip bonding C r~I{ 10.13). 

Wire Bondin 
Wire boudina · · the olde t attaclun ut 111 tJ,od and i still tJ, dominant t chnique for 
h1p ,~1tJ1 fl", •r th.w 200 VO connections. \Vrre bonding requires conne<.ii.ng gold or 

aluminum "ires between chip bonding p <ls and contact points on tli p clmge. ICs are 
fim • t1.1ched to the ubstrat uJog a thermally conductive adhesiv , with tJ1cir bonding 

Fi9utt 10.12 F .. .1runplc, two ~pre.ii Ps 

10.2 Pack•g,ng 233 

(A) 

Sold.,r 

loip foe., 

(c) 

Figure 10.13 lllustroti()n ()f (a) wir~. (b) flip-<:hip, and (c) 1ape•:iu11,rnat\-d bo11ding.' 

pads facing upward. The Au or Al wires are tJien attached between the pads and ub­
<trnte using ultrasonic, tl1ermosonic. or th rmocompression bonding? Although automated, 
this proces i till time-consuming ince each "~re must be . ttach d incli,~dunlly. 

lo tJ, 1he1111ocompressio,1 technique (Fig. 10.14). a fine wire (15-75 µm diamet r) 
is fod from a spool tJirough a heated capilla,y. A mall hydrog n torch or I ric sp: rk 
then melt the end of the wire. forming a baU. The ball is then positioned over Ul chip 
. nding pad, the capillary is lowered, and th ball deforms into a .. nail bead" due to pre · 
ure and l1eat from tJ1e capillary. (The substmte is maintained t. tempernturc of 150°C 

lo 200°C, and the bonding int rface tempernture rang from 280°C to 350°G). ext. 
t11 pillaI)• is raised. ro1d "~r i fed from the spool a11d po ition d o, ,r th package 
sub,trate. 111e bond to th packag i a" dge bond produced b_- d fonning tJ ,e "~re 
with th dge of tJi c-apillary. Th capillary i !hen raised and th \\ire is brok n near 
the edge of tb bond. 

Ox:id:1tion of Al at ltigh temperatur •s make it difficult to fonn a ood ball at tJie end 
of the \\ir : in addition, mnny cpoxi cannot withstand th · tcrnpernture need din tl1er-
1Jl mpr ion bonding. U/troso,1/c bonding r pres nl.s a lower-temperature ah m, th 
that reli on a combination of pr ssurc roid rapid mecl1anic:1I ,;bmtion to form bonds 
(Fig. l 0.15). ln this approach, the ,~re is fed Cron, ,t spool through a hole in the bond• 
ing tool. which is then lowered into po ition us ru1 ultrruonic vibrntion at 20 to 60 kHz 
a11s tl1 metal to defonn and now ( ven at room lempemture). tl1 I I is mised 

after the bond to th pacl-,ig is fonn d. a clamp pulls nnd breaks th wire. 
Then11oso11ic bo11di11g is ,t combination of th other two t clmiqu . The substrate 

h.: mperature i~ maintained, t about 150° . nd ultrasonic ,~brati n ~d pre ure are u ~ 
to caus tJ1 m t:11 to flow underpressur to fonn aw ld.1henn me bonders ar 11wte 
f, t-t1,e)' are c.ipabl of prodm.:i.ng 5 to 10 bonds per second. 
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r' (I,) 

(f) 

figure 10.14 Thenoocorr1pre ion bonding pr=.' (11) Gold wire in a capillary {b) Ball forn1a-
r u. (C') nding. (d) \\1rv luop and edge bonding. (el \\ire brok ·u al edge. if\ Geometry of 

,11-w,-Jg., bond. 

1/_ Wc-dgt tool 

\\\re y 
~ 

(d J 

r"..nc1~m• 
ultr.i,onic 
en~~· 
tofom1 

Bond 

(c) 

(c) 

figure 10.15 ltr;l\nnic bon<.line; proc ' (a) Tool guide -.ir lo the package. (bl Pr ure nnd 
ultrasonic eotcrg_y fonn bond. le anc.l d ) Tel01 (et'<}, ,~ire and ~ po itions 300\:ll the 1 . (e) \\ri re 
bn>lr•·n t lxmcl 

10.2 Packaging ◄ Z35 

Topu- utomutcd Bonding 
Tape-autoirmt d bonding (TAB) " ' developed in the early 1970s and iJ often us ,d to 
bond packag•s lo print d circuit boar·ds. In TAB. chips :,r llrst mounted on an xiblc 
po~ym •r la~ (usually polyimid1•) containing r peal cl copper interconnection p ttem~ 
(Fig. 10. 16). r~1e copper I ads ar d llned by lithography and etching. and th lead p,,t­
t m CY.In contmn hundreds of conn ctlons. fter aligning th IC p ds to m •tal int rcon­
ncction stripe on th tape, alt, chment tak place by thermocompr ion (Fig. 10.17). 
Cold bumps arc fonn d on eith r sid of th die or tape and ar used to bond the die 
to the I ads on the tape. 

A ben lat of T,\ 13 is that all bonds are fom1 d simultanco11$ly, which igniflcantly 
in,prov m:rnufocturing throughput. However, unless all tl1c le, ds ar coplanar, reli:I· 
bility probl ms c:tn result. TAB also rcquir s multilayer solder bump with complex m t­
allllrg)·. G ner.illy, these bumps u · gold or copper as tl1e primaiyconstitu ,nt, ,~ith tit. n.inm 
or tungsten serving as a diffusion barrier to prevent alloying. In addition, a particular tape 

n only be u ed for a chip and packag that matches its inlcrc-onn ct pattern, thereby 
r nd ring TAB an ·tr m ly customized procc for whicl1 the bonding equipment is rel­
ati ely 11xpen ive. 

Flip-Chip Bonding 
Flip-ch ip bonding i a clir tint rco1mection approach in which tl1e IC is mounted upside­
down onto a module or print d circuit board. Electrical connections are made via 501· 
der bumps (or solderles · material uch as epoxie or condU1.'th· adhesive ) located over 
the urface of the chip. Since bumps can be located an)"'vh r on th chip. flip-chip bond­
ing en ure that th interconnect distance between the chip and package is minimized. 
The 1/0 d n ily is Umited only by the minimum distance between adjacent bond pads. 

l n flip-ch.ip processing. chip · ar plac d face down on tl1c module ubstrat so th. l 
;t0 pads ou tl1e chip are aligned witl1 those on the ub tr.Ile (Fig. 10. l ). A solder rellow 
p10cess i th n u ed to simultaneously form all the required connections, thereby drns­
ti oll>• improving throughput compared ,,~th ,vir bonding. How ver, the bump fabrica­
tic11& proce s itself is fairly complex and capital intensive. 

olderle flip-chip technology invokes st ncil printing of an organic polymer onto 
an re, leavi ng the bond pads uncoat cl . A high-conducti,1tyorganic pol)~ner past is then 
tenciled onto the bond pads to fonn llie solder! s bumps. which ar then cured. Th 

,;ame org, nic polymer is tenciled onto the bond pads of th sub trat . Alignment is th n 
.,ccompli h d, and the final bond i form d h)' applying pre sure and heal to th humps. 

tonerlcad bond Enc:,psuh1Uo11 

I 

Figure 10.16 
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~ )J llcot,·d bondln.g tool 

~ C bond pads 

Die 

Wn.t 

\\ilx indts 
(b) 

- r:=:J5lvnotion 

Otc in rrmtriJc 

(c,) 

figure 10.17 TAB procedure.• (a) Leads lowered into position and aligned a6?ve bonding pads. 
(b) Tool descends and performs bonds. (G) Tool and film are raised so a n;w die c;m be moved 
illlo position. 

Chip 

-:-----Chip sile p,ds 
ubstrat · 

Figure. 10:18 Flip-chip bonding.' 

10.3 Statistical Process Control ◄ 2.'37 

► 10.3 STATISTICAL PROCESS CONTROL 

IC ma~ufacturing processes mu t be stable. rep atabl , and of high quality to yield prQd­
ucts with ac-ceptable perfonnane:e. This imp~ that all individuals involved in manufac­
tu ring an re (ine:lu<ling operators, ngineers. and management} must continuously seek 
to improv manufacturing process output and reduce variability. Variability rcduc.-tion is 
ac'COmpli l,ed ii) large part by strict process control. This section focuse on stallrlicol 
pro s oorit rol {SPC) techniqu a means to nchie"e high-quality products. 

PC r fer., to a powerful collection of problem- olvingtools used to achieve process 
tability and reduce variabili ty. Perhaps the primary and most technically sophisticated 

of tliese tools is the control chart. The c.untrol chart was developed by Dr. Walter Shewhart 
of Bell Tel phone Laboratorie in U1e 1920s.° For this reason. control charts are also often 
r ferred to as Shewhart oont,.ol charts. 

A control chart i an 01iline SPC technique that is used to detec-t the occurrence of 
hifts in proces perfonll.lnce so that investigation and corrective action may be under­

taken to brmg an incorrectly behaving manufacturing process back under control. A typ­
ical control chart is shown in Figure 10.19. This chart iS a graphical display of a quality 
characteristic that has been measur d from a ample versus the sample nuinber or time. 
Th chart consists of (a} a center li11e. which represents tl1e mean value of the charao­
teri tic corresponding to an in-control state; (b} an upper control limit (UCL): and (c} a 
lower control limit (LCL). The control limits ar sel.ected such that if the process is under 
statistical control, nearly all the sample points will plot between them. If tl1e variance 

of the quality characteristic is er and the standard deviation of the chamcteristic is o, then 
tit control limit are typically set at ±3o from the center line. Point tliat plot outside 
of the control limi ts are inte rpr ted as evidence that the process is out of control. 

10.3.1 Control Charts for Attributes 

Some quality cbaracteri tics cannot be easily repr nted numerically. For example. we 
may be concerned "~th wJ1ether or not a wire bond i defective. ln tlus case, tbe bond 
is classified · eitl1er defective or nondefective (or equi\r.Uently, confonnin or no11e,-on­
forming). and tliere is no numerie,-al value associated with the quality of the bond. Quality 
characteristics of this type are referred to as attrib11I . 

Upper control limit 

ainplo number or lime­

Figure 10.19 Typical control chart .• 
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p. , 10 IC Manuractunng 

T" mmonlv wt-d 11trol horts for attribute are th t1 defect chart (or c-charr ) 
nd tl1• drf«t tl,·11,-ity d1arl (or u-c/wrt}. When u ·peci11 • tioll L not s tis fled in a prod. 

11 1 . .i deft or n nt.'Ollr, nni!) may re ult. I n ,1J h cas . il is po iblr lo dev lop con. 
tn)i ch,111 for t>itlwr i1 t al number of dcfi ts or tlw cl fect d nsity. Th se chnrt. • 11111 

ti, t tl1 p . t·n of defects in sampl of roostMI ize is oppropriatel ' mod I d h • tl1e 
p. 11 dLurlbut ion.' in whid, th<' probnbllit}' of d •~ ct oc.-cur.ring i · given b • 

C ' c' 
P{x)=-,- (L) 

x. 

,\ll re th number of d r. ,llld c is ,1 constant great r thm, wro. For the Poisson 
chstributi n. r i.~ botl1 th m an ,md , riancc. Therefor . th c-chart will\ ±3o control 
limi i: gi,· n bJ 

ent rlin 
LCL=c - c 

(2) 

uming lhat c is k'll ,,11. (Not1•: if th e calculation yield a negative lue for th LCL. 
th mndard practice is 10 I tL L L equal to 0). If c i not known, it may bee timated 
from an ob 1''00 avemg;e ,iumb r of defects in a sample (c). ln tliis case, the control 
cl,, rt becomes 

EXAMPLE 1 

L =c+3✓c 
Cent r line= c 
L L=c-3✓c 

(3) 

uppose the impection of25 silicon \\'lllCtS yields 37 defects. et up a o-ch •rt lor thb <itualion. 

SOLUTION We lim. te c u iog 

This is th ' center lin for th c-chart. The upper and lower control limit can lit, found fn:.n~ Eq. 3 
foll()\, : 

L= c+J c = 5.1 3 

LCL=c-3..ff =-2.17 

in<."C -2.1 i < 0, ,, el the LCL equal lo O in this case. ◄ 

uppo. W' would lik to t up control ch. rt for th Ol}l!mge number of d fccts 
o, r a s:unpl ize of II produc . If tli re were c total d fects among tl1 11 mpl . then 
th avera number of defectc~ per mple is 

C 
11 =­

II 

111 • param t rs of a 3CJ d feet de11.5ity chart {u--ch. rt ) r then gi\·en hr 

(4) 

10.3 Statistical Proce$$ Control 2{J9 

L =ii +3 ii 
II 

cnt rlin • ii 

LCL=ii-3 E_ 
/I 

wh re ii is the, v rag number of d focts o , r rn group of sampl ize 11 

EXAMPLE 2 

(5) 

upJX~ an I manufactu rer " ~•nts to est bli h a defect dcn<'ity cli .u -n , J. t d'" t 1 f · t ,u • · •-~n y 111cr,:n ~mp • 
o. •~ 11 ~ 5 wa crs nre inspect 'd, and a total of 183 defects an- found. Set up th . u,<,h3rt for this 
Slhj, hon. 

SOLUTION We -~limn! u using 

- II C 183 
u =-=-=--=183 

m mn (20X5) · 

This i.~ the ctmtcr lino fi r the u-chart. Thu upper and low·i:r ~-ontrol limils cao be found from E . 5 
:is follows: q 

UCL =i7+3 E,=3.64 
n 

LCL=ii:-3 E, = 0.02 
II ◄ 

10.3.2 Co ntrol Charts for Variables 

1n many es. quality charact •risti ar expr s ed as peci11c numeric m asurements. 
rntl,er tl,an ass ing the probability ofp nee of defects. for exmnpl • th thi kn 
of film is an important cha.met ristic to be measu.red and con troll d. Control ha.rt for 
continuous variables such as this can provid more information r 1rding manufactur­
ing process performance tJ1an attribut cootrol cl1art:s like tl,e c- and u-charts. 

When atternpting to control continuous Yllri, bl , it i important to control both the 
mean and vru:innc of th quality characteristic. This i.s tru bccau e shifts or drifts in 

itl1 r of ti, s parameters can r ult in ignif'icant mi proce •iug. Control of tl1e m •au 
is achi ved u ing an x-chart , and v:iri:mce can be moni tort-d using the standard de\<in­
tion , in an • hart. The names of I.he two chart origin l From the am1>lr mean (i} 
and sampl varia11ce ( ), which, re.pectively. are gi,· ll by 

Sl =-'- t (x, -J)l 
11 - l ,., 

(6) 

(7) 

whe x1, x2, .. .. x0 arc obs rvation in ll ample of •ize 11 . Tire qu.tre root of tlw ··u11pl 
Yllri:mce i known as the amp/ ,,ta11dord de lotion (s). 
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1nuract1,ring 

11pt III unpl of iw 11 .lf . U x-t, d. lf.i\, i, ..... i!' o tht· sompl • 111c ns. th 
r ,·<tun t r for tht· tru • ml'.IH (JJ ) l tlw f!'Yllld OL mu,: ( x ), whi h is 'v n b • 

r°= r,+ .. \ 1+ .• • +.t .. 
Ill 

() 

.i' tunul 11. ll i used , tlt cimter line ortJ1e - hart. It c-.1n abo be how11• 
qu.ility chtmid mtic is nonn,Jly distributed 11~th kuo" ~I mc:1n JJ and tQ11dard 

(k,. a. then"' is, nonn ll distribut ·d "ith mc::\Jl JJ ond tandard de1<intio1\ aM,. 
Thus th nt r lit1 11nd ntrol limits for the i hart re 

=f+3 !!.. 
n 

"nter line= J 

- (1 
L L =.x -3 -

ti 

(9) 

in o unlm0\1"11., it mu t olso be ·timated b • analyzing past data. uli u m1151 
be applied in doin in its If cannot be us i?d dir tly as th ' ti mute be us · i 
n an unbiased timutor of o. (The tenn 1111blased r fers to tl1 ihintion in which th 
r.l)lCde<h-alu ofth esti.m.itor is equal to tlic p:uain tcr being estim tcd.lln t ,1d at1u-
ll) u. hm te c~. wh f c, is a statistical pa.mm ter that is d pend nt on tl1c ample ize 

( Tabl 10. l ). For rn amp! of .size 11, th avemge sample standard devi(ltion is 

I • s=- I,s, 
m ,-1 

It turns out that the tatistic - / c, · . in fact, an unbi d e•t:i.tnator of CJ. 

(10) 

ln ddition. the standard de,.;. tion of s is a-,./1 -c! . U ing this inform. lion. the con­
trol Ii.mi for th -chart C:lJl be t up as folio" : 

CL=s+3 s 1-c; 
c. 

enter lin =s (11} 

\Vb n - / , is used to estim11t a, th Ii.mi on tl1e corrc pondino i-chart may be d fined, 

= Jj 
CL=x+-,--

EXAMPlf 3 

c,vn 

Cent r Un = x 
- Jj 

LCL=x- ~ 
c,vn 

(12) 

uppuse i- and -charts are to be established to control line-,idth for a litbogrnpliy pn s. 1,,\!nty• 
&. • d1fTen.111 mpl . o! siU' n • - linew1dths are m un.-d uppose the grand , rage for th 
125 lm as 4 01 µm . If =- 0.09 mm." h:11 are the control limits for the s-d,art? 

TABLE 10.1 c, Par■mele!'for >Chart 

.(1mpl i~ 

2 
3 
4 
5 
6 
7 

9 
10 
ll 
12 
13 
14 
15 
IG 
17 

I 
19 
20 
21 
22 
23 
24 
25 

II> 25 

(nl c, 

0.7979 
0. !,62 

0.921:l 
0.9400 
0.9515 
0.9594 
0.96.51) 
0Jl693 
0.9727 
0.9754 
0.9776 
0.9794 
0.9$10 
0.9 23 
0.9835 
0.9 5 
0,9854 
0. 2 
0.9869 
0.9876 
0.9 2 

_ 4(11-t) 
C",: 4n-3 

10.3 Statis1ical Procus Control ◄ 241 

SOLUTION The wlu · fora, for n = 5 (fountl i11 Table LO.I) is 0.9-1 11Je upper and IO'lwr conlTol 
limits fori' can be found from Eq. 12 as foll°'' , 

U L=J+4=4,14 µm 
c,v11 

L L=J---,-=3.8 µm 
e.vn 

Tl, upper :md low ' r control limits for can be found from Eq. 11 as foll™ · 

L=s+3i_ 1- c! =0.19µ m 
c, 

'ole: inl-c the L Lis ( ·lightly) n gativ , we l\utoinatically I it to zero ◄ 
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nut1c1uring 

10 STATISTICAL EXPERIM ENTAL DESIGN 

ow io, tigators to clet.-rn,ine th etTc--ct · o I "~lriabll' · on a gi"t:n 

uct cit• lg11ed ,'.lpt•rlml'11t i a test or cri lS Uh t involv pur. 
to tl1l'~<' , ,ui, hie · in ortlt>r to b. ervc the th change on that 
ct . . totntlrol ,·rprrlm,•1110/ dt·,ig.11 i an ·ffi proa Ii for S) t mat. 
se nLrollnhJ proc ' s , .. ri:lbl and ultinmt rminin th ir impa,1 

uc-t q110lit}, or both. Tim npproach i< u cful for comparing m •thod . 
dtduciue; depe · ,wd crt'.1tiug 11 od I to predict efTects. 

ti 11 · · · · 1 are do., terrcl. t d. Both t ch-
u u PC is a )X npproacl, in wlti h a 

nlton>d .u1d <l.,t ·m ntal requir active iJ1t r-

' · ,gt •;ts o nt concli E.xpenm nt11l design 
al in imp gned x nts mn h Ip to iclen-

. otial p tlteir optimum ttings. 
mental d 1e ling tool ~ r impro,~ng a manu-
\pplicati 1 t chrtique can lead to imp roved 
biUty. reduCt'.<1 de,·elop111e11 t time. aod reduced co t. ltimately. th 
manufocturobility. perfonnance, and product r liabilit)~ The follow­

,t · dt 11>c of e~1,enm olal d ign 111 thods in I fabric;1tion. 

10.4.1 Comparing Distributions 

ns'der the )ield d. t, in Tabl 10.2 obtained from an I mru1ufa turing proces in which 

two batcLe of 10, afi•rs were fabrica ted usin a standard th tliod (M thod A) and a mod­

ified rn ·thod (~tetliod B). Th qu tion to be an ered from tlie e. rirnent is what evi-

den (if any) d t11e d tn coUe<:t :d pro~ide that M tbod B is r allv better than 
Meiliod ? . 

To aru ,. r thi qu stion. we xaminc tl1e avemge yields for each proce ·s. The mod­

ified UI t11od (M tl1od B) gm an average yield that was 1.30% higher than tl1e standard 

method. Howeve~. clue t~ th oonsid rable vnnabilityin the indi\iclual test r sults, it might 

1101 be correct to rmmed1ately conclude Ll1at MetJ1od B is uperior to , 1etliod . In fact, 

TABLE 10.2 Yield Data from a Hypothetical IC 
Manufacturing Process 

\\' fer 

I .7 
2 
3 .2 
4 

5 
6 79.7 
7 $.5 I 

1.7 
9 63.; 
10 

Wnl!! is4.24 

10.4 Statistical Expeftmental Design <1 2.43 

it i, t-onc i,•:1hl Lhat t I, dl!Ter n · ohs •rvPd 001Jlc.l be due l rl al o expe inl!1ll' error, <iper• 
, tor rror, or ven pur(' chance. 

' T~1 proper app~oach ~o cl ' te~in ' whcth r th c.lill'er ,nce bctwPen the two rnam,­
foctunng procc sc IS s1gn1fic.11t IS a liypoll1twl r ,. statistical hypothesis L~ a 1atc­
'.nan1 about ~h ' ,·,llu 'So~ tl'.e param ters of a probability distributinn. A hypoth . i.~ t 

1 , n ' ' luat1011 of th vahd1ty of the hypotl, • is according to som. critcnon. Ii -pot he 
11.r >xpr sscd in th following manner: ) 

n., µ = µ,, 
f'l ,: µ;i!µ, , (L3) 

where the statement H0: µ .. µ,, i called the 11111/ hy11ot/1esis, and li1: µ~µ.,is callc-d th 
nlternal! e hypothesis. To perfonn a hypothesis te t, w •I t a random sample fm,n a 

popul, tro_n. co111pute '.\ll approprfat t st statistic. :111d th n ither aocept or r •je<-'t tit null 
hypothe ·1s. For the yield e.¥riment, the hypolhc i t<: t t-ait be r pr euted as 

H,,: µA = µff 

H,: µ,;i!µB (14) 

wher µ, nnd µ 0 repres nt th mean )~elds for the two methods. 
To valu~te thi hypolh is, a le.1•f statistic i r quired. The appropriate test tatistic 

in tltis case is" 

(15) 

, h re y" and y8 are th sampl means of th yields for each method, n, and n11 are the 
number of tri:Js in each ample (10 ach in this case), and 

, (11, - 1)s1 + (116 - l)s; 
s·=-'-''--""-'"----'--''--""--" 

P 11" +11u- 2 
(16) 

which is referred to as t11 pooled cstimntc of the co111111011 variancr of the two proces 
The demoninator of Eq. 16 i called tl1e number of degrees of freedom for th hypoth­

e is t t. The valu of tJ1 ample v-.uiances ar calculated usiog Eq. 7: $, = 2.90 ttnd 

11 = 3.65. sin Eqs. 16 and 15 th n give values of = 3.30 and 10 = 0. , respecti\'cly. 
We c.·an u Appendix K to detennin tl1e probaiilit · of compoting a gi"en I t, tis• 

tic " ~th a certain number of degrees of fr edom. This probubilit ' is repre ented by tlte 

had d region in tl1e figure in the appenclLx. Int rpolating from Appcndi.x K. we find tlmt 

the lik lihood of compoting a t tatistic "~th 11, + 11 0 - 2 = l degr s of fre ·dom equal 
to 0. is 0. 195. The valu 0.195 is the .Y/atlsticol stg11!flcmrce of the h)1>0thesis test. Thi 

m ans that ther is only a 19.5% chanc.-c thul th ob rved difference between the rn an 

yields is du to pur chance. h1 other words. we can be 0.5% confid nt that l ·thod B 

is r ally 11pcrior to t thod A. 

10.4.2 Analysis of Variance 

The prc,rjous e,xnmplc hows how w mi •ht u e hypoll1 ,•. te. ting _Lo <:°mp:ll'tl l\\ di • 

tnbutions. I low vcr, it is often importimt in rem, nufactunng apphcations to be able to 
compare .,. ral distributions. Moreo, >r, , might also be interested ind t _nnining wltich 

proc conditions in particulor ha,·· a ignificaot impad o,~ proce q~ali~•-. ,~naly1 .h ~f 
varlona• (At O ) is an excell nt teclmiqu for accomphshmg tl1ese obJc tt,e~. NO\ 
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ti · · e nncl ,JI 
<'J U. to<le 
,, ui.1tio11 in t111alit . 

mpare dill'ercn t ts of pro. 
wh •tl1 r I gh n tn.>utm.,nt l\lSul 

i< bc_t illu,-tml d by . I !lowing <l~ cu io11. 
vhicl1 rcpl'l:,cnts h ensilic. 111 '. ured 
dilf. 1'(•111 ·ct. of I led I tl1 ro11gh -1 ). 
,i ll d •It nnine wlw · . 1cles Ix ttm•cn !Wipes 

• ~ tn: tln n the ,~uiation of the vfa diam •tcrs wlth/11 th indi-
ml:.al . vith the me recipe. 

Lo:t k bt- 111,, tmcnts (k 2 .i in this ase). Not th. I tl1t: nmpl ize Cri) 
r. r , 1 nt ,. ""· (n, • <l , n1 : 11, ~ 6, . nd n = ). Th trentm nt m '·ms (i11 cm· l) 

, • foll = 1, y, : 66, y1 = • nJtd y, .: 61. Th t?tol numb r of. , mpl ( is 
~ . .illd ti d 11\~ r:l!!f' of ,ti) 2-i 111ple. i "ij = 64 cm· ·. 

um, of qonre~ 
To p,,m nn NOV • cwntl k r panuu l rs must be computed. TI1 parnm t rs, called 
. mu uf qunn•, . ·rw to q11..1.11tif-,· d ' "iati 1u \\~thin and bchv ' ll d.iili rent tre~h1~ nts. 
L: 1 'I• fl•pr, nt 1ht· Ith ob ervation for th ttl, t~ • tmcnt. The sum of squares w1tl1m the 
ttl, t • trnent h ~ , u b • 

(17) 

wh re 11, u t.h • mple ize f, r th treatment in qu tion and y, is tl1e tre11 tment mean. 
TI ., icithi11-1tw tnu:111 um of ·qrWl'l!S for all t~ atm nt i 

l S 

11 = I +S2 + ... +S, = l.Lh • - j,)l (I ) 
, .. 1 ,.J 

To quantify the d ,viations of th tr alrn nt av ra from th grand averog . we u tl1e 
betu-een-1,ratm 111 run of sq11orcs. which is giv n by 

~= t~~-~1 cm ,., 
Finally, th total um of squnr for nil the data about Lb r.i nd av rng ' is 

s,, = ±2.(1. - y)2 (20) 
l • I I • ! 

TABLE 10.3 Hypo1hetical Defect Densities (in cm "') 
for Four Different Process Recipes 

R ,._;pe I Recipe 2 Recipe 3 Rc<.ipe 4 

62 6'.I 6b 56 
60 6i 66 62 
63 71 71 60 

6i 61 
6S 63 
66 6 f>4 

63 
59 
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Ench ~•1'.11 of ~quorf's 11; · an. '-OCiated nmnbtr of c.l gr<·•'• of fr • ·d m l't·ri11irccl for 
Its compul«t1011 . 1 he degrf'e of freedom for tlw w1tlii1H:rcatm nl. b<'l,w •n-tr • ,tnwnt. 
a11d total sum, of ~un · . r ix•cliv I)', are 

v" = - k 
Vr: k - l 
v,, .. - I 

(2l) 

The llnal quantit • ne <l d to carry out analysi. of variance 1., th • pooled • tim,1l • of 
the variw1c tjunnlif'lc I by each sum of qu. r ·s. This <1uantity, known as the mea11 qtmn.• , 
is the n tio of th um of square to its as ociatt.-d number of d gr of freedom. 111 • 
,~thin-tr aim •nt, hetween-treatm •nt. and total m an ttuar ·s nr tl1er fore 

l 

i _ SA_ ~~(Yu -j;;)1 
R---

VA N-k 

' 2,11,(y, - yf .. , 
k-1 (22) 

l ~ 

LL(Y. - y) 
S 1 - s,, - ~··•:.:..• ..:;":.:..' - --o - - - -

, ·0 N-1 

10 Table 
Once th param ters just d se:ribed h v be n cornput d. it is customruy to. rrange th m 
in a tabular format call d an ANOVA table. Th n ral fonn of th A O\' tnbl i$ 

d pict d inTable I0A. The A1 0 table tl1. toorresponclstoth d fi d nsityd:t m 
Table 10.3 is hown in Tab! 10.5. 1 ote that in botl1 tJ,e um of quar aud D g;rc of 
Freedom columns. tl1e v-.Ju for behv eo an<l within tr , tm nt add up to gi"e the cor­
re ponding total ,-a!ue. Tl1i additi property of the sum of quare arises from tl1e al -
braic id nlity 

(23) 

or equivnlenlly, 

D =' 1 + A 

Th com pl t Ai Q ,\ tahl provid s , nw hnni m for l ting the hypot.h •sis that all of 
tl1 • treatm nt means are equal. Th null h -pol11e. is in tlii c:u is thus 

IID: µ, = µ l = ~ = µ. 

TABLE 10.4 General Format ol 1he ANOVA Table 

Sum of O :grc , of 
ourc.-c of Variation Square, Fre,.-dom 

8~t" ' (" 11 lr(,:\l11lClllS 

\\~thin treatment 
Tolnl 

Vy z k - I 

"• " ' -k 
v0 c .\ ' - J 

Me n ' qu n: 

jj ., 
" 
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NU lG.5 ANOVA r.ble lor Vil Oi,meter 0111 

:um of O~•s<.>f M t',lll qu,1rc F11'itio 
rn'Cdurn 

VT i:= 3 s: 76.0 SilSA • l3.6 
v,. :a 20 : ■ 5,6 

11.,. 23 $t • l4. 

If th null hJJK>ll• i were true. the mtio .,µ.~~ would f~Uow thC' F di_ tribution witb v1 

,u,d ,,, d , of freedom. lnlerpol:1ting from ppendi~ L. the Jgnifl_conce leoo/ (i.e., 
tlw first sub rip! of th F ,,uue in the table ) for tl1e ob rv d F rati.o of 13.6 ,,~th 3 
Mid 30 d gre of fre<'d m is 0.000046. This menu Lim~ t~1er~ i on! ' a 0.00-l.6% chance 
th t th me..ro in fact cqutJ. and tl1 null hypothesis is di credit d. Jn other words. 
we ran be ,9954% ure tliat real differ•nce exi t among the four diITerent processes 
in our uunpl . 

10.4.3 Factorial Designs 

faperimental d ·gi1 · an rganired m thod of condu ting xperiments to extract the max­
imum amount ofinfonnation from a limited number of experi 1n nl~. Experim ntal design 
techniqu are mployed in nw1ufut-turing to S) tematically and ffici ·ntly e.~>lore the 
elTects of a set of input ,-ariabl . or factoni ( ·uch as pr ing tempcroturc ), on responses 
(ruch as )ield). The unifying feallire in statisticall)' d ign d experiments is that all fac­
tors. re\, ried 'multaneously, as opposed to the more tmditional "one-\'ariable-at-a-tim ., 
k hnique. properly designed experiment can minimi7.e the number of experimental 
rm~ that would oth rwise be requir d iF this , pproach or random sampling were used. 

Factorial experimental designs are of great pmctical importance for IC manufacturing 
applkations. To perform a fac.-torial e.\'perim nt, nn investigator sel t.~ a Gx d number 
of /cr:,e/s for each of. number of , riables (facto ) and ru xperim nt.s at all possibl 
combin,ition of t}ie level . Two of th mo t important issues in factorial exp rimental 
d ·gn.~ are choosing the t of factors to be varied in the lJJCrim nt and pecifyuig the 
rnoge · o" rwluch , riation ,,~II t ke place. Th choice of th number of factors directly 
nffi cts the number of experimental ruris (and therefor the cost of tlie e~-p riment). 

T, o-Lmil Factorials 
Tiie ran es of th , process ,,ariabl ill\' •tigated in factorial experiments can be discretized 
into minjmum. m xi mum. and "center" le,-cls. Io a two-level factorial design , the mini­
mum and ma:<imum le\ lsof each fi<:tor(nonnallzed to take on ,Ju -land +1. re pec­
tiv ly) are used together in 'ery po sible c.'Omhination. Tlius. a full two-level factorial 
experiment ,~ith 11 factors requir 2• experimental run . The "wious f: ctor level com­
binations of a thre -factor experiment can be repr s nt d pictorially as the vertices of a 
<'Ube, as bown in Figure 10.20. 

Table 10.6 how_ a 2l factorial Cllpcriment for n CVD proces . The three factors ar 
temperatur (T). pr urc (P), and gas 11ow m~ (F). The response being measur d is tl1e 
depo ition rate (D) i11 angstrom per minute. 111 high t and ]ow t levels of each fac­
tor aro r pre nted b tlu• + . nd - igns. respectively. Th display of lcv Is depicted in 
the flrst three columns of this table ~ called ad ;g,, matrix 
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l-1,1,11 (1,1.1) 

H,-l , ll 

(-1,1.-1) 

(1. 1,-1) 

(-1,-1,-1) (1.-1 , -l ) 

Figure 10.20 Fact.or I vel comhination.~ of" lhru,-foctor expcrin1cn1 represeilted as tl,c: vert 
of a cube. 

TABLE 10.6 Two-Level Factorial Experiment 

Run I' T F D (, min) 

l d1 = 94. 
2 + d_ = tl0.96 

a + rl, = 214.12 
.j + + ti, = 255. 2 

5 + d; = 94.14 

6 + + d. - 145.92 
7 + + r/7 = 286.71 

+ + + d : 3'10.52 

What can w det rmin from tl1is factorial d ign? Furthem1ore. what does the_data 
coll cted tell us about the effect of pressure on deposition rat ? The effect of, n)' mg~e 
variabl on th r sponse is called a main effect. The method used to comput uch 11 mru~ 
effect i to find th differ nee between th a\'ernge deposition rat when the pr ~•re 15 

l · h (' s 2 4 6 and ) and the :wemge deposition rate when the pres.sure IS low ug 1.e., run . , , 
( run l , 3. 5, and i). t,fathemnticall)1, this is ~'Pr d as 

P = dr· - di~= l/4[(di + d, + d& + d,) - tel1 + d3 +cl~+ d~}J = 40. 6 (24) 

wh r pis Ui main effect for pr ure, cir· is the averag deposition rat~ when t~1e_Pr · 
ure is hi h. and (l is tJi t1verag d po ition rah: wher\ tl1. pressure 1S low. ~\ inter­
r t tbi fesult .15 ho,\~n that the avera erI: ct of incr asmg pr ssure from 1.ts lowest 

io its higliest I ,.' I is to increase the depo ition mte b)' 40.86 Nmin. ~ 1e otber;t: e!Ii _11 
fo tc n mtur nnd 11ow rate are computed in a simik1t manner. n gene . e mau 
eft cl' r!r i1ch variable in a two-le,•el foctorinl e,~,eriment is th differ nee between the 

two av rages of the r spo11Se (y ). or 

1'.•lai11 effect= y. - Y- (25 
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10 IC ltnutatlUMQ 

·n J hi quanti~iiug how I\, or more fo tors l11t<'mct. For :wrn. 
• ti ur•· l;'!Tect is mu h gre,1t r .,t · cmpemture than it is nt 
1111 re of th · ullc , ctio,1 is prOI • tl11' J.ilicr n bctweun 
p " ,th t 111p<'mlu~ higb '.'d t mg• pre ure rffi•ct "ith 
I ·on, l,n/f of tl,b cUfTel'l'nce ~ , Jim :surc,by-tl't/1/}('mtun: 

or , th P T ,utemction. Th' 'on ma' also Ix: thou, it 
t , ,n the •""'mg t 1ilJ><'mture 111 tit• two le~ Is of pr 

n.,ti all}. this il 

p T,. J,,. - d,, = U41(d, + d, + 1/J + d ) - (d_ + d, + d, +cir))= 6. (26) 

TI,<' p F u,d r · rocti, ns :w obtnined in a similar fas.hioll . Fin.'1.11 •• we mi•ht also be_ 
mil' ~ f 111 th..- · n of di th,ee facto . denoted, -by-tem/>CTYllrtl'll-by 
I rot . r tlae int mctio11. 1'his mt1m1cti n defin . diffo _nee ber., n 
.in~ l\•'0-f.!'-tor m nt th hi h i:md low I vds of the thud factor, It " given b • 

p T F=d,.,,. -d,,,-. =-5. (27) 

It., important to note Lh11t th main lfecl of ny factor can b incli-..idunlly in terpret d 
only if th .. re u no t•vid n1.'t' ti, t tl1e factor ioh:m ts \\ith otb r fr ctors. 

Th 1·. te I ori thm 
It be t :-dious to calculate the ffi t and interactions for two-lev I f: lorial e;1..-peri­
ment~ w m)! th III thod just described. particular! if th re are more than thr e factors 
JJI\Olvrd. Fortun.it I} , tl , )ate.~ algoritlim provides a quicker 01ctl1od of computation that 
· .u rel, l:i\.ek ea.ril) programmed vill computer. To imp! rnent this :tlgoritl1m, the xper­
in:i ntal dc:.i 1 rn.1tri.~ is first arranged in what is calledstn11dord order. A 2 Ii ctorial de!tign 
is in taocl.ud order wh •n th first <.'Olum11 of the design matrix consists of alternating 
mmus and plus igns. the econd column con i ts of ucce ive pairs of minus nn<l plus 
gm. the tJ,ird column consi l of four minus lgn followed by four pl ·gn . and so 

on. In n.,raJ, th .l-th column consists of 2'-' minus signs follow d by 2 • plus igns. 
11Le Y .. 1 c.ilcul:itions for tl1e d position rate data are hown in Ta.bit- 10.7. Column y 

ront.un.s tl1e deposition rate for ea h run. Thes are consid red in succestjv pairs. Tire 
first four ntrie in oolumn (I) a.re obtaii1 d by adding the pairs tog •th r, anJ th next 
f. ur Jte obtruned by ubtracting ti, top number from th bottom number of :1.ch pair. 
Column (2) is obtained from oolumn ( l ) in the sam way. and column (3) is obtained 
from column (2). To obtain th ~rimental e!J: ct . one nc d only <lh1d,- the column 

TABLE 10.7 Illustration of the Yates Algorithm 

p T F 'I (I) (2) (3) DMsor Effect JO 

94 20,;,76 675 70 1543.0 ,-g 
110. 469.94 86729 163.45 4 p 

t- 21-1.12 2-10.06 57. 651 .35 .j_ T .. 25.5 2 62, 23 105.59 27.57 4 PT 
9-1.14 16.16 26tll 191.59 •I F 

... 145.92 4l.70 iii -17.73 4 PF 
... ... 71 5.1 7 25.54 122.99 4 TF 

0.52 53 I 2.03 -23.51 4 PTF 
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{3) ,•ntrics b ' tlat• J)ivi or tvl11mn ·ntri' , In 1r•n ml, ti,,., fir,.t <li~isor will 00 2 , and 1lw 
remaining 1hvi, rs will lw 2" 1. The fir t cl ·mc,u Jn tl1 Id •ntifi ,lion (IDh-ohunn i thl' 

rnnd .1, m f ,ill of lht· ob, "f\'ations, ,md th(' r malning id ntiO • tioo, are cleri" ,d bv 
I ting the plu sign, in th cl, ign matrix. · 

Altl~ough th~ YM lgonthn. provid ,s a r lativcly ~tr:-ugl,tfof\vartl m •t:l1oclology for 
computing xpcn ffil!ntnl <'ffc<:l . 1t shouJd be pointed out th I mo<l ,m anal)'liis of . t tis­
tical experiments is accomplL hed :1lrno t ·~clu i"cly b <.-Omm rci.JI • :wail:ible stausli-

1 sortwnr packages. r, ,...,. of the more c-o,nrnon packa cs include fl I. A • and 
:'vi I nit-ab. Th p. kag s comp! t I allevi1 t th n ity of perfonning llll>" tedious hand 
calculations. 

Frn tionnl Fnctol'inl De ~igns 
disad,. ntag of th two-I vel f, ctori:i.l d ign i th.t tl1e numb r of experim nt. I runs 

increases xpouentiallr witli thll number of factors. To ,tlle-iate tliis t'Oucem.fra,;tlonol 
factorial designs ar coostructed by ;yst matically eliminating some of U1 ' n uL\ in a full 
factorial design. For exnmpl . a btJf fractioMI d sign ,,~th 11 factors requir only 2"' 1 

nms. Full or fmctionnl two-I ,·el factorial designs can be used to estimate th main e!fects 
of individual factors, swell as the in teraction eft,c.1S betw •en factors. However, theyca11-
o t be used lo timnl qu dmtic or higher-ord r effects. nus is not a serious bortcom.ing. 
ince high r-ord r effi els and int mctions lend to be smaller than low•order effects {i.e .. 

111nin effect tend to be larger thau r.vo-~ ctor int ractions. which l nd to be larger than 
t11rce--f ctor interactions, etc.). Ignoring high-order !Teets is conceptually similar to ignor­
ing lugher-ord r term in a Taylor eries e~-pan ion. 

To illu trnt, th u e of fractional fa tonal de. igns, I t ,i = 5 and con id r o 2~ facto­
rial dosi m. The full factorial imp! •mcnt. tion of tllis d ign ,vould re-quire 32 experimenllll 
runs. How ,·er. a ~ 1 fractional factorial d ign only require 16 ruru.. This 2.,__, d ign is 
generated by fu-st writing th design matrix for :12' fu ll fac torial d ign in standnrrl ord r. 
Then plus and minu • ·gns in th four columns of th 2' d ign matrix are ach -multi­
plied" tog tli r to form a fifih column. 

For xa.mpl . I 1· take another look at our CVD experim nt. uppo we Ollly h ve 
th time or r , ource av:ulnble to perform four deposition •~perimcnts, mtl1er than tl ,e 
eight r quired for a 2' full f. <.-torial d sign. Thi ~ for n 2,,., ~racti_onnl fi ctorial alter­
nntive. Thi n , d ign could beg neroted b wntmg U1e fu ll 2· des,~ fo r tl '.e pr ure 
:md t mperature vnri!tbles, ::md th n multiplying tho e column. to obtain a tl_urrl ~lum? 
for flow mt . This proccdur is illustrat d i11 Tobi 10 .. The only drawback u1 usin tlus 
procedure is that since w ha~ us d the PT relation to defin column_F, w can no long :r 
di~lingtti h b tween th effects of the P xT intemctio11, nd th F ma111 , fft:ct . When tJu 
oc.-cu rs, tl, two £re ·tsar· ,1tid to be cor1fou11ded. 

TABLE 10.8 Illustration ol l1'°1 Fractional 
Factorial Design tor CVD Example 

l\un p T f' 

+ 
2 + 
3 + 
4 + + + 
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~anufacturing 

► 10.5 YIELD 
\ ..n.,bilm 111 I Ill nufoct1Jring processc n lead to deforu1~tion or nonconformities 

m fim~i~ products. 1,ch procc. di turb. n ofien _ r suit III fault'. or u11intentiona} 

ch.Ill" w tlit> p.·rfonn.m or nfonnlll1 of_ I ~romc produuts. Th, pr senoe or such 

r. ult i.s qu.-uitilll'<I by tht:' mm111fo turu1gyi Id )'/ I~ is d~flned as th percenti1ge of de,; 

or t11'C'Uits t11at me t n nominnl perfonnance spcc1flcation. 
Yield c.Ul be c,1t onzecl ,IS eith rfimctianal r parrmwtric. Fun tional yield is cl ter­

mmed b tJ,e proportion of full , fun tional_products. Ofi~n re_ferr cl to as l~ard_)~eld. the 

funroonal )i Id of I is u u:tlly chn.n1 cnzecl b open c1rc111t: or hort CLrcu,ts caused 

by ph}, ·cai def. ( uch as particl' ). In ·um c:is s. however. a full • functional prod. 

u ti1J faw to m t perfom1a1Jre specifi tions for on or more p.mun ters ( uch a.s speed, 

no~,• J , I. or f>O'' •r con.wmpti n). Th · e ·ituation are d scribed by parametric )ield 

(or ft }ieldl. 

10.5.1 Functional Yield 

The de, I pm nt f model to e ti mate tl,e functional yield ofl i funclam ntnl to man. 

ufocturing. A model that pro,id · a umt ti mat of manufacturing yield can help pre­

dict product cost, cl t nnine optimum cquipm nt utilization. or be used am hie against 

whi h actual m • ured m nufacturiug )i Ids can be valuated Yield model. ar also crit­

ical to upport d ·isio11S involvin new technologi and tl1e identiflcatiou of problem-

atic- produ or proc es. 
pre,iouslr m 'nlioned. functional ~ Id is igniflcantly alT. cted by the pre ence 

of cl foct Defect can result from man ' random ources. including contamination from 

equipm nt . prooesse or handling. m k imperfectioris. and airborne particle . Pbysicallr, 

th e defects include horts, open . misalignment, photoresist splatters and flake . pin­

hot , mtche , and Cl) t,tllomiphic flaw . Thi i illu trated by Figure 10.21. 

Yi Id models are usually pre coted as a function of the aver.ige number of defetts 

per unit are (D0) and the critical orea (,\,) of tl1c electronic tern. In otl1er words, 

Ir------~ 
1A Ou r-- particl. 

r----~ 

3 

figure 10.21 V,Lrious »-.t) In which du,,t parti I can intcrferr with interconnect mask patterns, 
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y •J •· D.> (28) 

wher ~· is the functional )fold. Th ' critical ar a I. th area in wliicli • d C ct oc ·urrin, 

has a high probability of r: ul~ing in a fau lt. For xampl •. if particl 3 ln Figure 10.2 1 t 

Jar nough and conductive, 1t has fall n lnto an area in which it caus s a short betwc n 

th~_two m t~I lin it bridge . The relationship betw n tl1 yi Id, d C ct d nsity, and 

cntic~ ar a IS comp! x. It d ·pcncls on the circuit geom try, th density of photolitho­

gmpluc patt m , th number of photolitl1ography steps used in th manufacturing pro­

ce , and oth r factors. few of th more common models that attempt to quantify thi~ 
relation ·hip arc d crib d next. 

Poisson Model 

Th Poisson yi Id model ru t•m that d feels are uniformly distribut cl aero a ubstmt , 

and tlmt each d feet r ult in a ~ ult. Pin <la de Cyve-1. provides an excellent dcrvintion 

or thi. model.1 Let C be the number of circuits on a ub lrate (i.e .• the number of I ), 

, nd I t M b th number of possible d feet types. nd r tl1ese conditions, tlwre are C" 

uniqu \\,} in which th Md f. cts can be distributed on tl1e C circuits. For .xampl • 

if there are tl1r e cirmils (Cl, C2, and C3) and tl1rce cl ,feet types (such as M 1 = metal 

open. M2 = metal short. and M3 = metal l to m ta! 2 short. for example). then there, re 

~=~=~ ~ITT 

possible way in which the e thr e defect can be di tributed ov r thre chips. Th , 

combinations ar illustrated in Table 10.9. 
lf on circuit is r moved (i.e., is found to contain no defects). tl1 number of wa) · 

to distribute the M defects among tl1e remaining circuit 

(C-1)"' (30) 

Thus, th probability that a circuit will contain zero defects of any type is 

(31) 

TABLE 10.9 Truth Table for Unique Fault Combinations 

Combination Cl C2 C3 ombin~tion Cl 

MIM2M3 15 ~·ta M2Ml 

2 MlM2M3 16 MIM2 M3 

3 MlM2M3 li MIM3 M2 

4 MlM2 M3 t ~12~13 ~tl 

5 Ml 13 M2 19 Ml M2M3 

6 ~1 2M3 Ml 20 M2 MIM3 

7 M1M2 ~{3 21 13 M2Ml 

M1M3 M2 22 Ml ~,2 M3 

9 M 2 13 Ml 23 Ml M3 M 

10 Ml M2M3 24 M2 Ml M3 

ll M2 MIM3 25 M2 M3 Ml 

12 13 M2~11 26 M3 ~11 M2 

13 Ml M2M3 27 M3 M2 Ml 

14 M2 MIM3 
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nufacrunng 

u itltutiu,g ,\J . l D ,. th ield is 1h nu,nber or circui t with 1,cro d fo -t . or 
no 

Y=pn!(1-~J =c, p(- D0 ) (32) 

Far X .. ,rcu1t. to ha, zero defects. I his bc(;()m 

(33) 

nu- Poi n model is impl • aud rel.1th ly ('. - ' to d rive. It pro~id a reusonabl 
gwd e<:lim te of)ield when the criticnl are,, is sninll. H "' ,. r. if D0 is calculated bllS<,'() 
011 ~111,1ll-area circui • using the SiUl1 D,, for hrge-ar a )~eld t-ompulations re ults in a 
)i Id um. te that I! 1-erlr pe imistic comp.ired wit11 actual me, urt-d data. 

)lurph) s ,dd lnlc !'1"81 
B T. \lurph) /ir-;t propo1 ·d tha1 th , Ju or the defect den ity (D) hould not be con. 
tnnt.' Jo.~ ad, 11 re. ned that D mu t l.,e w11med over all circuit~ and substmtes using 

a oonnal.ized. probability d nsity function, D). The )~ Id can tliefl be calculat d using 
the integnl 

Y = f e· 0 f(D)dD (34) 

\ 'ari us forms off(.D) fom1 tl,e basis for tl1 differ nces betw • n many analytical yield 
models. The Poisson model assume U1at/(D) is ad lt.i function . U1 tis, 

f( D) = D - D11) (35) 

wh re D is the a, rn e d feet d nsity. before (see Fig. 10.2211). sing tb' density func­
tion. the yield is detennined from Eq. 34 to be 

r. = f e ·o\O /(D)dD= c.xp(-A,.D0 ) (36) 
0 

shown before. 

/11)1 f (DJL_ 

mDoL_L_ 
Dn 2Do D 

(al (b) 

:~D 
Do 2D0 

M {di 

figure 10.22 Probahili"• densitv funct'o r, ( ) th p . m ><11.,J ( ) 1h . I ·, • 1 ns or O e o ~on mod I, f/1 ) Lh • uniform Murphy 
' , r 'mangu ar lurphy model. and (d) th ,ponential Seeds model." 
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:-lurph): lnillall • iov tlgmedu uniform d n~il) runction. a! I ow,1 in Figur,.. 10.22b 
Th<· «' :Ju tion or 1J, • yi •Id int grnl for th unifom1 d nsity function gi, , · 

1-,· 2D,,< 

1D0A, 
Y, I (3 

lurph Inter bcli vcd that a Gaussian distribution would he a bett r r n cti r ti • 
lni_' d feet d nsi~ di:Mbution_than the cl ltn fondion . flow •r. inc,e he, ~"1'.:a_b;~ 
to mt grate tl1 )~eld 101 gnJ ,~1th a Gaus Ian function ~ub tihited ror JrD) h. , xi 
111, le? it u ing tl'.c triangular r,mctton hown in Figur 10.22(. This ruucti~n ,arl~ro·i,; 
the )'leld expr s1011 

(
I _ e°"' )l 

Y,"""°""', = 2D0A (38) 

The triangular Murphy )ield mod I is wid ly us d today in industry to d •tennine ti!' 
cITect or manufacturing process defect d 11.~ity. 

R. 8. ds "• tl1 llrst to v rify Murphy: predictions.• Howl?\ --r. eecJs theorized 
11,at high )~elds wer cau cd by a la.rg • popul, lion of low d feet densili (which , not 
ltigh enough to caui fa ul ts) nnd a small proportion ofhigli defect cl nsities (i.e .. lli~h enough 
to cause faults). H th r for proposed th exponential density fuoctlon gi"en b)' 

/(D)=-cxp -I (-D) 
D0 D0 

(39) 

and shown in Figure 10.22</. This function implies that the probability or ob erving a lo, 
d feet density is • ignillc-,mtly high r than that or obset\ing a high d feet cleruily 

ubstituting tltis expon ntial function in the Murphy integral and integrating )ielcls 

y =--1-
-~ l+D0A, 

(40) 

Although tlte ds mod I is imple, it yield predictions for lar e-area subslrotcs are 
too optimistic. Therefore, this model has not been ,~idely used. 

Oknbe, Nagnta, and himacla r cognizccl the ph) ical notureof d feet di tributions 
and propo cl th gamma prob. bility den ity function. 10 Stapper h, lik wise de,·eloped 
and applied )~eld models u ing the gamma density function.11 The gamma distribution 
L giv n by 

where ex and ~ ar two pm-:imeters of th distribution, and f(a) i tl1 g:tmma function . 
The sh:.11 of f(a) is shown for s vcml valo •. of a in Figure 10.23. In this distributiou. 
the a" mg defect densit i D0 ; a~. 

Th )~ Id n1odel cl riv cl by substihlling Eq. 41 into Murphy' int ml is 

y =(l+ A.Do)_,, (42) 
P'"'""' (X 

This mod I is com111onl • rcfi rred to , 1.h 11ego1i · bl11omiol model. The parometer a 
must be ernpiricnlly det rmined. It is general! • call I the cluster p.'l.mmcter b«x-ause ii 
increas "~tl1 cl er . ing , rianC(.' in the distribution of deli . If a is hi h. tJ, n th 

riability or d f, cts i low {little clustering). nd r tli · conditions. the gamnm d1:ruoit ' 
function approach u d lta fun ·lion, and the n uliv binon1ia.l 111od I redu to ti, • 
Poi on mo<lel. Mall, ,n~11ically. tlli m an 
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JD 

L..---------DIDu 

figure 10-Zl Prolwility J~nsft fooction r<>r the g,11nmn distribution. 

Y= lim I+~ =exp(-APo) ( 
A[), )•d 

a- (1. 
(43) 

Jf a is Im,: ou tbc otlier )urnd, th ,'llriabilityof defect , cross tl1e wafer is signillc:1t1t (much 
dust rin J. ,1nd tJ1e gn1mna mod I reduce· to th eeds :q,onential model. or 

Y = lim l+--0 =---( A,D )"0 I 
•~o a I +A,00 

(44) 

Tf t]1 critical ,trea and defect density are known (or can be accurat ly me ured), the 
n • th binon1i,.J 111odel is an e.xe,-eU nt g neral-purpo yi Id predictor that can be u ed 
for I wri ty of IC mrurnf. cturing proc es. 

10.51 Parametric Yield 

E, n in a defect-free manufacturing euvironm nt, random processina variations can lead 
to,. ryin levels of ·tern performanc . These variations result from t11e fluctuation of 
num rous ph ical and environin ntal parameters (Jin widtl1s. film thickne es, ambi­
ent humidity. le.), which in tum manifest them elve as v-..i riations in final system per­
fonnant-e (such, speed or noise I v I). These perfonnance v-..iriations lead lo "•oft:'' fau lts 
and are characterized by t11e parametric yield of the manufacturing p1 es . Param tric 
}ield is a measure of the quality of ft.mctioning sy tems, wher as functional yield mea• 
sur s tl1 proportion of functioning unit produced by th manufa ·turin process. 

A common metl1od used to el-aluate parametric yield is Monie Carlo simulation. In 
th · Monte aria approach. a large number of p eudo-random ets of v,tlues for circuit 
or S) ·tem parameters ar gen rated acx:ording to an assumed probability di lribution (usu­
ally th norm,! distribution) b cl on sample means and standard deviation extracted 
from measured data. For each set of param ters, ·mulfltion i. performed to obtain infor­
mation about the pr dieted behavior of a circuit or system. The overall perfonnance dis­
tribution is th n extracted from tl1 set of imulation r ul . 

To illustrate th Mont Carlo ted1nique, consider as a performanc m tric th drive 
currentofnn 11-channel ~10 FET in aturation (lo..,). fl can be shown that12 

I = ( Zµ .C,, ltv. - V. )2 
Dwl 2L J'-C T (45) 

where Z is the ,vidth of th device, Li it I ngtJi , µ, i the electron mobility in tl1e chan­
nel. C., il the oxide capacitan per unit area. Vt, is the applied gat volt·.ige, and VT i 
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the tlLre hold voltr1ge of th t ,u1 istor. In this quMion. C,, is a function of the tlilckness 
of l11e oxid (d), and 1 is a fo11ctio11 of the oxid · thicku s , w •11 ns the doping in th'-' 
cliano ,(: o~ lo..,_~ f(C,, V ). Bot!, of thesP dim n Ions are subject to manufacturing pro­
cess vanat1on . Ih y can thu b haract ri.z d as vurying accorcllng LO nonnal distribu­
tions ,vith mean µ, andµ, and standard dcvfation cr, and cr,. r ·. pecfo cly ( cc Fig. 10.2A). 

sing th lonte arlo appro ch, we II ti mat the param Irie yield of MO PETs 
produced by a giv 11 manufacturing proc s within acertair1 range of sM11rntion drain cur­
r •nts by computing the ,•.uu or I, ,.,. for ev ry pos ibl • combinntion of C. and V-r The 
result of these c mputatioos is a flnal perfonnanc • distribution like the one sl,oMl in 
Figure L0.24b. This probability d nsity function can tben be used to compute the pro­
po1tion of transistor.; having a given rang of drive current . For mple, if, wanted 
to comput Lhc percentnge of MO FETs manufactu1ed that would ha,·e a, lu of I".., 
b-tween two limits a and b, we would valuate the int gral 

& 

Y{M0SFET with a< Ir,.,. <b)= J f(x)dx (46) 

Thus, once the overall distribution of a gi,, 11 output metric is kno"~•. it is possibl 
to ti mat tl1e fraction of manufactured parts \\ith any range of performance. E timation 
of parametric yield is useful for circuit cl igner.; because it help identifr the limits of 
lhe manufacturing process to facilitate and ncourag de ign for manufacturability. 

(R) 

,, ) 

a 

(bJ 

f igure 10.24 (o) Noml:J prol> bility dc,1,ity functions for C., and V,- (bl crall probability 
density function for IJM. 
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10.6 COMPUTER•INTEGRATED MANUFACTURING 
• . ( 1,,·~atiw evalunti n ofl manufacturing prow sis nc.·complishcd 11 , 111\3.)00t\'O qum " · f · ffi • b • . 't1 ... ~.1 b,• lnnd cal ulatlons. 1 ot Mly IS I us 01or • e 1C1 nt, utan to<la,r ,u input rs r.1 1 ru1<u • . d . . , .. , . . , . . t· .1 l"h fobri ation of integrate circwl · can oo quit e.-q,eu I\' . In nOm), al IS t' <'ll n u. • . •·-- ' . . I • . I I d . d hru seen f' le tronic naanufa tunng """"'" o capat. mien ave that fact I le , •1 1 · r t · _;, . fien find ii too e.xpen. ive to support t I tr own 111nnu1nc unng opera. 

111,w mpruue O . r · ' ·t·"- tod ' ·ts · ' oous :\ I\ ic:.u.st.ite-0f-tlac•ilrt high.volum '.~1111u1actunng mo 1,/_ • cos sevenu_ orders 
r ~ pd ~ ''lrul a oompnmble fo ,h ty 20 -en aao. Tin hru led to the nse of a 0 n,,,grutu t· mo,~ u • 

Lug contract 111nnufocturin ~ iudusuy. . 
. lt f ri. in co ts. the hallengc before nmnuf: ctur I today 1s to ofTs t uch a re u o f I I . al . t· . I f: I. C':.I ital in,estJnent witl1 n gre.i t r a111ount o tee mo ogic, anuova ion m l 1e abri. ~ p In othur words the obi·ccti~ now is to make use of the lat t develon. 11011 prore . • · r, . ,. 

ts • computer hard" ire md ·olh, .• re technology to enhance mm1u actunng methods men lll J1i 1· Jlirt · · that ha"e become prohibitfrely xp1:msJ,·c. ln e . ect. t us e. o_ . 111 omp11tcr-mtegrated 
,fi_,. n·no ofintegrated citcui~ (I -CIM) is iumed nt optimmng the cost•elTectiven mnrm ..... u "' . 1 •-.1. 'd dd . ofelectroni mn.nufoch1ring in the ,m , mann r ,n, u01 comp11ter•m e e.r1g11 (CAD) 

I drarnaticallv affected the et-onon1i of circuit de ign. 
nder the;,. mil headi.i1g of redu in m:mufacturing co t, s ver.tl ·ubt:asks have been 

identified. Th indude increa.i,iug fabriC(ltion )~ Id, reducing product cycle tim , main. 
lnmin co~ · tent levels of product quali · and performance, and impro,~n tJ, reliabU. 
it\' of pnx:e ·0 equipm nt. in fabric.ition process ofien con i. t of hundreds of 
~uential teps, )ield I ma · potentially ~ur at . ~·er)' te~. Con eq~ently. maint~ng 
product quality in an clectroni m. m1factunng facility req111r th stnct control of liter• 
alJv hw1dreds or C\'en thousands of proce variables. Tl1e interdependent issues of high 
>;' Id. lugh quality. ru1d low cycl time can be addre ed by th d velopm nt of several crit• 
ical capabilities 111 a ti:-of•th •art re.CI I S) · tern: work•in-proce (\VIP) monitoring, 
equipm ntcommunication. data, cqui ition and tomge. processfequipm nt modeling, and 
real-time p cootrol to name a few. 111 emphasis of each of tJ1ese acti.,iti is to increase 
throughput and reduce }ield loss by preventing potential misprocesru1g. but each presents 
ignific:ant engineering chall ng in its effective implementation and deployment. 

block diagram of a l)pical modem 1c.CJM syst m is hown in Figure 10.25. This 
cliJ.,oram outlines man • of the key features required for efficient manufacturing operations. u 

Sd""1 6r plann1.111t 
r ....io,y am!rol 
W lup~ 
lr<4talia.c 

Figure 10.25 

811slnrs,i !ll'ltt m 
M.atRtlJli,,ale, 
11nl<'n. -hlpm~nu 

™"''-

Design , terns 
l'roo, &irnu!.:it1011 
D, lgnd..~ 

Local Area Network 
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Th lowor I v ,t of this lwo.h,v ·I archit char includ mbedd ,d controll rs th t pro• 
,rjde real-time control and. nal is of fabrication qulp111cnt. 11, · , con troll •rs often con• 
i t of person,l) mput rs and the nssociat d control sofl\ • r d dicmcd to each individual 

piece of quipm nt. The econ.I I ·v ·I of this IC-CIM . rchitccture i compo.cd of a dis• 
tnbut d 10<:31 ar :i II twork of computer workstutions and fil, s r, rs linked by a com• 
mon di tribut d dat.1base. Equipm I'll <.-omm11ni<.11tion "ith lio t computcrs ls fac:llit ted 
b u1 electronics manufacturing standard called th generic equlpm,mt model { EM}. 
Tia EM tandard is used in both semiconductor manufacturing and print ~ circ,1it board 
:issembly. This standard i bas'd on th semico11d11ctor eq11 111merlt comm1micoli<ms star•· 
c/orrl (SEC ) protocol. 

This type of [C.CIM archit ctur has great fl xihility, allowing ext nsion and adap­
tation to meet constantly changing requi~ men ts. Ov r th p~t ev r.J y ars, powerful , 
0c~ible. and co t•elTective information systems bi\Sed on ,nodcls uch as this ha, , bccom 
an integral pai1 of the JC manufacturing nterpris . 

► 10.7 SUMMARY 
This chapter provided an ovetview of the relevant issu in IC manufacturing. This included 
a description of lectrical testing and basic packaging process s, w II i\S p · nta· 
tion of tatistical process contTol, statistical exp rirnental design, ru1d >~eld modeling. The 
chapl r concluded with a brief introduction to IC-CIM t ms. lo IC mru1ufacturin . 
proce nnd equipment reliability directly influence throughput, yield. ru1d ultimnt I cost. 
Over the next veral years, significant en.bancement of manufncturing operations ,vill 
be requir cl to reacl1 projected t rget for future generations of micn,el ctronic devices, 
packag s. and systems. 
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PROBLE S 
f,n J,'<N>h' tl,ffKult prvbl,·11u. 

· cno •• 10.3: '.fl I L PRO o ;:o.'T)lOL 

_, h r, - <l - 10 bt, nulio toi,1cd for tl1c thrc ·h Id voltage r short-chnn 11cl 1 ·011tnnc art> orr.ui "" ' · •'I J· 
. • rr-r, I pl ,. of 11 s LO. It i., known th :11 the procc. ss ,. nonnru }'US• 

M •• ,,us n!'( salll " " ' 1· d · J J· · f, h 
tributed ,nth )l = 0.75 v and " • U.JO . Filld tlic center inc ,111 contro 1n11ts or eac 

of th ·• t~•atrol d1arl.< 

Probl I s, ming that µ ,md a are unk110,vn nnd that we ha,· collected 50 
2. Rl!pt'JI crm rul 11 

• , 10 'Th. ·c "lrnl)lc~ y,•cf<leJ a grr: nd vcragc of 0.i3<1 V and an 
ol,s,:r\, IJOJL, O lllj> C >JZC • • 

, ra ,. , 1 of0.125 \'. 

ECTlO7'' 10.'I: STAl'I CAL £XPERH£.ENTAL OES IG 

3. nre follo"ing 2 fac1ori11I experiment was used to aoalr..:e II photolithogmphy process. 
A,ulyzc the 'J)l'rimental re ults using tlw Yates algorithm. 

Run E:-q,osul'I' Dos<· o..~ lop'flmc llaku 1empcmlurc Yield (%) 

60 

2 + 77 

.) + 59 

' + + 68 

5 + 57 

6 + + 83 
... + 45 

+ + ... 85 

•4, Consider the throu hpu (i.e .. wafers prooe sed per hour) orflvc different manufacturing 
processes (labelled to E in the followin table). For ca<:h process, d,1ta was <.'<>llected on 
1hre1: dilTcrent dat . Perfonn an analysi. of vari nee to determine wheihcr the proc-esscs 
aod processing dates are significantly di lTerent. 

DAY A 8 C D C 

I 509 512 532 506 509 
2 505 507 S42 520 5.19 
3 465 ,172 49$ 483 475 

ECTION 10.5: \1ELD 

5. ming a r o· · on model. calculate th m:u:imum defect density allow:ible on 100,000 
, ~10 transistors in order to achic\'e a functional )'icld of 95%. As ume the gate of each 
de-ice is 10 µm wide and I µm long. 

6. • Murph)'s yield intcgrnl 10 derive Eq . 3i. 38. and 40. 

7. uppo the probability den ity fonction of the d feel d nsity for a given interconnect 
manuf- cturing process is gi"en by 

/{Dl=-IOOD+ 10 0S D S0.l 

If tbe critical ar a fo r thi, interconnect is 100 cm', e-.Jculate the functional yield w · c,111 

cxpe1.t for th· process 0\ r the ran e of d feet den ilies from 0.05 to 0.1 cm-•. 

11 
Future Trends and 
Challenges 

ince tl1e beginning of lhe integrated ci rcuit em in 1959, the minimum dc,1ce dimen­
~;on, also call d the mi11imumfeal.ure length. bas been reduced al an annual rate of about 
13% (i.e .• a redncLion of 30% every 3 y :us). According to the prediction by the 
lntcniational Tecliuology Roadmap f or Semiconducto~. 1 the minimum feature length will 
I rink from 130 nm (0.13 µm ) in th year 2002 to 35 nm (0.035 µin ) around 2-014, as 

shown in Table 11.1. Also shown in Tab! 11.l is DRAM size. The DRA M has incre-.iscd 
its memory cell <.'apacity fou r times every 3 years, and 64-Cbit DRAM i x-pected to be 
a, ·table in 2011 using 50-nm design nil . The table also shows that wafer siz.e will increase 
to 450 mm (l in. diameter) in 2014. In addition to the feature size reduction. cballeng 
<."Ome from the device level, material level, and system level, a~ di.scu ed in the follow­
ing sections. 

► 11.1 CHALLENGES FOR INTEGRATION 

Figure 11.l shows the trends of power suppl)' voltage (V 0Jl), threshold voltag (Vy), and 
gr,te oxide thickness (d ) vers11 channel length for CMOS logic technology.l From this fi · 
1u e, one can see t11at tlie gate oxide thickness will soon approach the tunneling-current 
Limit of 2 nm. V DD caling \\111 ·low down because of the nonscaluble V r (i. .. to n mini­
mum VT of about 0.3 V due to s11bthreshold leakage and ci rcuit noi e immunil)'), ome 
challenges of 111 180-nm tcchnologr and beyond arc shown in Figure 11 .2.3 The mo.,,1 
stringent requ irements ar detailed in th following subsection . 

TABLE 11 .1 The Technology Generation from 1997 to 2014 

Y ar of the flrs l l99i 19'J9 200-2 2005 2008 2011 2014 
product shipment 

Feature ~ize (nm) 2..'iO ISO 130 100 i0 50 35 

ORAM si7.e (bit) 256M JC 6C 64 C 
Wafer si?.C (mm) 200 300 300 300 300 300 450 
Cate oxide (n ,n) 3-1 1.0-2.5 1.3- 1.7 0.9-1.1 <J.0 

Junction d ptl1 (nm) 00-100 42-70 25-43 20-33 15-30 

DRAM. d 11runlc mndorn a1Jt."'-' mcmo,y. 
Sou=: /nttrnollono/ 1,'Cl,no/Q/:!/ Rn"'lmn11 fur S..mioond,,cton. mlconcluctor Ludusll)' A.<oocl, lion, ' •J=• 

A. 1999. 
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Figure 11 .1 Trends of power supply ,'Oltage \/00, threshold voltage VT- and gate o-ade thickn s 
J versus channel length for C~IOS logic technologi . Points , re c-ollected from data published 
m-er recent }'t.'lln.1 

Figura 11.2 
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11. 1 Ctiallcnges for Integration • 26 l 

11 .1.1 Ultrashallow Junction Formation 

o-t-all d short -chnnn I effects happen as the ch,urnel length is red Md Tl · bl 
be · .• • l . I cl . . . . u- . us pro em 

comes cnttca ,IS l 1e <M · d,mens,on is ·caled do\\11 to 100 nm. To achieve ~n ultra• 
hallow junctiorl with low heel reslstanc.-e. low-energy (i.e., I s than 1 ke implanta­

tion l :clmology with high dosag must be employed. Table I l.l shO\ tl1e r qu.ir ~ junction 
depth versu the technology gen ration. The requirement of the junction for 100 11 111 
ar depths around 20 to 33 nm with a doping conccntmlion of J x lo:"/cm'. 

11 .1 .2 Ultrathin Oxide 

A~ the gate lengtl1 shrink5 below 130 nm, the oxide quivalcnt thickness of the gate dielec­
tnc mu t be reduced around 2. nm to maintain perfonnance. However, if onl>• iO. (witl1 
a dielectric constant of 3.9) is used, the leakage tltrough the gate becomes\ ')' high because 
of direct tunneling. For this r ason. thicker high.-k dielectric materials that hav lower 
leakage current ar needed. CMdidates for tl1e hort term are silicon nitride (with a dielec­
tric constant of 7), Tap) (2.5). and TIOi (60-100). 

11 .1 .3 Silicide Formation 

Silicide-related technolOg)' has becom an integral part of submi<:ron de,i.ccs for reduc­
ing the parasitic resi lance to improve device and circuit performance. TI1e conventional 
Ti-~ilicide process has been widely used in 350- to 250-nm technology. However, tl1 sheet 
r sistance of a TiSLi line increases with decreasinglin ,~dth, whid1 limits the use of1i i1 

in 100-nm C 1OS applications and beyond. Co$i2 or iSi processes will replace Ti i,i for 
technology beyond 100 nm. 

11 .1.4 New Materials for Interconnection 

To achieve high-speed operation, the RC time delay of the interconnection must be reduced. 
Figure .14 show cl tl1e d lay as a fm1ction of feature size.' It i.s ob~ous that gnte delay 
decreas as the channel length decreases. Meanwhile. tl1e delay resulting from inter­
conn ct increases ignificantly as tl1e size decrease . This cau the total delay time to 
increase as the dimension of the de~ce size scales down to 250 nm. Consequently. both 
high-conducthity metals, such as Cu. and low-dielectric-constant (low-k) insulators, such 
as organic (polyimide) or inorganic (F-doped oxide) materials. oil r major performance 
gains. Cu exhibits superior performance becau of its high conductivity (1.7 µfl -cm com­
pared ,~th 2.7 µn -cm for Al) and is 10 to 100 times more resistant to electromigratioo. 
Th d lay using Cu and the low-k material shows a significant deer ase c.-ompared ~th 
tl1at of conventional Al ancl oxide. H nee. Cu \\1th the low-k material is senti;ll in mul­
ti I vel intercolUleCtion for future deep- ubmicron technology. 

11.1.5 Power limitations 

Th power reql1ir cl merely to charge and disch,lrg circuit node in ,,n re i proportion.ii 
to tl1e number of gates and tl1e frequ ncy at which th y are S1\itched {clock frcqu 11cr). 
The power can be A'{)rcssed as P = 1J2C\r-,if. where C is the capacitan per de~ce. V is 
the applied voltage, 11 is th number of devi s per chip, and fi the clock frequ llC)'. The 
temper.Hur rise caused by this power dissipation in an IC paclcl" · is limited h)· tlie t11er­
ma.l conducforjty of th package mut rial, uni ss nu.~liary liquid or gns cooling is used. The 
maximum allowabl tcmpernture rise is limited by the bandgnp of the emic.'Ondudor 
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""' r. . .11 L . ,1~1p ofl l cV) For --u ha temperature ri e, the ma.\iinu111 power -lvv r ~ \\1 l, U<Ulu,;• • • . - I • . 
,_ . - f ·roJ J ·gh ,.,,.rfonnru1 pi1dmg 1s about 10 \ . A a r u t. " e 11\ust linut 

(U h,p.,thb O • typ, • ci"~k-;.;U.' or the numbe; of g;1tcs OIi tl chip. S nn xample, in 311 

,.,, er m:i"11:!!t1 IO 'devi , ,111h C = -x 10·' fF, rull11it1g at a 20 CHi dock rate 
lC ntu.Otll" \N""nm • ·r· ~ 10"'- d ' 
th · 11• ... r of m1t • wt· can ha, is abot1t 10' 1 we nssum a .,., ut cyd e ,n :<1mun1 nor ue:: 0 • • • • 

nus l.l a de ign coostr:lint fixed by b k' mat rial pammet«rs. 

11.1.6 SOI Integration 
9.2 " 11- _., ••1 l.l. lotion of OJ \\,ili>rs H nll ·. 01 tcclmol g)' has received 

~00 ~ffl llOONll · .. 
a at de·tl of attention. TlH: adnrntag of 01 in~ gr.itioo b come s1g111ficant as the 
· ~- ·, tu- I 11gtb ·ipproa<:he 100 nm. From a proce s point or view. SOI does m1rum11111 ,~ " , 1.,, • 

d II comp! x well ·tructurt> and isolation proce ·se,;. ln ac wtion. hallow jur\c-
not o ie I ,___ Tl . . k f 
• .lorectJ)· obtained through the 01 min t 1ic,u1ess. 1er IS no ns O no1111uj. 

tiort5 ore w . I f ·d · 1 
forlll interdilfusion of ilicon and .I in th contact- r~gi~n oecause o oxi e 1so ation at 
tlie bottom of the Jut1clion. Hence. the contact bame~ 1 • not ~ecessary: FT~m a device 

·111 of ,1ew. the Jllod m bulk . ilioon d vice n eds lngh dop111g at the dmrn and sub­
!:i1e to liminute hort-dirumel effi ci-s and punchthrough. This high doping results in 
high • pacitllllce wh II the junc.-tion is rev rse biased. On _the other ha_od, in OJ. tl1 max­
im-um capacitance beh, •n th junction and substrate 1s the c:ipacrtano_e of the buried 
insulator. wbos,: dielectric constant is three tin1 small r than that of Wcon (3.9 versus 
U .9). 8. eel oo ring oscillator pel'.forrnance. 130-n m SOI Ci\10 technology can achie,·e 
25% ft ter speeds or require 50% less power com par d ,vitl1 a in~ilar bul~ technology.~ 

RAM. DRAM. CPU, and rf Ci\lOS haxe all been succe sfu lly fabncated usmg OJ tech­
nology. TI1erefore. OI is a k y c:indidate for tJ1 future S) te rn-on-a-chip technology, con­
sidered in the followirl section. 

EXAMPLE 1 

for a,1 equivalent onde thickn of 1.5 nm, what will be the ph) ·ical thiclor · wheo tl,c high-k 
m tcrial nitride (c/ i:. = , • 1: O, (25), or no, (80) are used? 

SOLUTION For oitrid . 

d 

( £~ )-(c.,...,.) 
1.5 dM.., 

= 1.s(.!....)=2.69nm 
3.9 

sing the same calculation, we obtain 9.62 nm forTap1 and 10.77 nm for 1102• 

► 11.2 SYSTEM-ON-A-CHIP 

◄ 

Jncreas d component density and improved fabrication technology hav helped Ute real­
ization of the sy fem,011-a-chip (SOC). that is, :in [C cltip that contains a c.-omplete elec­
tronic ~ t m. D igners can bui ld all tl1e tircuill)• needed for a comp! t electronic tern, 
uch , rru11en1. radio, television, or personal computer (PC), on a single chip. Figure 11.3 

sbon an OC application for a PCs motherbo:t.rd. Component ( 11 hip" in d1is case) 
once found on bo:lrds become \irtual oompon nts on th chip at the right.~ 

Tiwrc ar' two ob tacle in tl1e realization of the OC. The first i the hug, complexity 
f th design. iuce the compon ot board is pre ntly designed by diffi rent coiop(lnies 

, IS • r1nal<w'ml1t-d <lgnol 
A I • oppll tlon-~p<('iOc I 

P • 0,,1\t r:J prucc<slng urdl 
PL!) • progm1n111ahk· loglc ""'•~ 

88 ¢ 
I M IS I 

Boord (..'01r1poncnu 

11,2 System-on-a-Chip • 2.-63 

Figure 11.3 yst m-on-a-d,ip of a con, •n tional personal computer motberboord.• 

using dilli rent d ign tools, it is difficult to integrate the components into one chip. Another 
difficulty Li s in fabrication . In general, tl1e fabrication processes of a DRAM are signif­
icantly differ nl from tho e of logic lCs (e.g .• CPUs). Speed is tbe first priority for the 
logic. whereas leakag of the stored charg is tl1e priority for memory. Therefore, mul­
tilevel interconnection schemes using five to six levels of metal are ess ntial for logic ICs 
to improve th speed. However, DRA 1 circuits need only two to tluee levels. In addi­
tion. to increas the speed. n sill ide process must be used to reduce the series r istance. 
and ultrnthin gate oxide i needed to increase th• driv current in logic circuit . These 
requirements are not critical for inernory. 

To achieve die OC goal. an embedded DRAM t chnology has been introduced to 
mrrge logic and DRAM into a single chip with compatible process . Figure ll.4 ho" 

~ hematic cross section of an embedded DRAM , including the DRAM cells and tJ,e logic 
.1-.10S cl vi _; Some processing steps ar modified as a comprornis . The tr nch-type 

A/2 

.111 

Figure 11.4 cl,emalic cro section of the cmbcdd ·d DRAM includin DRAM ~-ell and I 
MOSFIITs. There ~ 111> height diffi ,rencc in lhe lr•nch c:ip(•Citor cell bec.11~ of the DRAM 
~ln1clurt;0. If I 10 MS ar metal interconncetions. and \fl lo 4 nre "in hole . 
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c.1p;1n tor. in w,1d of Lhe sro ked 1)1){'. is used so Ll1:\t th ·ru is no h igh t difference in the 
DR 111 lhtn1ct11re. ln.dditi n. mulliplegut o, ldo:thic:kn -~•~ e.xi~tonthc . ,n1ewnfer 
to c'UlmlllO<L t multiple upply hag s r to oombin<' 111 mory.ind logit- circuits un onu 
chip. or botJ1. 

11.3 SUMMARY 

Bo u. or the mpid reduction in fo.,ture length, IC technolog>' "~II oon r ach it prac­
bcal liimt as the chann •11 n rth i r du d to bout 20 nm. \\lh t IC. "~II be beyond 

!\10 is a key qu lion being :\Sk I by ;1_rcl1 sci ntists. lnjor mdid, tcs includ inno-
, th'!:' dcvi~ based on qmmtum mcchanic,,I dTect ·, becau when the lateral dimen­
ion is reduced to below 100 nm. clectrOrliC structure wi ll exhibit nonclas ic:11 behavior 

depending on the materillls ,uid th I 111pemtur1: of operation . The operation of uch 
de,~c • will be on the ·calt• of sing! · I ctron tmn port. This nppro.ich has be n demon­
trnted hr th 1.11gle-electron memory cell. The l'l'ali.zation of such > ·te m with trillion 

of component · will be n major chaU ngc beyond MO .' 
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PROBLEMS 
I. 1al Calc:u lnte rhe RC ti me cor,s1ru1t of an aluminum ninner 0.5 µm thi k formed on a 

thermally rown iO, 0.5 µm thick. The length and "idth of the runn ·r ~re I cin . ml 
I µm . respectively. The re<i tMty of the runner is 10 ' Q-cm. (b) What will Ix, lhe RC 
rime constant for a poly ilicon runn,•r (R "' 30 0/h) of id ·ntical di men. ion? 

2. Why do we need multiple oxid · thickn · · for a ~tern-on-a-chip? 

3. Normally we need a bufli red la} r placed between a hJgh-k T;,p, and th!! silicon ub­
tratc. CalcuL1te the cffccti~c oxide thicknc (EOT) "hen the stacked gute dielectric i 

Ta,,O, (k = 25) "ith a tlilcknc. of 75 on a buffered nitride layer (k = 7 and a thickne 
of 10 ). Also calculnt • EOT for a buffered OAJdc 1:.)-cr (k = 3.0 aod a thickn · or 5 ). 

Appendix A 

List of Symbols 

Symhol 

11 

(' 

C 
D 
E 
f 

f 
I, 

( 

J 
k 
l. 
m~ 
ii 
ll 

ti , ,, 
p 

q 
Q. 
R 
t 

T 

V 

D •scription 

Lawce con tant 
peed oflight in Yae\111rn 

Capacitance 
Diffusion cocfficl ' nt 
Energy 
Electric llcld 
Frequency 
Planck constant 
Current 
Current <l ·nsity 
Bolt,.mann Constant 
Length 
Electron rest ml\SS 

Refracti"e indc.t 
Density or free electrons 
lntri11sic carrier concentration 
Density (>f free holes 
Pressure 
~!agnitude or clectnmic cbnrge 
Inter( cc tnipped ch. rg 
Rc.sistanc'C 
Timu 
Absolute temperature 

arrirr \'clocity 

Volta •e 
l'cm1ittivity in 1cuum 

cmiconductor pcnnitthity 
Insulator permittivity 
Dielc~-t ric con t,mt 
Wa,-elengtli 
Frequency or Ii ,ht 
Penneabllity in v.1e11um 
Glectron mohUit · 
llole mobility 
R lstMly 

Ohm 

Unit 

A 
cm/s 
F 
cm'I 
eV 
Wern 
Hz{cps) 

J·s 
A 
• Cll"I! 

J/K 
cmor µm 
kg 

cm-• 
cm-• 
on-• 
Pa 
C 

chaiges'cnr 
n 

K 

cm/: 

\' 

Flem 
Flem 
Ftcm 

µmornm 
lb 
I I/cm 

Ctll 

cm1N• 
0 -cm 
n 

265 
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Appendix B 

International System 
of Units (SI Units) 

Quantity Unit Symbol 

Length• Meter m 
Mass K~O!!ram ~-g 
Time econd 
Temperature Kelvin K 
Current Ampere A 
Light intensity Ca.ncJela Cd 
Angle Rad.ian rad 
Frequency Hertz llz 
Force NC'\,1on K 

Pre ure Pascal Pa 
Energy• Joule 
Power Watt w 
Electric charge Coulomb C 
Potential Volt V 

Conductance iemens s 
R • istance Ohm n 
Capacitnnce Fru:id F 

Magnetic flux Weber WI, 

Magnetic induction Tesla T 

Induct, nee Henry H 

Ught flu.x Lumen Lm 

Dimensions 

II 
kg-ml 
'/m· 

-m 
J/s 
A· 

JIC 
NV 
WA 

v. 
Wbfml 
\\'h'A 
Cd-rad 

• It ls more common In the scmioonductor field to use c,n forl ngth and eV for energy (I cm • 10-• m. l "" 
• l.G x 10-'° J). 

267 
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Appendix C 

Un it Prefixes* 

Multiple Prefu Symbol 
10" exa E 
1015 peta p 
101t tcm T 
10' giga C 
10" mega M 
101 kilo k 
101 hecto h 
JO deka da 
10-1 dcci d 
10-2 ccnti C 
10-1 milli m 
10-e micro µ 
10-9 nano n 
10-12 pico p 
'0 15 femto f 
JO-i~ atto a 

• Adopk-d by I ntcmation. I Committee on Weights and Measures. (Compound pretl,,-s should 001 Ix- U$«1. 
e g .. notµµ but p.) 

269 
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Appendix D 

Greek Alphabet 

L<'lt••r [.er., },U, ~p ppe 

Alph a A 

Beta {J B 

mm r r 
P,•lta s lJ. 

Epsilon f E 
Zeta ' 1. 

Eta " H 
Tb..•tu 9 e 
lot.. I 
lupp., IC K 
Lambda ). 

. 1u µ M 
"~u V 

Xi ~ -
Ornl ·run (I 0 

Pi IC n 
nhu p p 

, i,(101 er ! 

'J: ll r T 

Up In V 
y 

Phi 9 (I) 

'h1 X X 

Psi V 'I' 

Om,i:a (ti n 
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Appendix E 

Physical Constants 

Qonntity yrnbol Yalu,: 

Angstro,n unit 10 A = l nm ~ 10·3 pm = 10 1 cm • LO""' m 
A,-ogttdto ~'Onst nt Nr. 6,02214 X 1021 

Bohr radiu~ On 0.52917). 
Boltzmann eon tant k 1.38066 X 10-n )/K (/1/N.,) 
Elementary charg 'I 1.6021 X 10-19C 

Elecl.rQn rest m, m o 0.9109-1 x IO•"'kg 
Electron volt cV l e • 1.6021 X L0·1~) 

= 23.053 kcaVmol 
c~ constant 8 1.9 719 calrmol-K 
'Penneability in vacuum µ., 1.256&1 X 10 I cm (4 n x LO"") 
Pennittivity m vacuum ~ .8541 x LO·" Flcn1 (Uµ,.,-J) 
Planck wnstant J, 6,62607 X 10-31 )· 
Reduced Planck constnnt Ii 1.05457 X 10·:k )·$ (/i/2,r) 
Proton rest mass MP l.67262 X 10-r. kg 
p,,e<l oflight in ,-acuum C 2.99792 X JOIO cm/: 
tandard atmosphere l.01325 X [()$Pa 

Thonnal ,'l>ltag at 300 K kTlq 0.025 -2 \I 
\ · velength of I 1:V quantum ). 1.239 µm 

27 
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Appendix F 

Properties of Si 
and GaAs at 300 K 

Properties 

Atoms/cm1 

Atomic weight 
Br~akdown llcld I/cm) 

ryst,J tn,cture 
Den. ity (g/cm') 

Di lectric eon tanl 

EITective den ity of 
,tate in conduction 
band. N (cm-3) 

EITecti"e d •nsity of 
states in "alencc 
band. N, {cnr") 

EIIective mass (eonducb,ity) 
Electrons (m/ 1110) 
Holc ·{m/m,.l 

Electron affinil)', ,r(V) 
Ene,w gap (cV) 
l11d ·x of refractio,1 
lr11rim•ic carrier 

concentration (cnr 3) 

lnlrin..<ic resisbvity (0 -cml 
Lattice cons1anl { 1 
Uncar coefficient of 

Uicrm I expansion, 
aULxT c•c-1> 

Melting point (0 ) 

Minority-carrier lifetime (s) 
Mobility (cm' ·s) 

JI, (electrons) 

J'i, (holes) 
peciflc heat (Jig.• 

Tlwrmnl ~-onJu<c1ivi ty(Wt m-K ) 

Vnpor press,ire ( Pa) 

Si 

5.02x J0!l 
28.09 
-3 X 10' 
DiamQnd 
2.329 

J 1.9 
2. 6 X JQ IO 

2.li(i x LO'" 

0.26 
0.69 
4.05 

1.12 
3.42 
9.65 X 109 

3.3x 10' 

5.43102 
2.59 X 10-1' 

1412 

3x LO 1 

1450 
5().5 

0.7 
1.31 

I at L650° 
lo-" nl 900° 

4.42x JO" 
144.63 

--4XW 
?jncblendc 

5.317 
12.<l 
4.i X 1()1; 

i .0 x 10" 

0.063 
0.57 
4.07 
1.42 
3.3 
2.25>< l(f' 

2.9 X 10' 
5 .65325 

5.75 x LO"" 

1240 

-10"'' 

9200 
320 
0.35 
0.46 
100 at Joso•c 
l al 900° 
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IL' 

0.00 

0.01 
0.02 
0.03 

0.0-I 

0.05 
0.06 

0.07 

0.0 

0.09 

0.10 

O.Jl 
0.12 

0.13 
0.14 

0.15 
0,16 

017 

0.1 

0.19 

0.20 

0.21 

0.22 
0.23 

0.2·1 

0.25 

0 .26 

0.27 

0.28 

0.29 

030 

0.31 

Appendix G 

Some Properties of 
the Error Function 

.,rf{w) tL t·rf!w) tL erf(w) 

0.000 000 0 .32 0.349 126 0.64 0.634 5 , 
0.01 I 2&1 0.33 0.359 279 0.65 0.&12029 
0.022 565 0.34 0.369365 0.66 0.649 377 
0.033 S,11 0.35 0.3i9 382 0.67 0.656 628 
0 .0.15 111 0.36 0. 330 0.68 0.663 7 
0.056372 0.37 0.399 206 0.69 0.670 0 
0.067 622 0.38 0.409 009 0.70 0.677 801 
0.07 0.39 0.41 739 0.71 0. 666 
0.09007 0.40 0."28392 0.72 0.691 -133 
0.101 28 1 0.41 0.437 969 0.73 0.698 10:I 
0.112 -163 0.42 0.447 -168 0.74 0.704 67 
0.!23623 0.43 0.456 7 0.75 0.711 156 
0.134-,:- 0.41 0.466 225 0.76 0.7 17 537 
0.145 , 67 0.45 (l.4754 2 0.77 0 .723 22 
0.156 947 0.46 0.4646.5.5 0.7 0.730010 
0.167 996 0.-17 0.493 745 0.79 0.736103 
O.li9 012 0. 0.502 750 0.80 0.742 JOI 
0.1 9 992 0.49 0.51166 0. I 0.7 003 
o._oo 936 0.50 0.520500 0. 2 0 .753 11 
0 .2 11 10 0,51 0.5292¥1 0. 0.759 52.4 
0 2.22 703 0.52 0.537 09 0.84 0.765 1-13 
0.233 22 0.53 0.S..6464 0 .770 
0.24-1296 0 .54 0.554 939 0.776110 
0.255 023 0.55 0.563 323 0 .7 1 -1-10 
0.265 700 0.56 0.571 616 0 .7 6.~ 
0.276326 0.57 0.579 16 0.719 3 
0.2S6900 o. 0. 7923 0.90 0 .79690 
11.2 7 4 1 0.59 0.595 936 0.91 0 .801 
o .30, ·so 0.60 0 .603 0.92 0 .806 7 
0.31 283 0.61 0.611 ' ) 0.93 
0.328 627 0.62 0.619 411 0.94 
0 .338 90 ' 0.f,3 o c;21046 0.95 

tLJ erftw) 

0.96 
0.97 
0. 
0.99 
1.00 0 
l.OL 0 
1.02 0 
1.03 
1.04 

1.05 0. 2436 
1.06 0.S66 144 
l .0i 0.869 773 
1. 
1.09 
1.10 
I 11 

U2 

1.13 

114 
l.15 
1.16 
1.17 0.902000 

L.l 0.00.1 7 
l.19 0.90760 

1.20 0.910 31-1 

L.21 0.912956 
1.22 0.915 534 

1.23 0.91 050 
1.24 0.9l'..O so.; 
1.25 0922 900 
1.26 0925 236 
1.27 0.927 51-1 

(etmlluurtf l 

277 
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t·rf(w) "' 
(ro11tlnuc,I) 

re erftu-) w 
t<I erf(, ) IV w erf( ) w ,-rft,cl 

I 74 l?.21 2.67 I 3. 14 0.99999 ) 03 3.36 0.999 997 983 3.58 0.999999 'l7 3b(J 0.999. 923 
Ii 2.22 2. 0.99!1 19 3.L.S o.9991)91 60 3.37 0.9999U 120 3.59 0999{199 617 3.& I 09999!19928 
I i6 2.23 2.69 0.999 3.16 0.999 092 l•I 3,3l o. 211; 3.60 CJ.llll9 999 644 3 2 0.900 9! 934 
I Ti 224 2.70 o. 866 3.17 0.999 992 6-1 3.39 0 9<J9 90ll 367 3.61 0.999 999 6i0 3.53 0 999 009 939 

~ 2.25 2.7L 0.099 73 3.1 0.999 311 3.40 0.99!! 998 4i 3.62 0.99999969-1 3.84 0009999944 1 ll 
2.26 2.72 0.999 · 3.19 0.99999356 3.41 0.999 99 582 363 0.999 999 716 3.-55 0.9999990-lb I 

I~ 2.27 2.73 0.999 7 3.20 0.999 993 97 3.42 0.99999 679 3,64 0.999 999 736 366 0 9'.)I) 999 952 
J.JS 2. 2.74 0.999 93 3.21 0.999 994 36 3.-43 0.999 998 770 3.65 0.999 999 756 3. 7 0999 956 
136 0.990 3'17 _ 29 2,;5 0.999 3.22 0.999994 ;3 3.44 0.99999 855 3.66 0.999 999 ii3 3 0.999 999 95 
11, 0.990 736 2.30 2.76 0,999905 3.23 0.999 995 07 3.45 0.999 996 934 3.67 0.999 999 790 3. 0.999 999 962 
I 0.991 111 2.31 2.77 0,999910 3.24 0.999 995 40 3.46 0.999 999 008 3.6!} 0.999 999 805 3.90 0.999 999 965 
I . 0991 li2 2.32 2.7 0.999 916 3.25 0.99\J 995 70 3.47 0.999 9(.)1) 07i 3.69 0,999 999 20 391 0.999 999 
I ~O 0.991 21 2.33 0.999 016 0.999 9-20 3.26 0.999 995 3.4 0.999999141 3.iO 0.999 999 &33 3,92 0999999970 
141 0.9921 2.34 0.999 00.S 0,999 92.5 3.27 0.99999624 3.49 0.999 999 201 3.7 1 0.999999 5 3.93 0.999 999 973 
I~ 0.992 -li9 2.3.5 0.999 l1l 0.999929 3. 0.99999649 3.50 0.999 999 257 3.72 0.999 999 857 3.94- 0.999 999 975 
143 09!12 i90 2.36 0.999 155 0.999933 3.29 0.999996 i2 3.51 0.999 999 309 3.73 0.999 999 867 3.95 0.999 999 977 
1-H 1.91 0.993 090 237 0.999 197 0.999 9 7 3.30 0.999 996 94 3.52 0.999 999 35S 3.74 0.999 999 r. 3.96 0,999 999 !li9 
1-1-5 1.92 0.09337 2.3 0.999 237 0.9999-14 3.31 0.999 997 t5 3.53 0.999 999 403 3.75 0.999 99!1 S6 3.97 0.999 999 9SO 
I 16 193 0. 65G 2.39 0.999 2i5 2 'iii 0.999 9-1-8 3.32 0.999 997 3-l 3.54 0.999 999 445 3.76 0.999999 95 3. 0.9999999 2 
l.l~ 0.96:23iJ I. 1 0993 923 2.40 0.999 311 0.999 951 3.33 0.999 99751 3.55 0.999 999 4S5 3.77 0.999 999 903 3.99 0.999 999 9S3 
I~ 0.96.165-1 1.00 0.994 179 2.41 0.999 346 2. U.999 954 3.34 0.999 997 6l 3.56 0.999 999 52 1 3.7 0.999 999 910 
1.49 0. J.96 0.99-1426 2.42 0.999379 2. 9 0,999 956 3.35 0.999997 3.57 0.999 999 55.S 3.79 0999999917 
I~ 0!1661- 1.97 0.994 66-l 2.43 0.999 ~11 2.90 0999959 
I · 1 0961277 J. 0994 9-2 244 0.999 441 2.91 0.99996) 
J.52 096 4J3 1.99 0.995 lll 2.45 0.999 469 2.92 0.999 964 
153 0. 516 2.00 0.995 322 2.46 0.999497 2.93 0999 966 
I..>! 0. iO 2.01 0.995525 2.-17 0.999 523 2.9-1 0.999 966 
1.55 0.971 623 2.02 0.995 i19 2A8 0.999 547 2.95 0.999 970 
1.56 0. 72 2.03 0.995 906 2.49 0.999571 296 0999 972 
I.Si 0973603 20-I 0.996 OS6 2.50 0.999590 2.9i 0.9999,3 
I 0.9,4 S-17 2 05 0.996 25S 2.51 0.999 61 •1 2.9: 0.999975 
1.59 0 75-16:! 2.06 0.096 423 2.52 0.999 634 2.99 0.999 976 
160 0976 3-1 20i 0.9965- 2 2.53 0.999 65-1 30() 0.999 97i91 
1.61 O 977 207 2.0 0.996 731 2.54 0.999 672 3.()1 0.999 97 26 
1.6'2 0.97 2.09 0996 2.55 0.999 669 3.02 0.999 98053 
1.63 0 ; 3 2.IO 0.997 021 2.56 0.999 706 3.0., 0.999 9 l 73 
I 0.979622 2 ll 0,997 155 2.Si 0.999 722 3.0.1 0999 9S2 
1.65 09S03i6 2.12 0.99i2&1 2.5 0.999 736 3.o5 0.999 98392 
166 2.13 0.997 ~07 2.59 0999 i;:,J 3.06 0.999 9 92 
1.67 2.14 0.997 525 2.60 0.999 764 3.07 
I 215 0.997639 2 61 0.999 777 3.0 
l . 216 ll .997 747 2,62 0.9997 lJ 309 
l iO 2..li 0.997 · 1 2.63 0.999600 3 JO 
I ii 2.1 0.99i 951 2.6-1 0.999 LI 311 09999S90 
I i2 219 0.99'> 046 2.65 U.999 22 3.12 0.999 977 
I 7-1 2..20 099 13i 2f,f, 0.999 31 3.)3 09990004.2 

(co11li1111cd) 
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Appendix H 

Basic Kinetic 
Theory of Gases 

Th ideal g law tates that 

PV =RT= 1..);T (1) 

where P is the pressure, V is the volume of l mole of gas, R is the gas constant (1.9 
cal/mol-K. or 2 atm-cm3/mol-K), Tis tl1e absolute temperature in K, '.,,. is the A\'ogadro 
constant (6.02 x 1023 molecules/mole), andk is the Boltzmann constant (1.38 x 10-23 J ', 
or 1.37 x 10·2.? atrn-cm2/K). Since real gases beh:we more and more like th ideal gas as 
th pressure is low red. Eq. 1 i valid for most vacuum processes. We can use Eq. l to 
calculate th molecular concentration 11 (tl1e number of molecules per unit volume): 

ll=N~ =.!_ 
V kT 

= 7.25 x 101• !.. molecule /cm3 

T 

(2) 

(2a) 

where Pis 'in Pa. The density PJ of a gas i given by the produ t of ils molecular w igl1t 
and its 1.-onrent.ration: 

P,1 = Molecular weightx( ;) (3) 

Tb gas molecules are in constant motion and their velocities are temperature depen­
dent. The distribution of elocities is de cribed b,• the Ma,well-Boltzmann distribution 
law, which tates that for a given speed v, ' 

{4) 

where 111 is tl1 mass of a molecule. Th.is equation states that if there are 11 mo! cul io 
the volume, ther will be dn molecules having a speed bet-, en v and v + dv. The a"'t!r­
age . peed i obtainable from Eq. 4: 

v = J: vf0dv = 2 (2kf 
"' J: /,du "J; ,J--;,- (5) 

2 l 
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Ap~d H- Basic Kinetic Theory of Gases 

. t ro cuuui t huology is the 11101 cuhu impi11gcn, 111 rate, 
n import.mt p,,ml m '1 er. r ~ g. on 3 unit area .v-r unit time. To obtJ in 1l1is p. ram. 

th it how mam III ecu e. unpm ' • ' "' f I I · tl di ' ' •d ' I .,,_rib ti 1 function!, for till' v locitic o mo u c 111 1c :t ree-
c..~ter, ftn;t coust .ar l tc uJ~t u o1 . u . . . , E 4· 
ltOn. Thi.> fun tion cru1 be e,pre .ed by on cquallOn im1l,1r to q. . 

I~ /, =(~)"' olcx.J-1110!) (6) 
; do, a • 2nkT • '\ 2ff 

11,e ,nok-culnr impingement mte ¢ i g;,•(•n by 

¢ = fo 0,,111 , (7) 

ubstituting</11, from Eq. 6 :md integrating give 

¢=11lff { ) 

Tiie rel. tionship between the impingement mte and tl1 gas pressure is obtained by using 

Eq.2: 
¢ = P(2ronkTfvz 

=2.64xto'°(/4-r) 
where pis th.: pressur in Pa and M i tl1e molecular weight. 

(9) 

(9a) 

Appendix I 

SUPREM Commands 

-n, taoford niversity Procc s Engineering Mod ling (SU PREM) program is n imu­
lation pncka' tliat allow. a user to model variou process. teps used in th fabrication 
of int grated circuits. SUPREM can predict the results of oxidation, deposition, etching. 
clifl'usion, pit:wal growth, and ion implantation processes. SUPREJ\1 111 models the 
changes to tl1e cmiconductor tructurc that result from these proc:esse in one dimen-
ion. TI1e primary results are tbe tl1i<:kn sse of various L,yers and tl1e distribution ofi.mpu• 

rities within ll1ose tar rs. Th program can also d •term in certain mat rial properti , 
~uch as th • h et r i tancc of diffused regions in ilicon layers. 

To run UPREM, an input deck must be provided. This file c.-ontnins a series of state­
ments and comment~. The deck begins witl1 a TITLE statem nt. which IS merely a com­
ment repeat don aeh page of the program output. The nc.~t command, INITIALIZE. i.s 
a control tatemenl that ts the ubstratc type. orientation. and dopin . This c.-ommand 
can al o be u cl to specify tl1e tl1ickne s of the r gion to be imulated and tablish a grid. 
,\fier the substrate and material are est. bl· hed. a erie. of tat mcnt is used to specify 
Ilic qu nee of process step as tliey occur. Finally, the output of the simulation can be 
printed or plotted u ing PRINT or PLOT tat 111 nt , respectively. imulation ends "ith 
STOP statement. ev raJ COMMENT t ten ents will lypically appear tluoughout tl1e deck. 

clescriptioo of a ~ w co1111nonly u ed UPRE I tatem nts is provided iu T, ble 
l.L T/i t tab/ is by no ml/Qll~ complete. To obtain th compl te S PREJ\I software pack­
age nnd its associated documentation. conta t 

ik co Data ystem~. Inc. 

•1701 PatTick Henry Drive 

Building2 

ant\ Ciani. Ct\ 95054 

Phone: ,10 -654-4372 

rt~" 408-121.s29i 

www. ih-aco.com 

PREM is~ trademark of th Board ofTru Ices of t.,nford uh rsity. 

2 
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TABLE I.I c-c,n SUPREM Commands 

O£POSITl 

OIFFUSION 

ETCH 

I PLA.VT 

D< nption 

Qul uts h m r tring to 
labd an ,npul se<tuence 
Depo,its spt-ciAed material 
on lop of L-urrent ~tructure 

Mod I high-tempernture 
di~ion In o:odizing and 
non xidizrng mbients 

Etch spccifl ,d material 
from th • top of current 
structure 

Uasic )11ta., 

DEPOSITION <;'Qteria 1> 
Thickness•<n> Tc perature•<n> 

DIFFUSION Ti e•<n> 
Temperature-<n> <Dopant> 
<NJb; en t> 

ETCH <Hateria I> Thickness• <n> 

imulat ion implantation l PI..AHT <Dopant> Dose■<n> 
of impuritie Energy,,<11> 

1)'pi I Flug, and 
Pununelcrs 

Alu i nu 
Ni tride 
Oxide 
Polysilicon 
Silicon 
C. Phosphor Ccm-3) 
C .Arsenic Ccm-3) 
C. Boron Ccm--1) 
Thickness Cµm ) 
Temperature C°C) 
Arsenic 
Boron 
Ory02 
Nitrogen 
Phosphorus 
Wet02 
Solidsol 
HCI% {%) 
T. Rate C0 min) 
Temperature C0 ) 

Ti me C minutes) 
All 
Alu inuin 
Nitride 
Oxide 
Po 1 ys11 icon 
Silicon 
Thickness {µrn ) 
Arsenic 
Boron 
Phosphorus 
Dose (cm· 1) 

Energy (ke\1) 
Ill'ffiALIZE e up initial coefficients 

and structure to be used in 
the simulation 

INITIALIZE <Structure> <Substrate> <100> 
<Dopant> Concentration• <n> <110> 

INffiALIZE Structure•<fj lenaitt> 
<111> 

Silicon 
Arsenic 
Boron 
Phosphorus 
Concentration {cm--1) 

(contl,wed) 

(0011t111111"d) 

PLOT 

PRINT 

SAVEFILE 

STOP 
TITLE 

De criptlon 

Appendix I. SUPREM Commands ◄ 285 

Basic S)11tOX Typic:il FL>~ and 
Par-am·ten 

Sp< ·ific that iinpurity PLOT <Parameters, C..ln■<11> Activ• 
Arsenic 
Boron 
Ole•k~l 
Net 

Phosphorus 
Cain (cm-3) 

concent ration< or r uh.s of CNx•<11> 
cl trical calculations vcrsu, 
d pth into the subsirate arc 
to be plottL-d 

Outputs information about PRINT <Para.eters, 
Caa.x Ccm~') 
Arsenic 
Boron tlic stn,ctur • being simulated 

and coefficients used 

av th current trudure 
being proce ed. the 
coefficients bcin u ed. 
or both 
Tcm1inat s simulation 
lnputs a charader string to 
label the followin input 

Ch .. ical 
Concentration 
Layers 
et 

Phosphorus 
SAVEFILE <Featurl!> F1lename■<Text> Structure 

STOP <Text> 

TITLE <Text> 
1 one 

. one 
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Appendix J 

Running PROLITH 

PROLITH i.~ a\\ indO\ -based photolithogmphy ~hm1lalion program market :d by Pl. LE 
Technologi sin ustin, Texas. PROLLTH ,imuL: . ti, 00111pleteo11 •-and two-dim n.;;ion.,I 
optical lithogmphy process from aerial imn · fonn. liOli tl,rough ~i l :qiosur and d 1-
opment. n1 output of tl1 program is an areumt • pt(.-d.i :tion r th final res" t profil , which 
is pr nted in a ,,~de' ,,ar; ·ty of imng . plots, gmpbs. and ca1culltions. 

PROLITl I accept lithography infonnolion in th fonn of data files a11d input p:u:un. 
eters nnd use this infom1ation to simulnt t,1ndard and. dvauced l.ithogr.1phy proce . 
After the softwar h been install d, a user can nm PROLlTI I by imply clicking on 
th PROLJTH icon from th Windo" tart menu. Aft r a uc.-ce ful li nse earch. t.h • 
J maging Tool paraniet rs window appea ( ee Fig. 4.20}. Before running a simulation, 
the user must choose the simulatioo option and nter a t of input parrun t rs. Tb.is is 
accomplish d by sel cting Options from the Fil menu to open th Options dialog, The 
cttin in t.his dialog box ar used to establish basic imulation options. sucb ns tJ,e lmag 
nlculation Mode. Physical Model, and peed Factor. 

Once ll1 option. ha, been tahli h d, th user mu • nter imulation mput param• 
et rs from the appropriat param l rs window. Th e "~ndo,, are open1;d by selectin 
, rious options from th Vi w m nu or by c-lickin the corr ·ponding toolbar button for 
the ,11ndow. In each \\fodow, paramet rs may be nter db)' marking or cl ring check• 
bo c · or option button , .,nterin v-.ilue in text box ' , s ,le<.ting flle or olh •r valu from 
Ii . and so forth. l\lau , P,L1'3Jl'lCter \\indo,, , uch ns th R si.st paramct rs window. for 
example, pro"ide in tant graphic:il vi , of th infonn, lion cot r d. 

After input parnmet rs have be n ent red. PROUTM wsphl) imulntion resul from 
the Graph m nu. PROLITH n produ graphs simulating fom,ation of a m11Sk rt•a• 
nire by an optical projection • te111. <'-"'PO ure of photor sist using tl1i h,ta e. or d v •I. 
opin nt of the expo eel photor ist. The folio"~"& option from the n,p m nu (or 
corr sponding toolbar buttons) ar avail hie to di play uch ~mulation : 

• Aerial Ima c: Th reli\liv int n ity of tl1e imag•. a function of position 

• Image iri RttSist: TI1c imngc proj cted into ll1 phot ~ t nt the art of · ·,ire 
• Exposed Latent Tmagc: TI1c I, t nt image before po t-c~sure bak • (PEBl 

• PEB Lat ,111 Image: Th~ I ,tent imag after post• xposur bak 

• D•vcw1, 'lime Contour.;: ootours of 0011 tant cl v•lop time ,, fo11ctio11 of 
po ilion in ll1e r i t 

• Re 1st Profile: 'J\vo-dimC'n. ion11l photorc i, l profile aft rd , I pm nt 
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► Append J Running PR0UTH 

Tb" O\'i?l'\icw of PROLITI I ct1p:1bilitie i · by no m ean, compl~te. To obtnin Lh<' 0001-
pll"h: PROLITH sofumre package ~nd it~ n.ssOciatc>d docum nt.111011. cont. ct 

FINLE Tedmologi , Inc. 

P.O. Box 162712 

Au tin. T.X 7 716 

Phou : 512-327-37 1 

Fre.: 512-.J2i-1510 

w\,w.finl .oom 

X 
1 
2 
3 
4 

5 
6 
7 

9 

10 
11 
12 
13 
l•I 

15 
16 
17 
1 
19 

20 
21 
22 

Appendix K 

Percentage Points of 
the t Distribution 

~ 
0 ,,., 

0.40 0.25 0.10 0.05 0.025 0.01 0.005 0.0025 

0.325 1.000 !l.078 6.314 12.706 3 1.62.1 63.657 127.32 
0. 9 0. 16 I. 2.920 4..303 6.965 9.925 l-1.089 
0.2H 0.765 1.638 2.353 3.162 4.5-U 5. II 7.453 
0.271 0.741 1.533 2.132 2.ii6 3.747 4.604 5.59S 

0.267 0.727 1.476 2.015 2.57) 3.36,; 4.032 4.773 
!).265 0.727 1.440 1.943 2.447 3.143 3.707 4.317 
0.263 0.711 1.415 I. 95 2.365 2.99 3.499 4.019 
0.262 0.706 1.397 1.860 2.306 2. 96 3.355 3.833 
0.261 0.703 1.363 1.833 2.262 2.821 3.250 3.690 

0.260 0.700 1.372 1. 12 2.22.S 2.76-1 3.169 3.581 
0260 0.697 1.363 1.796 2.201 2.71 3.106 3.497 
0.259 0.695 1.356 l.iS2 2.179 2.6Sl 3.055 3.-128 
0.259 0.694 1.350 1.771 2.160 2650 3.012 3.372 
OMS 0.692 l .345 1.761 2.145 2.624. 2.977 3.326 

0.258 0691 J.341 l.75.3 2.131 2.602 2.9-17 3.286 
0.258 0.690 1.337 1.7-16 2.120 2. 2.921 3.252 
0257 0.689 1.333 l.i40 2.ll0 2.567 2. 9 3.222 
0.257 0.6 1.330 1.734 2.101 2.552 2 I 3.197 
0.257 0.6 ' 1.3 1.729 2.093 2.539 2. 3.17-1 

0.257 ().6/,7 J.325 l.i:!.5 2,0!,6 2.526 3.153 
0.2.57 0.6!,6 l.32.'.l 1.721 2.080 2.51 3.13-5 
0.256 0.666 1.321 1.7)7 2.0i4 2.508 3.119 

0.001 0.0005 

31 .31 636.62 
23.326 31.59 
10.213 12.92A 
7.17:J .610 

5. 93 6.869 
5.20 5.959 
4.7 5 5.408 
4..501 5.041 
4.297 4.7 L 

4.144 -I 

4.0-25 4.437 
3.930 4.31 
3. -2 4.221 
3.7 I 4.1-10 

3.733 -1.073 
3.686 '1..015 
3.&16 396.5 
3.610 3.9'i!2 
3.579 3. 

3.552 3. -
3.52i 3. '19 
3.505 3.i9'2 

(CQ11tu111ed.l 

2 9 
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,. f or int 11,1 mourron 

Appendix 010 0(15 Cl 0:?5 0,01 0.005 0.00.!5 0()()1 0()0(13 L 
1319 I ii~ 2 2.500 2 1 lW 3.4 3 i67 
I b J.711 2 06-I 2 ~ i 2 i97 3091 3.-167 3 7,15 

25 1.31 I 70'1 2.060 ~ ~. 2.i 1 3.07 3.450 3 725 

Percentage JJI I 71 2.056 2~79 2.779 3067 3 7()j' Points of 131-1 I 700 - !»!? 2Ai 2771 .057 3,690 
1313 l i'Ol _()4~ 2.-l>i 2.i 30.fi 3.GN the F Distribution I IL I. 211-15 2~62 2.756 3. 3659 

um 20-ll 2.457 2.750 3.030 3. 3.6-16 
H,vt 2.0:!J 2.423 2.70-I 2.971 3.307 3. I 

fill l .67J 2000 2.390 2.660 2.91 3.232 3.460 
I. I I. l .9'>0 2. - 2.617 2.1,60 160 3.373 

1645 1.960 26 2.576 2. 7 3.000 .291 

ld.pt,,l ,.ui, fl""l"' ,... from B•>nvt;;J.,, Tabin fa,- lc1U1/rla11 • \ 'ol J, 3,d ed., b, E 
H..nl,,, hnd(" l an ~ •!mt.Ii:•. I • l'C-.ITTOn .,nd H. O 
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I) ~r,·1·, r1 ' umt·mt,,r ( v1) 
5 fj 7 12 I 20 2-1 ;1(1 

I '1.20 H.5') . :2 !)J 010 !J Ill 2 l>!!ll II. 2 . l5 323 3.2.!s 3 l I 3 5 
» II IW nl 067 337 3 . ~ 3 ,l}J 3 ll ) 2.3 2.'11 :? 12 _: 13 2.M 2 ,M ,41 :IH _:os !! •M 2 15 2·UI 2.06 2.07 - .0!; 20!1 2.0 2(\.'> 2.,~~ 2.1 ~ - -0~ 

:1. l :? 17 
21 20 

l L I H I , I. !J I. 9 I. !J I 9 I 1.62 1.76 P,!J 1. ·•1 l l,U I ~ I 7 l.79 l.79 l.7 l.7 l.7 I. I s 
1.57 170 1.77 I 77 1.77 176 176 I 72 1.7:? I 11 1.71 1.70 1.70 I i5 I 75 
1.5-1 1.70 I ffJ II I.Ii l.b7 166 1,67 I l.66 l.65 L.6-1 I. J I. . 167 l ,lih 

f} I.SI I 2 I. 
I 1. 2 I 62 I. I I.GO L. l 2 I 61 L.60 1.60 l !J 15 I.~ 

l .fi(J 
157 1.50 1.56 I ,.. 

10 1.-1 1.60 
"c1 

1.f,0 l.'!l l.59 I. L.57 l.56 1.56 l.55 II l 17 1 i, 1 H I.ST 1.56 
I j I 3 11'!2 l.~2 151 l.'5 1.5-1 1.53 I. 3 l 2 I.SI 

E 12 IA I. JS(i 1.55 1.5'1 1.5: 1.52 l.51 I.SI 1.50 
I~ I 19 l I 1.4 

13 1.1,5 1.55 1.55 l.53 l.52 1.51 150 l.•19 
IA9 14 l.47 1-1 l.-15 

! 1-1 l.44 1,53 I.S.1 1.52 1.51 1.50 
1.40 L,l 1.-li l.-16 145 1'14 l.'13 l.·1 I.J l-17 l,16 HS l.•14 I.• I 12 111 

15 l.43 152 I 
i 

I.SI 1.-19 1.-1 1.,17 1 .• ,, l..t l.•15 1.4-1 1.-1 = Hi J.42 J.51 J I.SU IA IA1 l..iG 1.-1· l .•i•I 
1.41 IAL 1.40 

~ 17 1.42 I. 1 1.50 1.-t l.t7 lA6 
1.-M l..13 1. I 1.40 1.3 1.31; 

.E I 1.-11 1.50 l.-19 
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(LOCOS) 
Long-tl1row spultcriog. 168 
Low-angle gmin boundaries, 154 
Low-dielectric-con~taot (low-k) insulators. 

261 
Low-dielec.-tric-oonstant nmterials. 1.62-164 
Lower control limit (LCL), 237 
Low pressure c:hemic:il v:1por deposition 

(LPCVD), JOI . 1-15, 15.5, 162 
LPCVO. see Low pressure chemical vapor 

deposition (LPCVO) 
LSI. see Luge-scale integration (LSI) 

1'l agnetically enhanced reactive ion etching 
(1'1ERIE), 90 

Magnetron sputtering. 168 
Main effect. 2-17 
Mask-beam system, 80 
Mnsk damage. 6.3 
~t.1.,king 

multiplr implantation nn<l. 136-138 
oxide. 7 
properties of ilicon dioxide. 51~2 

Masks, 65-67. 79 
~I BE src Molecnbr beam cpitn.,-y (~IBE) 
1'1eunder \ tnacture. 227-228 
~lc;111 frc:e path. 150 
Mean ,quare, 245 
~lean time to fai lure (I\ITF), 172 
l\ledium-energ)' ion in1plnntor, 125 
l\ledium scale integration (M l). 18-1 
Memory devices. 199-203 
}.!EMS. see Microelectromechunic.11 

systems (MEI\IS) 
?>IEHlE. -'<'C ~h1gnctically enh:\nccd 

rcuclive ion etching (MERIE) 
MESFET. sec letnl-semi<.-onductor fidd­

cfTect tmnsistor (MESFET) 

lndo ◄ 301 

Metal. Olm~. 1-1, -11 , l•M 
M<-1,.Jliwtion. 14, 167-17i, lll8 
~lctru-nitride-oxide-scmico11d11ctor 

(MNOS). 201 
M etalorganic chemical vapor dcpos,tton 

(MOCVD), 8. 147- 148 
Mctnlorganfo molecular beam cplt:IX)' 

(MOMBE), 152 
Met1ll-oxidc-scmiconductor fleld-efrcct 

transistor (MO FET), -1, 182 
technology of. 196 

Metal-oxide-scmie:onductor (~1OS) 
capacitors, 165--186 
devices. 53. 98 

Metal-semic.-onductor fleld-effect transistor 
(MESFET). 5, 37. 182 

Metal silicicles, l 75-176 
M icroelectromechanical systems (MEMS). 

212-214 
technology, 212-214 

Micromachirung, surface and bulk. 215 
Minimum device dimension, 2S9 
Minimum feature length. see Minimum 

device dimension 
MM !Cs. sec tonolithic 111icrowave 

integrated circuits (MMICs) 
l\li OS. see Metal-nitride-o~de­

semioonductor (MNOS) 
Mobile ionic charges. 54 
UOCVD. see ~1etalorganic chemical vapor 

deposition (MOCVD) 
MOCVD reactor. 148 
MODFET. see Modulation-doped flcld­

cffect transistor (MODFET) 
l\lodulntion-doped flelcl-effect transistor 

(MODFET).5 
~tolecular beam epita.,)' (l\lBE). 8. 1-15, 

14S--152 
I\IO!IIBE. see Metalorganic molecular 

beam epita.,y (MOM BE) 
Monolitlti<· lC. 7 
!\lonolitl,ic ,nicrowave integmted circuits 

(MMICs). 5, lSi, 212 
!llonte Carlo simulation, 254 
MOSfET. sec Metal-oxicle-semieondu<:to 

flcld-elTcet transistor (~IOSFET) 
MSI. sec ~leclium scale integration (M Il 
!llTF. sec l\lean time to failure (MTFl 
Multiple implontation and m:l5king. 

136-138 
Murph)'°s yield integral. 252-254 
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'• 11111.huamn. I IS 
,,·tJ(n>n ,rr-lCL.ahon. 25 
:--<'\l-i:eu1•n1llon ~th1>1;mph1c mt•thod,, 

7~1 
;\lln< JOO (HXO ), ~7 
, otH.·onfonn.tl ,tt>p C(l\t>l"Jg'-'. 159-160 
;l.omnl.itilt> me1001\ de,,~-e. 201-202 
, on,ol,tik ,<'n11ronductor 1111)111ort 

~\ M l 5. ~03 
n•p-11 bipolar tr,lllsi~tor. l 9 
n • poh,iucon, 19-l 
n-type dopan~. 106 
:,-, " "''' :-.on\'OJjtile .euiiconductor 

m,·mof\ ( N\ ~ I) 

OE .1tT Optie<ll en1is ion 5pet1roscopy 
(OE ) 

Ohmic conWct 14. l+! 
OPC. ~- Optical proumity correction 

(OPC) 
Optical emission <pectroscopy (OE ). 93 
Optical lithogr.iphic pattern trunsfer 

proce~. 70-71 
Opt:i<:al lithoi,-;1phy. 60-72. i9 
Optical proumil) com.>ction (OPC). 72 
Onentabo11-depcnd1mt etclli,ie;. 6. 7 
O~llntion.93 
CrocbMn 

impuril)· redistribuuon during. 50-51 
in pl,m,,r prorei . 11- 12 
simulation. IH. 56-Si 
n•rtical. 50 

Oud..-
growtl1 (thin). 49-50 
1.twr. 7 
m'asking. i 
qualil)·. 53-.54 
thickness cha.racteriz.ation. 54 
trapped charges, 54 

Packaging. integrated ctrcuit 
levels of. 226-230 
types of. 230-232 

Parabolic rott· con.~tant. -16. 4i 
Par,uuemc ~1eld. 250. 25.J.-2.55 
Patwm tm~<for. Integrated circuit, 70-71 
PB . 1,·c Pol)-butene-1 sulfone (PBS) 

11-channcl ~10 FET (PMO ), 196, 197. 
203-205. 208 

,i+ chrumd stop, 101- 192 
l'CMs. sc•f Proc.:"• control monitors 

(PCMs) 
PECVO. se1• Plnsmn-enhnnct.'d chemical 

,~,por deposition (PECVD) 
PCA. se1• Pin grid urmy ( PCA) 
P-gla5$ flow proce . 160. 196 
Phase. 26-,27 
Phase diagram. 27 
Plntsl'-Shifting mask (P 1'I). 72 
Phosphorus 

conventional nnnealiug of. 134-135 
diffusion profiles. ll7. 118 

Photolithogrophy 
cleflned. 60 
etching ancl. 13-1-l 
si,nulation. l-S2 

Photomnsk, 60. 69. 73 
Pbotoresi t. 13, 60, 67- 70. 192. ,;•c alro 

Etch-resistant polymers 
negative, 66-69. 75 
positi\'C, 67-oS. 75 

Physical etching, 92 
Ph) ical vapor depo.ition (PVD). 14. 

167- 168 
Pin grid array (PCA), 231 
Planar proces • 7. 11- 1-1 
Plasma 

diagnostics, 93 
funclamcntnls of. 90-91 

Plasma-assisted etching. m • DJ) t :citing 
Plasma-enhanced chemical vap,, r 

deposition (PECVD). -12. 155. 156 
Plasma etching 

as process. 91-92 
reactors, 93-94 

P~IMA. see Poly-methyl methacl'\ late 
(P~IMA) 

PMOS. see p-channel MO FET (P~IOS) 
p-n junction, 7. 14 
Point defect, 34 
PoissOn distribution. 236 
Poisson )~eld model. 251-252 
Poly I. sec p+ pol) ilicon 
Poly 2. see 11 + polyi.ilicon 
Poly-butene-I s1,lfone (PBS). i5 
Polycide gate etching. 98-99 
Polycide pr0<,i.' . 175 

Polyc,y,t:Jlin•' silicon (£CS). l8, 41, 1•14. 
sc,• 111,o Polysilico11 

Poly-gl)-cidyl methncrylr,tc-co-etl1yl-
nc1) l11tl• (COP), 75 

Polymers. 68. 75 
Poly-methyl 11wthnc1ylt1tc (PMM/\l, 75. 79 
Polyi.ilicon. 144 

capacitor. 201 
deposil'ion, 165-1.67 
electrode. 201 
etching. 9S-99 
silicon nitride and, 88 

Positive photorcsist, 67-6S, 75 
Power liinitotions. 261-262 
Power supply voltage, 259- 260 
p+ polysili<.-on. J 94 

gate. 208 
Precipitates, 154 
Predeposition diffused layer, 112 
Pressure-by-tempemture-by-0ow rote, 248 
Pressure-by-temperature i11teraction. 248 
Primary Oat. 31 
Process control monitors (PCMs), 227 
Process simulation. 218-222 
Pro111ometry. 54 
Projected range (J\.). 125 
Projected straggle (or>, 125 
PROLITil, 81 
Proximity effect. 75-76 
PS1'1. see Phase-shifting mask (PSM) 
p tub, 204-205 
p-type impurity. 106 
p-type ,ilit-on substmte. 211 
p well. seep tub 
PZT. see Lead zir<,'Onium titannte (PZT) 

Quartzite, 18 

Radio frequency (RF) heater. 24 
RAM. we Random a<.-cess memory (RAM) 
Random access memory (RAM), 199 
Range (R), 125 
Rapid thenn:tl annealing (RTA). 134. 

135-136 
Rastt>r sc.-an system. 74-75 
Reactive ion bc,un etching, 90 
Reactive ion etching (RlE), 90, 94- 95. 173 
Heactive plns111a etching 

applications, 97-101 
techniques. 93-94 

Index ◄ 303 

Reactive rc·actor tccl111ology. 93 
Reactor. 93 
Re<.1ifying mct:1I-S<:miconductor barril:I'\, 

144 
Recli<tribution dllfu•ion. ~Cl' Drivi:-in 

difl'u<lon 
Refilled trench, 205 
Regi !ration, 62 
Rcsistnnce-heatcd oxidation furnace. 41 
llesistivity. 113, 114 
Resistors, 185 
Resolution 

dcfln11d, 62 
enhancement techniques, 72 

Resonant tunneling diode (RTD). 5 
Rctrogrnde well. see Twin well 
RJE. see llencti\e ion etching (RlE) 
R,,. see Projected range (Rr) 
R'rA. Sl!e Rapid tl1ennal annealing (I\TA) 
RTD. see Resonant tunneling diode (RTD) 

Snlicide. 176 
Scanning focused-beam system, 80 
Schottky barrier diode, U 4 
Screw dislocation. 33 
Secondary flat, 31 
Se<.-ondnry mass spectroscopic (SIMS) 

technique, 36, 114 
Segregation coefficient 

effective, 22-23 
equilibrium, 30. 50 

Self-aligned strncture. 193-195 
SEMC. see Single-clectro11 memory cell 

(SEMC) 
SEMI. see Semiconductor Equipment .uid 

Materials Institute (SEMI) 
Semiconductor 

devices. 2-5 
industries. 1 
materials. 2 
process technologies. 5-S 

emiconductor Equipment and Materials 
Institute (SEMI), 32 

Separation by illlplantcd O\)'gCll (SIMOX), 
140. 193 

Shndow printing. 62.-63, i 
Shallow trench isohitJou. 207 
Sheet resistance. 113-114 
Shewhart control charts. see Control di.uts 
Slunoo plot. <CC' Two-dimensional plot 
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