
Chapter 7 

Bipolar Junction Transistors 

7.1 
FUNDAMENTALS 

OF8JT 
OPERATION 
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OBJECTIVES 

l _ Analyi;e·BJT bond diagrams and undersldhd current gain, base 
transport fu~ror, cmd emitter injeciion efficiensr• 

2_ biscuss the Ebers Moll coupled diode model, equivalent·circuits,_ cutoff, 
soturqfon, and active regions 

3. Devefop the Gvrnmel-Poo'n ohorge. control model for second-order 
effects~r,ly effe:ct., .high-level injection 

4. Stvdy HBTs and other advanced BJTs 

We begin this. ah apter with a quaJitadve discussion of charge iransport in a 
bipolar jµnction trarisi,vtor (BJT), to establish a· sound physical understand­
ing of its opera don. Then we shall investigate carefully the charge-distribu­
tions in Lhe'trans~ror and relate the three te;:prinal currents to the physmal 
characteristics o[ tb.e device, Our aim is to gain a solid UDderstanding of lh.e 
current flow and control of the transistor and tQ discover the mostimportant 
secondary e ffe~ that influence ii.$ ope-ration. Wi; shall di.Seuss thCl)Toperties 
of l)le transistor with proper biasing for amplification and then consider the 
effects of more general biasing. as enco\llltered in swilching circuii:1. 

In tl1is chapter we shall use the p-n-p transistor for most illustrations. 
Toe main.advan.tage of th,e .p-n-p for ruscussing transistor action iff that hole 
flow and current ·are in the same direction.,'Ibis makes the v.nious mecha­
ni.sms of c~rge-transpon somewhat ea!lier to visualize .in a preliminary ex­
plnnati:on. Once these basic ideas are established for the p-n-p device, it i& 
simple Lo relate' tpem t~ the more widely used t-arisistor, th.e o-p-n. 

The bipolar trans.istor is basically a.simple device, and this section is devo.t­
ed to a simple and largely qu,1litative view of BIT operation. We will deal with 
the details of these-transistors in following sections, but fii:srwe must define 
some terms and gam physical understanding o(how carrien; are transport­
ed through the device. Then we can discuss..how the curreni, through two ter­
minals can be cont.oiled by smallchaI:!ges in tile cucre1,1.t at a third temrinat 
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!,.t:t us beg.in the di~o1,1s:;ion of bipql:~r tra11Sist0rs hy .:onsidcrictg the 
reverse-bia~ed p-n Junc!ion diode of Fig.. 7- 1. Accortling to Lile Lheory of 
Chllplt!f:i. the rev,erse sii1urarinn cum:nl lhrnug:h this diode depends on the­
rate :u which minority carriers are generated in tl1e m~ighborhood of the 
junction. We fo1md·. !'or. example. that the reverse curnrnt due to holes being, 
swept from 11 to-p ,s essentially 1ndcpemJenr of the size of the junction~ field 
and hence is independi:;nt ohh~ (everse bias. U1e reason glvc.n wa:; that the 
ho-le eurtcnt.depend~ on how often minorily holes ar.e generated by EHP 
creation within a dirfUsion length of tbe jLl.l'.\c1icin-not upon how faS1 ti p;J.E­
tic:ulur hole is s wept ncross the depletion layer by the fie.Id. As a result. it is 
possihle to increase !he reverse eurrent througfl the dtodt: by increasing (he 
m l(! of ERP g.eneration (Fig. 7- lb). One convenient method for accom­
plishing th i-s is optical excitation of EHPs wi!h light (/111 > Eg), ilS in Section 
4.3.Witll s teady phatoexcit.atiQo the reverse curr~nl will still be ellscntiafly i11-
tlependent of bias voltage. c1nd ir'(hc dark saturation curr.enl i.s rio:.gligible.. 
the revecse current is dm:clly propurtional to !he .iptical generntion rate·gpp• 

·The example of external confrol of.c.urren11hrongh a jooclion hy opti­
cal ,generation nrises an i11feri:,s1log question: Is i1 possible to i nject minority 
carriers in to the oeighbo.rhood oft.he junction elt:ctrlaally instead of optical­
ly? If so. Vvc could control the juntlion reverse current simply by varying the 
rate of mitiarity carrier injection. For cxsmple. letus consider a h,ypotheticaJ 
.liote infection device-as in Fig. 7-lc. Ir we can inject holes _at. a p redetermined 
ra te into lhe~n s.ide of the j~ction. the ,c.ffect on the junetion cummt wUJ re­
semble tl)e effocts·of optical generation. The curren.tfrom n ro p will deP.ertd 
on the boh: injection r.ate and wm be..es~enlially independent or the bias vQlt­
age. The.re 11re ~evetal obvious advant.age.~ to such exterool control or a cur­
rent for example, the cu:r:renl through 1lie reverse-biasedjuo.ction would vacy 
very littre i,f the load resistor R ,, wern ch,inged, since 1.he magnitude of the 
junction voltage is relatively unimportant. Therefore. such an 1\rrangemen1 
·shoul,d.be a g·o.od approxirnalio11 lo a-conlro.lla,ble coostan1' currenl source. 

A convenient bole injection device is a forward-biased p'-n jum:tion. 
A.corud.ing to' Section5.3.'2. the cur(cnt in SU<;h a junction is dbe primarily to 
holes mjecr·ed from the p ' regi.on in10 tbe n mare.rial. Jf wem.ake then side. 
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Figure 7-T 
E.xlernol -eontrol pf 
the eurrenl in o 
revers~iwed p,i 
juni:fion {ol opti­
cal _generotiom 
(b) junction 1-V 
cbora cterislics al 
o 11.mctlon mf Et,P 
9en.erolion; {c) mi· 
nority carrier In­
jection by a 
nypotheli,;:ol 
device. 
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figure 7- 2 
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of the forw.ard-biased juncLi.on the .same as then side of rhe reverse-biased 
junclion, the p~-n-p structure of Fig. 7-2 resuhs, With tbls configuratioil, in­
jection of holes from t□e p· -njuncuon iuto tbe centei-n region supplies (he 
mim~rity carr1,er holes to patticipa;tein the reverse corrent 'thro\lgh 1bo n-p 
j.unction. Of course. it is important that the injected holes do not recombine 
.iii lhe n region before lhcy can diffuse to the deple\i<>n layer of the reverse­
biased junction. Thus we must make the n r.egion· narrow compared with. a 
holu diffusion lcngt~. 

Thc::-stnicture we have described is a p-n-p bipolar junction transistor. 
'Tue forward-biasetl junction ,vhich injects hole.s into the ceuier n region is 
called tne ,m'liner jLmction, and the reverse-biased Junction which collects the 
injected boles fa called tb.e co/learor junction. The p' region, Which serves as 
tile source of injected holes, is called the emitter, and the p region inte wllich 
the holea are·swept by tbe reverse-biased junction is c.a!led lhe collector. The 
cencernregionis called the-b11se. for re-0sons which wiU become dear in Sec­
timn 7.3, when we discuss the historical development of tran.sistor f~brlcatfon. 
The,biasiog ~,rrangemen1 in Fig. 7- 2:is called°tbe c:QnIJrton baseconfiguration. 
since the base-electrode B is common to the emitter and co\lector drcuits. 

To h.aVee.a good p-J)ap transis1or, we woul d pre.fer I.hat' almost all lhe 
holes injected by the eminer into the base be collected. Thus then-type base 
region shOJJld be narrqw, and the hole Hfetim.e -rµ sl)ou)d lie long. This re­
qulrement is s11n1IDecl up by specifying~~ Ln, where W11 is the length o( the 
ne11.1mf o m1ner1t1l of tne base (measured beiweeo the .. depleti<:111 regions of the 
emitter and collecror junction.~), a:nd Li, is 1he diffusion lengt.h foT holes in 
the bil$e (Dp.-rp)1ra. Wilh thi:s ruqu)T~e.nt satfafied,anaveragebolc injected at 
the emitter juoc1ion will diffuse to the-depletion region of the colleetor junc­
tio~ without recombinati.on .in.Lhe base. A second r~qliirement is that the cur­
rent J,; crossing the emitter junction should be-composed almost emicely of 
holes inject.ed inlo the Dase. rather Lhan electrons crossing fr.om base to emit­
ter. This 1eguirement is satisfied by doping the base region lightly compar,ed 
with the emitter. ~Q that I.he p+-n emitter juncllon o/,,Fig. 7-2 results. 
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.It is clear- that current / £' .flows into the emitl.er of a properly biased 
p-n-p transis1:or ;;md that le flows out at the collector, since the ilireclion Of 
hole flow is from emhter to collector. Howeve·r. the base current 18 requires 
q bit more U10,ught. lo 11-,good tr;1n'sislor U1e b.;ise current will be ve.ty ~mall 
since I c ts essentially hole eurrern. and the coJJected hde current l eis almost 
equa.l 10 1 E There 111ust be some base current. bowever,_due ta•requiretneots 
of elcctr.ou 'fl.ow into the n-type base region (.i:'ig. 7-3). We canaccoum.for / 11 
physically by LJ,ree dominant mechanilm:is: 

(a, There ITJU$\ be s.0me recomofnalic;m of injected holes wilh eleqtron~ 
in the base, even with W1, <ii: L,r T he elecmms lost to recombinn110n 
rnl,ISl be resupplied through mhe base contact. 

(b) SC1me electrons will be injected from n to p in the forward-bia!>ed 
.imitter junction. even if the crnirrcr is heavily doped compar.e<l t() 

the base.These electrons must also be suppli.ed by/ /J• 

(c) Some electrons are swept h1t0 the base al the reverse-blas.:d. collec­
torjun'otioo due !p Lherr\1ll'l gene,ration in Lhe collector. This strulll 
current reduces L0 by supplying electrons to the base. 

The dominant soutces of base current are (a) recorrtbiirnti<>n in the ba:se 
and (b ). injection into the emitter region. Both of ~hese effects can be great~ 
ly reduced by device design, as w~ shall see. In a wcU-d.esigned L".allsistor,Ja 
wlll be a very small fracUon (pei;haps one-hundredth) of/ t:-

ln tin n-p-n transistor the 1hrec current dire·ctions are reversed, since 
electrons ffow from emitter ro collector and holes musi be supplied to the 
base. The physical mechanism~ for opera·t.lon of tl1e n°p<n can be understood 
simply by reversing l he rofes o.f electron~ and holes m the p·n-p discussion. 

3,39 

figure 7-3 
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7.2 
AMPLIFICATION 

WITH BJTS 

Jn Lb.is section we shall discl.lSS ra llier simply the various factors involved in 
tr8J1£istor amplification. Basically, the transistor is useful .in amp.lifiers 'be­
cause the currents at U1e emitte:r and collecLOr are cont roll able by the rela­
tively small base current. The essentia'I mechanisms are easy to understand 
if variou~ secondary effec.:Ls are neglected. We shall use total curreu.i (d-c 
_pit!$ a-c) in this discussion, with the understanding th.at tbe simple analysis 
applies-only 10 d-c and 10 small=signal a-c atlow frequencies. We can rela.te 
the terminal cuHents of tile transistor iii, i8 , an cl ic by several important fac­
tors. ln this introduction we shall neglect the satuta,tion current al the col­
lec,or. (Fig. 7-3, oompone11I 3) and ·sui.:b effec1s as recombinatioo in the 
transition regio11s. Under these ass'Um_pti.ons;the tollector curre.l'tl is mllde up 
enti rely of ll1Qse holes. iJ1jected ,11 ihe emi11er which are nor los.1 to recom­
bination in. the base. 17ms ic is propel'tionttl t-0 the hole componeat of the 
emitler c1.1rrent i,;1,: 

(?- 1) 

The proportionalit.y C1:1.ctor B i$ simply I.he fraction of injected. holes which 
make it across the base to the collector: B 1s called th.e base rran~·pon factor. 
Toe total emiu.ercu.rrenl i,..is made up of the hol1, com-ponenti~ and the c.Jec• 
tron component lr;,., due to electrons injected from base to emitter (compo­
nent 5 in Fig. 7-3), The cmi11er f11/11atlon efjidency -y is 

(7- 2) 

For an cfficieni tr.ansis1or we would like JJ and -y l6 be very nea-r unity; 
tha:t is.. 1he emitter current shoLLld be due mosrly 10 holes (,y = 1). and most 
of 1bc injecti.:d I-mies sho4ld evcolually partidpal~ in the collecto1 current 
(B = 1). The relation bet ween the collector and emitter C'tu:renl"s .is 

ii; = Hi,;,. 
i f. iE,, + i,;,~ 

B-y .., et (7-3) 

Th_e product B-y is defined as the factor ue. enlled the current transferral.lo. 
wh.iob represe11rs the eniitter-to-coilc.ctor current amplification. Tb'ere isnl:> 
real amp.lificarion between these cun:enL,;, sinee ~ is smaller than unity; On the 
other band, the ri!)a.tlon between ic l!.ncl i8 i$ more promising for ampUFrcatio11. 

Tn accounting for the base current, we mll~t include Lhe ra1es at which 
elcclTOnli are !oi,t from Lhe ba~e by injection across the emiUer,junctiort ti,:.) 
and the rale of.electron rec.ombinolio.u with Jv;,les iu lhe base. In each case, 
lhe last electrons must be. resu_pplicd through. the ba,e curren.1 i8.1( lhc frac­
tion of injected holes ofakirig iL acro~s tlie base witho.ut recombination .is B, 
lhen l1 [1.)1\0Ws that {I - B) ls the frat.lion recotnbi11i1ig in the base. TI1us the, 
base curren ( is 

(7-4) 
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Bipolor Junction Transistors 

oeglectiog the collector saturation current. The relation between th.e collec­
lor and base currents is found from .Eqs. (7-1) and (7-4): 

ic Bi5 p 'B[isp/('ien + iF.:p)J 
- = ----'--- = - ------ ----- (7-5) 
18 i ,:,. + (1 - B)lep 1 - B[i;;:11/(ti;,, + iep)1 

, ~=1~~-y = ~ 5 ~1 (7-6) 

Toe factor (3 relating Q'!e COllector current to Lhe base curren1 is the h(ISt•to­

collector, current ,cmplification fa,uor., Since ex_ is ne-ar unity, it is clear that~ 
can be large for a good transistor, and 1 be collector cu.irent is liJTg~ compared 
with the base current. 

11 remains to be shown that the collector current ic can be controlled by 
variations in die small current in. lo the discu.ssion,to thls point. we have in­
dicated control of ic by the emitter current iE, with the base current eharac­
Leriz~d as a small side effect. fu fa~ we can show fi:om space charge aeutcali,ty 
arguments that i0, can indeed be used to determine the ma,&11itude' of i0. Let 
us consider the transistor o( Fig. 7-4. in wbich i8 is detern1ined by a biasing 
clrcuil. For simplicity, we sbaU QSsame unity emitter injection efficiency and 
negligible c.0Uector saturation current. Since the n-type base region is elec­
trostatlcally nc:utr.al between the two transition regions, the presence of ex­
ce~s lloles in ttansi.t irom emitfe.r Lo collectpr cE!]ls for compensating excess 

0.05 
(b) ' 

<j; = lO µ s 

,, = 0.1 µs 

5V 
I.a = SO kfl: ~ 0.1 m·A 

.le = ,$/8 = 10mA 

34l 

Figure 7-4 
Exompleol ompli, 
ficotion 1,,. o 
~0m man-em iHE1r 
transistor circuit: 
lo) biasing clrcult; 
(b) oddilion of on 
o-c vori'otron of 
base current i0 to· 
the d-c value of 18, 

resulting in on O< 

component fe, 
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ele.otrons from 1he base cont&cl. liowever. tl1ere is an imporlanl difference in 
the ·Limes which electrons and holes spend in the ba.~e. 'The average excess 
!iole spends a tiiµe .. ,. deaned as the rrmisic rime from emittar to collect•or. 
Since I.he base width W~ is made s.mall compared With L

1
., this tran~il Lime is 

much less th.an the avenge hole Lifetime T _. in the bai;e. 2 On tb.e other hand, 
an average excess electron supplied ftom the base contaci speu\is "P seooncls 
in. !lie base supplying ~'Pace charge ne1:1trnlily during the lifetime or an aver­
age excess hole; While the avtttage eleciron wails 'I' seconds for i;ecomhlna­
tion, many indlviclJ.ial holes can enter and leave the base region, each with an 
average trnnsit time 'Tr In particular, for each electron entering from ihe bas~ 
con tad, 'TplT, boles can pass from emi.treno colle-etor while malntaini.ng space 
charge neutrality. Tiu,is the ratio of collector curtent to base current is simply 

17 rl 

for 'i --1 and negligible collector saruraiion current 
If the eleclron supply to the base u;J is re.stTicced, the traffic of holes 

from emitter to base is cotrespondi11gly reduced. This can be-arg1.1ed sh:nply 
by supposing t~t the hole.injection does contimie-de'.ip.ite the cestrlction on 
electrons ftom the base contact. The re~ult would be a ner buildup of posi­
tive charge in the base and a loss of forward bia~ (end therefore a loss or 
bolelnjectian) at the emiui!r junction. Clearly, we supply of dec1ro11:nhrough 
18 can be used to rai.se or lower U1e hole flow l'J,om -emiiL~r to collector. 

The base current is controlled independently in Fig, 7-4. This is. calle!,.1 
a comn:1,1n•emitter drc-uit, ~ince the emitter electrode is common to U11:: base 
aml !loTiector circuits. TI1e emitter junction is clear-ly fotw11rd biased by the 
battery in tl1e ba~e cirouit, Th!l voltage d.rop in flie forward-biased emitrer 
junction rs srilaJl, oowever,so tbaL ahuosrnll of the voltag,e from tolle.ctorto 
emitter.appears acros.s the ceycrse-bia<scd collector juucti.on. SLnce Vii£ is 
smillJ for the Emwar.d-biasedjunctit:m, we can.neglect it anc!. !lpproximatc lhe 
bas.e current a, SV/50 kn=.o, t mA. lf T;, = t0 1J.s .aod T1=0,.I µs,13 for I.be trafl• 
sister ,is.100 and the cnllec.tor ourrent le is tomA. lt.fs i111pdrt.ant 1ono1·c tl.!;at 
i, is determine-cl by 13 and the base curre-nt,.rather llian by th.e battery and re­
sh;lor in i he colleclot c:i rcul1 (as lcyng as these are of rf;lasonuble values to 
maintain-a reverse-biased collector. j_tmction) . .Lri this eJ1a.mplc: 5 Vof tbe col• 
Jector cin:uit batt_e-ryvolt~.g~ a,PP<',al'Sacros$ lhe 500 n. n:s1s1011, arui3 v ~erves 
10. reverse bias the coU-ectorjuaction. 

ir, .. , dlffere(lr-,o betw,t&" OVO/Ogo ~olo t1r .. 1,"'" b&!o,c,, rec<>o,1b1nalimr ,~~ a!'d lhe o<er;J913 t,m~ 0 holo . 
. ,pond, in \ran,U aoro_s, 11., ll•••· ITJ may be .;o11Fustng a l fir11. Mow <on lh~ llfofirne I,;,, lango,, 100~ lho lime 
" hol,, e11:1utilly 'f"'nd,m 1ron111n~• ?P""9r da~nd, "" 1h~ fud 1hal halo, are, fnc/1,tingulthu~j~ In 1'10. ro­
~omblno,li<>Jl klnt1io, Thhi~ oJ 011 mtcilo'gy _y1,1h o •hooh119 gollMy, in W~lcl1 o- 90.otl n1arksrna11 ljtl,; slowly 
ol a lloe al qulokly movlr19 d,.,eb. Alihouah many !11djvfi:fuol dur.kl moko, JI o.aos. th·• R,lng nnn wl1hov1 
be(ng h\l, <he flfellme of ot1 ow,1090 dud w!lhln lti• fulng lfM Is do1orm1ned b'y ihe 1,mfl b!,rwe,,n shol>. 
W• eon •pea\ of iho h!n!lmo. ol on a••ro9e dud Mtcu,a 1hcy aie es•eono~yfadhti,,~ulshoblo, Slrpllotfy, 
ihe role of'moombinorion In rho bo,e lafli:I 1he1elo10 iJ clepond, oo 1he average lllelime-~. and 1he dMlbu­
r.on o! the il!di•tir.gu••holilo hol"' in Iha b°"" regiOll, 
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If a small a-c currenl i6 is superimpo~ed en the- steady state ba$C C\JT­

rent ofFlg; 7-4a, a correspondinl:l a-c currenli,. appears i:n the collector oir­
cw.L Tue time-varying porlion of t·he co11ector currenl will be 11, IJ].Ultipl.icd by 
the factor 13- and currenr gain results: 

WeJiav_e-_i;teg1e<ited a number of imporlant pr6_pertiel! of tbe lransisror 
in this introductory discussion, and many of the.se properties will be treated 
in detail belo-.y, We have established, however. t1,e fundamental bas1s of op­
eration [or the bipolar transistor and h:ave indicated in. a simplified way how 
h can be used to produ.ce current gain in an alecironic circui(, 
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{a) Show that-Sq- (7~7J i~ v,alid~~llme[\IS of:.th:e steildy Stale fXA.MPtE l-1 
~eplaceme.btof $tor-ea i;batge.Assum~ th~t "" ='Tn· 

(b) Whatls the steady>stat.e dinrge: Q? = Q; doe to exeess ele-etrons and 
Iioles in t1:1e neullaj bast re_gion fqr t~i: ~O£istor rtfFi& 7➔r 

(a) l 'n st~dy·s1.a~elhereru:e excess electtonsand t\qles:ln the base. The 
cilii~e iu the, el'e.(.,1:iion distributi6:n Q11 fs t,eplnced e.v.ery, ,:If-seconds. 
'Ih'Us [ tJ = Qi'r,, ~cllar.g_~-in the hnJe di,rtd,!)utj'Ou Q111 is ~ llectecl 
every'!', setond:.cand•.ic= Q/iri, Foitspace chafge,neutrality,Q. = Q,, 
nncl 

(c:_ QJ..,r, T1'1 

1/1 = fi:,./Jr,-. 'T1 

(b) ~' = Q;i = rc;r, =ls'fp =-1 Q-ll e. 

The f'irst transistor invented by Bardeen and "Brattain in 1947 was O,e j,1.ii1r.r 
r::ontac:t transistor. fa this device two-sharp me1af wires, ot "cat's whiskers,'' 
f'om1ed at1 "emitter·· o'f carriers and ll "cb1lect9r.'- of carriers. The1>e wires were 
simply pressed onto a slab of Ge which provided a -b~e" or mechanical sup­
port, Lhtough which the injected c~rders □owed, 11:iis basic invention rapid­
ly led tot.he BJT, in wblch charge injection ,md collection was achieved using 
two p•n junctions i'rl close p:roxirnity lo each oll.1ct.Jhc p-n juntfions m BJTs 
can be formed in. a variety .of ways using thermal diffusion, btil modem de­
vices are genera/ly n:iµde u~ing ion implantation (Sec.Lion 5.L4). 

Ler us review a simplified versiono.f bow to make a do ub1e p0lysilicon 1 

se!I-al)grled n-p-n Si Bfl '.1hls.is the tnost commonly \lSCd,sta.1,e-of-the-art tech­
n1que for making BJTs for use in an. IC. Use·of n-p-n transistors is mmc pop­
u"lar tll;m p•n-p devices because, of t11e hlgn~r..n1obi\ily of electrons compared 
to ho.Jes. The process steps are sh.own lo cross-sectional view in Fig. 7-5. A 
p-type Si substrate )soxidlzed, windolvira.re defined u·singphotolithogr-aphy :lnd 
etched in the oxide. Using tile photoresist a11d oxide a, an implan1 mask, a 
t.101,or With v~ry small diffu_sh,jty ln Si, :;ucl,1 as As o;r Sb. is irupla1itecl into Lb~ 

SOUJTION 

7.3 
BJT FAB~ICATION 
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open window to forlil a hlghly c.onductive 11·· layer (Eig. 7 -5.i). Subsequently, 
·the pbotoresist and the o:cide are removed. and -a lightly dor,il!d n-type epi­
ta:<ial layer is gtown. During this high ti}mperature growth. Lhe implanted n· 
layer diffuses only sligh.tl.y towards the surface and becomes .a conductive 
btuied cg!lector (also called a sub ,ci>llcdol) .'I11e n ~ suli-col\ec\or \aye.. guar­
antees a low Qlillector series resistance when il is connected suhsequent]y t,, 
the <;oiletitor ohmic contaet. sometimes tht,ough the u~e !;if an opti onal, 
masked deep n'" ••sinker" implanr or diffusion only .in. I.he coiJ.eotor contact re­
gion (Fi_g. 7-Sc). The Lightly d9ped A-type 'ct>necr!:>t ragic)n above lhe n'"sub­
coliector fa the pa·rt of the B.TT where the base ancl emitter-a re formed 
ensures. a big)l b~e-colleotor rev~rse b,-eakd1,w;n vpll,age.. (Tt t 11rns oul that 
wherever the sub-coUecmr is formed. and subs.equemly the epjta.xfa1 layeri~ 
grown on mp, there is a notcli or s'lep in the !lubstrat~ surface. This n,ilch is 
not explicitly shown in Fig. 7-5a. This notch is very usoful as a mark.er ufthc 
l.oc.ation of the.sub•collec·tors because subseq Lte-ntly. wi; 'h:ive-to align the 
LOCOS isolation mask with tespect to the sub-col lectcrr. ) 

For iiitegratedcircuits involving notjus1 discret~ Brrs, but many 1n.te_.r-
00nn-ected transfstorS; there are issues i1wolvin_g,electrica.l isolation of adJa­
cenf BITs in order to ensure tlial there is no eledrical cross-talk heLweeo 
them.As described in Section 6.4.1,such isnla11on cnn be achieved by LOCOS 
to rorm field or isolation oxides after a B channel.stop implant (fig. 7-.Sb). An_. 

other isolation scheme tb.at is particularly we-11.suikd for bigt1•denslty bipo, 
larctrc.uitsin_votv~the fprmation ofshall~)W trenches by RJE, backlill,:'i:I with 
sxlae and polysilkon (Section 9.3. l ). ln this process a nitride layer 1s pat­
terned.and used asiin etclt.m,aJik for.1IJ1 anisotropic etel1 liHh¢ ~Jllcon Ip form 
the trench. Using reactive ion etching,.a narrow l(e.nch about l p.m deep 1..-an 
befoIJl}ed with ver,y straighl sidewalls. Oxidation inside the rr~nch. fprois ~ri 
hmtluting layer, and t.h'e Lrench is then filled with Qllide hy Low-r'!'e$~ure 
Che-i;ucal Vapor Deposition (t..PCVD). 

A polysilicon layer is deposited by l.PCVD,and doped beiivily p-with B 
eitb.i:r during deposition or sobsequenUy by ion itnplanlatian. 1-\n o~ide layer is 
depoS'ltednexlby LPCVD. Using photolithograpliywith the hase/ernillcr-niask, 
a window iij etched iffthe po1ys.ilicon/o.>..i.de stack by RIE (Hg. 7- Si:). A heavily 
doped "extrin~ic'' p1 base i$ fom1ed by diffusion of B frnm tfo~ dop¢ polysili;_ 
con layer into tbe substratein ordenoprovide a low-rc:sistauce:high-speecl hasi;> 
ohmic·contacL.An oxide layer is then deposited by .LPCVD, which has thi.> ef• 
(t:ct of elo$ing up the base window mar was etched. previously, and Bis jmpla,nrci:l 
intO this window (Ei~. 7-5cl~. Thls base irnplantiorrn!i a n\ore llghtjy i:i d0ped 
"inµinsic" base thl'oughwhich most of tile ctunm!ftuwdmm the i.:mittf.!r to the 
coUeclot. Tiu~ more heavilY, doptrd extrinsic ba$e forms a collar aruur,1tl 'U1e in-
1.rlnsic base, and se.r:ves to reduce tl:re base series ,re1,'i$\an<!e. lt is critical that tlie 
base be enclosed well within the coUector because 01herwi~e 'it wouJd be. sbCll't• 
ed to the p- subsr.rate. Finally, another LPCVD o.xidelayer is de poshed to close 
•UP the base window furtber,and the oxide is etched all tbe Way tn the Si siilistrate 
by RIEJeavingoxideJpac= on the side.wnlls.Heav.ily n ... doped {typically with 
As) polysilico'n is tnen depo~.te.d on the substr-a1e,p,1tterned anti etch~ 
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7.4 
MINORllY 

CARRIER 
DISTRIBUTIONS 
AND TERMINAL 

CLIRRENT.S 

fomningpolysilicon emitter (polyemitter) and collector contacts. EIS show□. in 
Fig, 7-Se. (The USC o[two LPCVD polysilicob layers expl~ why this pr'oces~ 
is referred ro t>.S fbe double-polysilicen process.) Arsenic from tbe polysillcon is 
diftused into U,e sub~trate te form th¢ n• emitterregioo nested willµn Ute base 
in a selfalif!,11ed manne11.:as well as the c/ colleotor co mad. Self alignment refer:s 
to the fact that a sepanlle lithography step is710L reqt:Jirecl to.form then-emit­
ter region. We clcverty made use of'the oxide sidewall spacers to ensure that 
then'' emitter region Iles withln,the intrinsic JH}'J)e base. 1l1is is critical because 
other.wise the erniHer gets shorted to the coUector;wealso want-a gap between 
the n~emittcr and the p.,. c,.ttinslc base. because otherwise theernitter-ba.w junc­
tion capacitance becomes too high. Jn tlu: v~rUcaJ direction, the difference be­
tween Lbe tmtlt!er-base j1.mclion and t[1e ba~e-collector ju nctlon determines I he 
ba$e width. Thl!l is made very narrow in high gain, high .speed BJTs. 

Finally. an oxide layer is deposited by CVD. windcnvs arc etched In ii 
coue$ponding to ihe emitter(~). base (B), and cotlecfor (C) 1..'Q11\aet.s,and a 
suitable contact metal such as Al is sputter deposited to form the ohmic con­
tacts. The Al is pa:1tei:mid photolitbographicallyusing the interoo.nnect m/ls.k. 
arul etched using RIE. ·01e many !Cs that J'lre made simultaneously on the 
wafer are then separa ted into uidlvidunl dies by sawing, mounted OJJ su.ic­
ahle packages, and the various contacts ate wire bonded to the external leach; 
otthe p11ckage. 

In 1bis.sect.ion we examine lhc operation of a BIT ln. more detail. We begin 
our analysis by applying the techniques of previous chapters totb,_., problem 
of hole iajection i111 o a narrow 11-type base regi.0n. The mall1ematics i~ very 
similar to that used in the problem of the narrow bas~ diode (.Pto b. 5.35), 
Ilasically, we assume holes are injected into lhe base aL lhe forward-biased 
emi1Ler, a.nd tht!se bol<!-s diffusi,, to th!! GOllector juncticin. The first step js to 
so1ve for the excess h0le.dis\ributio11 in lhe base, and the sec0nd ~tep is LO 
evaluate the emitter and collecior currenrn (h.l c) Cron, tbe grad.i'ern of the 
hc,Je dlstiibuti<m on eilch side of rbe bas"-1hen the base current (11,1) can be 
.found ftom a cw:rent sumnrntieu or from a charge contra] analysis pf re­
combinatiqn in the base. 

We.shall at fir.st simpfify the calculatiQQS by rii;1king sev,ecal asrumpt1ons: 

J. Holes diffuse from.emi~ter to collector: drift i.s rregliglble io the 
base region. 

2. The emitter current is made up entirely of b.ole.<1: the emitter injection 
efficiency i5 -y = t 

3. The co,Ui;cfor s.atura.tion CJJrrent is negligible. 
4. The active part o! the base.and the two jum;ti0ns a.re of uniform cross­

seoticmal area A ~ current Dow in the base ls. esseotially one-dimensional 
Frum ~miller lo co1Jee1or. 

5. All currents and vllltages are stci1dy s.t.ate. 

Petitioner Runergy USA Inc., Ex. 1030, p. 346



Bipolar ~unotlon Tron~I ~lqrs 

To later sections we shan consider the implications of imperfect injec­
tion efficieo,cy, drift due to nonuniform doping in tbe·ba:se, structural effects 
such as different areas for the emitter and co'll,ector junctions, !llld capaci• 
tance and transit time effects in a-cr opera!ion. 

7 .4. 1 Solution of the Diffusion Equotion in the Sose R~ion 

Sirn;e the injecte(l holes are as1rumed to flow from em.irler to ·colleotor by dif­
fusion, we can evaluate the currents crossing the two juncl.ions by techniques 
lJSed, in Cha_pter 5. Neglecting recombination in the two depletion regions, 
the hele current entering the base at the emitter junction is lhe current.le, 
and the bole cm:rent leaving the base at the collector is lc;.11 we cansol11e for 
the db.tribu lion Of excess holes in_ the base tegiort, iJ is simple to evaluate the 
gradient of the distribution at the two ends of the base to find the currents. We 
shall oonsider the simplified geometry ofFig. 7-6a, in which the ba~e width is 
W1, between the two depletion regions. and the unifor;m o.oss-sectiooal area 
is A . In equilibrium, the Fermi level is flat and the band diagram corresponds 
to tbat{or two back-to-1:\ack p-n junctions. But, for a forw.ard-bi,ased emitter 
and a reverse-biased ooUector (normal active mode}, the Fermi level split.~ up 
into quasi-Permi levels, as shown in Fig. 7-ob. The barrier at the emitter-base 
junction is reduced by the forward bias, and that at the collector-base junction 
is inctease.d by i.he reverse bias. TI1e excess hole.conc,ei\tr;rtion at the edge of 
the emitter depletfon region 1¥1; and the coi:respondi1111rconcenrration on the 
collector side of the base t:,p0 are foirnd from .Eq. (5-29): 

Ap1;. = Pn(e~VulkT - l) 
!:,,pc = Pn(egV~/kT - !) 

(7-Rll) 

(7-Nh) 

1f the emitler junction.is strongly forward biased ( V 118 }> kT/q) and the 
collector junction is strcmgly reverse biased (Ven~ 0). the!le~xcess conoe,ri­
trations sinlplify to 

Ap1; = p ",f!l' .,,;u 

AFc = - p,. 

(7-lfa) 

(7- 1:Jhi 

We ran solve for the excess hole concentration as a function of dl~­
tance in rhe base 6p(xn) by using the proper boundary eenditioos in the dif­
fusion equation, Eq. (4-34b): 

d18p(xn) 
(7·- 1()) 

The solution of this equation is 

6p(x,J = C 1e••.J'-r + C,2e- x,t1J, (7-1 t) 

where LP is the diffusion length of holes in the base region. Unlike, the siin­
ple problen;iofinjcction into a loi:ig n ~won, we cannol eliminate o,ne oftbe 
constants by assuming the excess holes disappear for large .,c,,. In fact, since 
Wb ~. L,, in a properly designed transistor, most of the injected holes reach 
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Figure 7-6 
[a) SimpHlied 
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geometry used In 
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the col.lector at Wb. 'Ole soJudon is very similar to that of rhe nsn·ow base 
diode: pcobl.em. Lo Ibis case Life appropriate boundary condiJions ar~ 

fip(x,, = 0) = C, + C1 = fip1; (7- 12a) 

(7- 12bl 
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Solving for- the parameters. C1 and C~ we ubtai:n 

C - ape - Ap,,e- W!!L, 
1 - ew,11,, _ e- w ;,11., (7-13a) 

(7-13b) 

These parameters applied to Eq. (?-11) gi,ve the fall exp-re.ssion for the ex­
cess hole dfalribution [n the b.ase region. Fo.r e,-'runple, if we assume thul tb_e. 

collector junction is.strongly reverse biased [Eq. F -91,)] and rhe equllibthnn 
hole co.nccntratien Pn is negligible compared with the injected 1::onceutra­
rion l.lp E:, the excess bole distribution simplifies to 

elYJL,,r•J.L, - e--WJL,e•,J'-~ 
lip(x;,) ""l:.pl!. · w,.;1,; - iv.It • (for Ape = 0) (7- 14) e i, - E • '" 

The var[ous terms in Eq, (7- 14) arn skctqhecl in. Fig. 7-7a, and the cor,re­
sponding excess hate distribution in the base region is demonstrated for a 
moderate viilufl- of: W1/LI" Note dial fip(x;,.) varies almosc llr)early between 
llieemrtter. and collector 1unot10ndepletlon regions. As we shall see. the slight 
devlation from linearity of Lhe distri[J!ltion indicat~ lhe small value CJf i 0 
caused by recombination in the base region. 

The minorily carrier electron conce.nlrutions in the emftter and collec.­
tor cotresponding ro a fo.11ward-biased emltter and reverse-biased collector 
ate.shown in Fig,7-Th.Here, the exce11s elect'ron concenlralionin the p+_emit­
teris shown to decay·exponentially to zero, corre.sponding to a long diode. 'Th.is 
is becau.~e, at high emitter dopfnglevels, the minority catrier electron diffusion 
length is often shorter than the thin emitter region. Otherwise, I.be narrow 
diode expressions must be used in th.e emitt:er r'eglon. For poly.emitter struc­
tures, rhe ca:rrier concentr-ation.profile is more com~Jicated, a.s di~cussed later.. 
The exocl •form of iEn and the emitter injection efficiency.will there.fore de­
pend on lhese details. 

7 .4.2 Evalualion of llie Terminal Currents 

Having;solved for the excess hole distribution in the base region, we can 
ev.;!11.1are the emitter~and.collecrqrcurrents from Lhegradienl of tile hole con­
centration at each clepletion region edge. From Eq. (4-22b) we have 

(7- 15) 

This expression evaluated at x11 = 0 gives the hole component of the emit­
ter current, 
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Figu're 7-7 
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Similarly, if we neglect the electrons erossing from collec1or to base in the col• 
lector reverse !\llturalionc.lIITenl,l c [s made lljJ eniirely of ho1cs enl.eril1g, (he 

collector depletion region from the base.Evaluating Eq. (7-15) atx11 = Wb we 
1).ave the coOector current • 

r = 1 (~ = W) = qA Dp(C e- w,ll,, - C ewJLr) 'C p ,,,, b L 1 1 

" 
{7- t 7) 

When Lhe parameters C1 and C1 are substitut.ed from.Eqs. (7-J3), the emi1.-
1er andcoll'ector cutrcntJi take a.fonn that is most easily written in terms of 
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hyperbolic functions: 

_ Dp[ApJ:l''JL, + e- W,ll.; ) - 26.pc] 
l lip - qAL W,11. - W-'L P _e.,..,,-e . .,, 

(7- 18a) 

{7-18b) 

Now we can obtain the value of [8 by a current summation, noting that the 
sum of the b11-se and collector cucren~ leaving llie devi~ lilUS( equal tlie 
emitter current entering.If IE "" l.f.p for -y = 1, 

DP[ \ Wb ls_= Ii; - l e = gA- (APE+ b.pc ctnh- -
Lp Lr 

I 8 = qA~[ (Apa+ ape) tanh ~} (7- 19) 

By using the techniques of Chapter 5 we have evaluated the three ter­
minal current'; of the tr3.11$istor lo te:tlll$ of the material pa:rametetS, the-base 
width, and the excess concentrations A.p£ and /J.pc. Furtbermore, since thes.e 
execs,~ concentrations arc relat¢d in a straightforward way to lhe emitter and 
collector.junction bias voltages by Eq. (7-8), it should be simple to evaluate 
the trans~tor performance under various biaslag conditions. It is important 
to note here thatEqs. (7-18) .and (7-19) are not restricted to the ease of the 
usual transistor biasing.Foe e.xamp.le, '/J.p0 may be-p;, for a strongly rev~e­
biased.colleotor, or it may be a significam positive number if the collector is 
positively biased. The generality of these equations will be used in Section 7 5 
in considering the application of transistors to switchin~ circuits. 

(a) Fmd th~ e~ressipl') for ili,e'CUff~:nl Iler t_he. translst:or conm:,ction 
&hown.if-y = 1. 

Q:l) 'Elow do~e CUl'.f~ntJ lli'.vi:debetween,theb~'¢ lead arid,tbe co1' 
Je.ctorleadf! 

'(ii) ~~ce :Vca=O, J,!q. (7"-!1,b) give~ 'A,P-'0 -::-0.ll\u.ff;oi;µ;Eq. (7.-1,Sa:), 

"BIW;, wb IE= I= - - Apr,ctri,h~-
• LP • Li> 
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Figure 7-8 
Approxim_ote ex• 
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w.}µi e {Gand./:a i,n the'coll~.ctoJ" le~d a_ed\)asJ: l~d . 
• espectively, Note that ~se results.a.re analogous to those-of'Probs, 5.35 
and 5"~36 (qr tl:fe111 'otie. 

7.4.3 AJlproximotions of th~ Terminal Currents 

The general equations of tl1e previou:S section tan be simplified for the case 
0£ noTII)al transistor biasing, and such simplification aUows us to gain insight 
into the cur.rentflow.For examp_le, if the collector is reverse biased, 4/Jc= ...:;,p, .. 
from Eq. (J-9b ). :Furt.hennore, if tlle equilibrium bole concentration p,. is 
small (Fig. 7-'8:i), we can neglect the t~rms involving Ape. For "I = 1, the ter­
mim1l wrrents r-educe Lo those of Example 7-2: 

8p 

0 

~ 
~ 

(7-2.0a) 

8p 

,Apfi. 

(b) 
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(7- 20b) 

(7-20c) 

Series expansions ofthehyperbolicfunctions are given in Table 7-1. For 
snrall values of W J LP' we can neglecj tenns above the _first order of the ar­
gument. Tl is clear from this table and Eq. (7~20) thatJ c is only slightly small­
er than J £ • aS expected. The first-order approximation of tanb y is simply y , 
so that the base current is 

(7-21 ) 

'Ihesame approximate expression for the base.current is fouµd from the dif.. 
fe~ence in the firs1-order approximations to·! ,r and le: 

111 = JI!: - le 

(7-22) 

This expression for/ H accounts for recombination in the base region. 
We mu.'it ~nclude injection into tlie emitter in !JlfillY BIT dev.ices, as .dist::ussed 
in Section 7.4.4. 

If recombination in the base dominates the base current, 18 .can be ob­
tained 'fmm U1e charge control model, assuming an ·essentially straight-line 
hole distribution in the base (Fig. 7-8b). Since the hole distribution diagram 
ll.ppears as a triangle in this approximation. we have 

Table 7'-1 Expansions· of sMerol perli11en1 hyparbc!,c ·r~octions. 

y' 5y' 
5#,:cb·y = I - 2 + 24 - ... 

'I v :I' 
clnn y ~ - + ::. - - + 

V 3 4~ 
:i y ?y' 

cscb ,v ~ 1- 6 + 
360 

- , .. 

I tnnl\ x = y - 3 + . .. 

(7-:?3) 
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CI we consider that this store,d charge must be replaced· every Tr seconds and. 
relate the recom.binaiioo rate lo the rate at Which ele<;lrons are supplied by 
the base current. In becomes 

(7-24) 

whicn is the same as 1bat found in Eqs. (7-2~) and (7-22). 
Since we have-neglected the collectonaturation current and have as­

sumed 'Y"" 1 io 1ne~e approximations, (lie difference between l £and I c is ac­
counted for by the requirements of-recombination ln the base.In Eq. (7-24) 
wehitve nclcar demonslration l'hat the bru;e currt?nt i.sreduced [or small Wb 

and large -rP. We-can increase-tr by using light doping in the base region. 
which of course also improves the emitter iajectjon efficiency. 

Toe straight-line approximation of-the excess hole distribution (Fig. 7-8) 
is foirly accurnte io caicuJatiJ1g 1he b:;ise current. On the other hand, it does 001 
give a-valid picture of/ r. and l e, lf the di.~tribution were perfectly s1raight, (he 
slope would be the same at each end of t he base region, Titls. would imply zero 
base current, wbich is nor tire case. There must be some "droop" to the distrib­
ution. !IS in 1be more accurate curve of Fig. 7-7. This sli~i deviation from lin­
earity gives listeeper slope au:,,= 0 than at x,, = ~Yb, aml the value ol' le is larger 
than l e by the a,mounf 111• The reasQn we can use the.straight~line approxima­
tion in the aharge control -calculation of b,u;c curren1 is that the area under the 
hble distribution curve is e!;.'ientiatly the sa111e iIJ, the two cases. 

7.4.4 Current Transfer Ratio 

The value (_lf l l calculated thus far i.J1 th.is secl\on is r;nore properly designat­
edJ 611, since we have assumed that 'Y = l (lhe emitter current dlle entirely to 
hole.injection). Actually, there is always some elC!ctron i njection across the 
forward-biased emitter jonctio11.in areal lransistor, and this effect is impor.­
tantin calculating the ',l]rrelit transfer ratio. A's shown in Example 7-3, the 
emitter injec.tion.efficiency of a p-.llip trnnsist-or can be written in tenns of the 
emitter nnd base propertl~s: 

(T-?..5) 

In this equation we use superscripts to indicate which side of the emitter-base 
junctior is refecreq to. For example, L~ is lhe hole diffusion lengtb in the 
n-type base region aocl µ.~ is the electron mobilily in the p-type emitter re­
gicm . .I.n an o-p-o the superscripts I\Dd. suuscri'pts woul,d be c;,ange~ along 
with the majl)rity carrier symbols. Using .Eq. (7-20a) for lj,JJ· and Eq. (7-20b) 
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for Ic, the base transpc;>rt factor B 1s 

le ~ch·Wb/Lp . wb 
.B = - = ----= sech-

• 11:,p ctnb Wb/Lp· Lp 
(7-26) 

and the cw:ren1 transfer ratio a ls the product of Band -y as in Eq. (7-3). 

Extena'.Eq. (,7-i!Oa) • LI.Ide • nonunity emitter injccllon Ex-AMPLE 7-3: 
e. • (-y'c<; 1)- e q. Ass~e, ~at thee~lte:r e-
gio g compai:e ,an e ion le~g_tb. 

Equation (7,:-1da)'is,acrua1ly 1611. SOLUTION 

qAt./J.~ :v . . 
fs,. = ---,.-:t.. -,,1;/ fflkr for Vts >> kTl~ L~ • . 

'Trtus, the total ·enutte:i: current i;S 

[
dJ'l, Wi; D:r J. y. atk!t 

lt = l E-,,1.+ t6i; = q.,A i . ./' p,. cmli U'. + i.JP. n-,, ett • 
ll ll, •~ 

Iep [ ls ]-1, [ iny w0J-i y=-= l t-1!: = L +=- t anh-
h ' lliP. !j,1Pn • ll,) 

Li, 

• 11"' -,1,. TY,/·• µ;f. .n 1tr . 
Usmg - =-,--=a -, and- = -- -y1elds 

• P.n JJ,p D~ 1,1.,p µ. g 

• _ [" , L1~,J;Lf ,.,;;1."" l ] '-1 
'Y. - ' ,,_ L~p 

11
µ!l, l<&1'+" L; 

Since we have assumed,tbat the-em'ltte1ds long oompaTed with.the elec­
tro11 dilfusjo)1.-lengll}:in tb~erhiL.t~r, the long-di9d,¢ e,;pr~siQn. appJies ta 
hn• 0.n.the oilier hand, for a 1'/ery. nauow emitt~ width W.(, 1../ would be 
repJ11ced b:t W,, correspo.n\iing fo \.~~-mgrow•diocle'expressjo1,1. 

The expressions derived in Sec1ion 7.4 describe the termmal currenrs of the 
(~aosisror . .if Qie device geometry and other [actoIS are consistent with the as­
sumptions. Real tr.ansistors may deviate from these appro2dmalion-s, as we shall 
see in Section 7-.7. The eollector and eaiitteT junctions may differ in area, satu­
ration current. and other-parameters.so that the prop_er descrip tion of the ter­
minal currents may be more complicaied than Eqs. (7-18) and (7-19) suggest. 
For exampfe, if the roles of emitter and collector are reversed, these equations 

7.5 
GENERALIZED 
BIASING 
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Figure 7-9 
Evaluation of a 

hol~ dlstributieri lh 
t.erms al compo­

nents du .. to !'!QI'• 

mal end irwerhi d 
modes: [a.) o·p­
praximole hole 

dijlribution in the 
bose wiih ·emitter 

and colleclor iunc-
tions forward 

biased; lb) com• 
p0nenl due to in• 

jedior:i and 
colledion in the 

normal mode; (cl 
componenl due lo 

the inverted 
mode 

predict that the behavior of the transistor is symmetrical Real traosistors; on the 
other hand, "re geaerally110~ !,ymm~tricill belween emitter and oollecio,: This 
is a -partiC'Ulaxly important consideration when the transistor is not biased In 
I.he usual way. We have discussed nowai biasing (some.times call'ld the noHna) 
active·mode ), to whleh the emitter junction is forward biased and lhe collectot 
is reverse biased. l.ri some.applications, particulatlyin switching, this normal bi­
asing rul.e is Yiolated. In these cases it is importanr to account for U1e differ­
ences in injection and co)lection p.ropeJiies or the two junctions. Jn Lhis ~¢tion 
we shall develop a generalized approach which. accoants for-rransistor opera­
tion in renns of a coupled-diode model, valid for all combination,s of emitter·and 
collec-ror bias, Jbis modelinvolves fourmeasurable-parameters that can be re­
lated to the geometry and matetlal -propertLes o{ the device. Usµig th.is model 
in conjunction wilh the charge control approach, we ean descn"be the physical 
operation of a tra.as.istorin ~kl\ing circuits and io other applications. 

7.5, 1 The Coupl~-Diode Model 

II the colleCl,Ot junction or a t'ransiswr is forward biasetl, we cannot negl_ect 
t.pc: instead. wee must us.ea more general hole di~tribution in (be base re­
gioa. Figure 7- 9a illustrates a situation in which tbe emitter a:nd collector 
junctions are both forwardbi.ased ,so that Ap6 .and Ape are,posi.fi,ye numbers. 
We can handle this situation wilhEqs. (7-18) and (7-19) [or l11e symmetrical 
transisto.r. Lt is imerestin,g to note that these equations can be considere.d as 
linear supetpi:l~itions of the effects of injection by ~ch junction. F'<,n exam­
ple, the straight line hole distribution of Fig. 7-9a can be broken into the two 
c;:omponents of Fig,s. 7-9b and 7-9e. One COlllp@nent (Fig. 7-9b) Eic;:<,0.un t:1 fof 
1he holes injected by che emitter and eollected by the collector. We can call 
ll1e r~sul tr11g currents (J.i;r1 an.ii 1 CJN) t he nomw/ mode components, since they 
are due lo lnjection from emitter to collector. The component of the.bole dis" 
tribution ilh.1!.tratecl.by Fig. 7 ... 9c .resultsin.cu.rrents I i,:1 and l 0 . which describe 
injection hl the im ie.Tted mode of injection from collector lo emitter.3 Of 

6p 

ti.p g 

0 

(n) (cl 

•Here 11,e wo,ds·qn:ii~!>r.ond co//f!{iar refer to phy~col reg1on1 c,f th~ devir.a rQlher l~Q.n 10. the.fvnohqn1 of 
1n1ocrl"" a.d 00lleorio~-ol ~ole.r. 
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course, these- inverted c0mponenrs will be-negative, since t hey account for 
bole nmv opposite 10 oo,r origin.al de~nHions or {E and le, 

For dre symmerrica/1ra11si~tor,-rhese various components .arc described 
by Eqs. (7-18). Definingn = (q.AD;JL,;J ctnh (WJLp) and I>= (qtAD/lj) csch 
('Wi/Lp), we have 

TEN = af!.pE and I crv = bApE with lipc = 0 (7- 27 .. 1) 

I E!I = - bAp0 and le, = -atlpe Yfilb lip£= 0 { 7-271)) 

ll1efour components are combined by linear su_per_posltion in Eq. (7-18): 

T £ = I 1m + I lil = aApt - /?Ape 

= A(e'l'V,c,!AT - l) - B(e'lVc,,(~1' - l) 

l e = l tN+ ic, = bApE - aAJ?c 
= B( 11,,v ufk1' _ 1) _ A( e•1VuJA.T _ t) (7-281',) 

whe.re,A "' qp,. and B ~ op,,. 
We c',j:n see from these equations that' a linear superposition of the 

normalandinvertedcompone:nts does give the result we derived previous­
ly, for the symme,trical transistor. lb be more ge1i'eral , h.o\vever, we must re­
late the four eomponents of cumml by factors which allow for asymmetry 
.in the lwo junctions. For ex.ample, lb~ emitter current liJ the nom1al mode 
can be wri ttea 

{7-29) 

where l Es il, tbe magnitude of ll1e emil ter satura.t1on c_urrent lri lhe normal uaode. 
Since we specify t:lf?t = 0 in tbis mode.we imply that V.ai·= O in :Eq. (7~8b).ThlL~ 
wesball consider hs.r 1.0 be the magnitude of the erniuey. saturation current with 
che collector junction short circuited. Similarly, the collector current in the in­
verted mode is 

where l.,·s is t h.e magnitude of the collei,tor saturation C\l.rreot with VER= 0. 
As before, the minus s.ign associated Witn IGJ simpW means that in the in­
verted mode holes are injected opposite to the defined direction of Tc. 

l.11~ corresponding cqllected curren1s foreach mode of opera lion cap• 
be written by defining a new a for each Gase: 

I CN = f!I.Nf SN = 0/.Nl Es(e4i'c,l~T - 1)° 

l .F.·t = o.rf c1 = -ci11cs(e"v,,JkT. - 1) 

(7-3\ a') 

(7-31b'). 

where aN and c:J.1 are the ratios of collected current to injected current in each 
mode. We i;ioi.ke that in. the inverted mode tlie injected current is lc1 and lbe 
c01lected currenl is 1£1, 

357 
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figure 7-l◊ 
An equivalent c;ir­

C1Ji1 s.ynlhesizing 
!he Ebers-Moll 

eq~otion$. 

Th.e total current can again be-oblained by superposition of the com,­
ponent~: 

I e = l EN + I er = I ertilqv,Jkr - 1) - a1Ics(e'1v .. r1c, - 1) 

l e= Ici,i +le,"" o.Nfe~(tf1v,:,/kr -1) - h:s(f!qva11cr - 1) 

(7-32.a) 

(7-32b) 

These relations were derived by J. J. Ebers andJ. L. Moll and are re­
ferred to as lhe Eber.s:..Mo/1 equations.' While the general fonn ts ll1e S:a,me 
as Eq.s. (7-'28) for the symmMrical tr.a.nsistor, these equations allow f.ox 
,variations In LES, !cs, a,, and al!I tlue to asymmetry between Lhe junctions.Al­
th.o.ugh we shall no.l prove It he.re;.it is po11Sible to show by recip~cy argu­
ments that 

(7-.33) 

even for noosymmetrical transistors. 
An interesting feature of the Bbers-Moll equations is tlla.~h an4 le 

are de,5cribed by·1enns resemblln~ diode relations (1 F.N and / e1), plus terms 
w~cb. provide coupling ·between the properties of the emit~r and ¢11ector 
(le, and le,;). This coupled-diotle property is illustrated by the equiv al eat cir• 
cuit of Fig. 7-10. In this figure we take advantage of Eq. (7-8) to write the 
Ebers-Moll equations in the form 

6.p.a Ape les 
l,; = lss-- - o.,lcs-- = - .. (6.p~ - a.NA-Pd 

Pn Pn Pn 
(7-34a) 

C 

-,.. 

'J. J, a,.,,. ond J. L Moll, 'Lorg,o.6ignol•8ohavior ol Junction Trantl•lor:;/ P,ocoodfng, o(tho.lREA2; 
pp. 1761-72 [~mber 1954), In !h• origlhol poper011cl In many luu, l!i. !ermlnol ai11"f1h cm, oll ,d., 
~nod o, flowiOQ Inf<> \!lo ltan<l5l<><. Thi• l~ttodllC<I• mi""' ,t9n• Into tho ""P'"',l9ns fl,r 10 ond It"' wo hove 
d<M>loped lh•m hera, 
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(7- 34b) 

It is often_useful to relare the terminal currents to each other as w¢11 as 
to the saturation currents. We can eliminate the,saturation current from the 
coupling term in each part ~f Eq. (7-32). For example. by mulliplyingE.q. (7-32a) 
by cxN and subtracting the resulting expression from Eq, (7-32b). we have 

, "V. .. .!~T 
le = a.Nh - (1 - a·Na, )lcs(eO ""' - .I ) (7- 35) 

Similarly. the•emitter current can be written in rerms of the c0Ilec1or cllrrent~ 

IE= a..1l,e + (l-ri1-1a,)lEs(1l/VEllfk.1' - 1) {7-36) 

TI1e 1em1s (1 - a,.o.1)1 cs and (1 - cx,µ1)IES C!lll be abbreviated as lco and / fiO, 
respectively, where lco is the magnitude of the collector saturation current 
with the emitter junction open (IE = 0), and I ;;_0 is the magnimde of the emit­
ter saturation current v.ith the collector open. The Ebers-Moll equations 
then become 

I e = o.1lc + I w(eqv,.,,M - L) 

le= aN/ F. - lco(eqV,./1<T - 1) 

(7-37a) 

{7-37bl 

and the equivalent circuit js shown in Fig. 7-lln. Tn ibis forJll'the equaTions, 
describe bolh the emitter and collector currents in tenns of a slmple diode 

e 

(n) 

kT n-v,Jl < <--
'I 

Cb) 

le 

I 

I 

I 

, 

(u) 
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Figure 7-11 
Equivalenl <;:ircuits 
of the tronsislor in 
terms of the termi­
nol currents ond 
the operKircult 
sorurollon cur­
rents, (a) synthesis 
of Eqs. (7-37); (b) 
equivalent ci'rcuit 
with normal bias­
ing; (o) colleclor 
characterfstlcs 
with normal 
biesing. 
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~14 

cha,aetetistiqi!us a current genera\or propor:tion\l! to \he other cunent. For 
example, under normal biasing the ·equivalent cirnuit reduces to the form 
shown in Fig, 7- llb. The oollector =rent ls a"' times the emitter Cl,\rrent plus 
the collector saturation current, as expected. The resulting collector charac­
teristics of the tran~i,stor appear as a sepes of reverse-biased diode curves, dis­
placed by increm-ents,proporl'ional to the emitter current (Fig. 7- 11c). 

A ~ 1~ttlea1 p,f-·1l•R_+ ,blpolJ!I ~artsistor has, t11e foll 

~ 
N11 = ~015 SPl~.3 

W,, =lµ,.m }P 
IJ.in 1:[','•s 

lf.p = 4$0' 

(a,) ~culare ration. current fEs = ifcs-

~bj Wl • ulate the basecurreotL8, 
e . 

{c) • e t i inj~io.n efficienqy 'Y 1 
• . • ?1ilrene~o~n;is l~f18 
CQ . 

SOLUTION • ~~. I 

p,. = nf!n,. = ~1.S•X j0Ul)2i,1615 = 2,2~ X 105 

]).i> = ~50(0,0259,) = ll.66. l:,p = (l-1.66' X 10-s)m = l.Q~ X 1-0"'-z 

W-J/L.]1'= J 0~4/Ul8 26 x ro-3; 

les = !cs= q trth(.Wz,lLp) 

= '(1.6 X 10- '1.6611.08 X 10-2) 

(2:25 X 10~~ clnh 9:26. Xl".(0~ 

= 4.2 X Jo- I.MA 

li1J.~ = p,#v.,, .11;.11, 'Apq s:t' O' 

~~= -~ X la5 :l( tl(D.lM259,) =.2'.'<l,X 'll-010 

I JI'= · q:A(ll]JJ.11)4.P.E (ailliC If t/2-l..p.) 

or 
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In the ~mitter, 

D,, = 70Q(0.0259) = 18.13 

L. = (18.13 x io-7,wz. = L35 , X 10➔ 

l - q_AD; £,.;,V. 1/!T 
~ - ~ It e· •" .. n L"' P 

" 

= J + n n P tanb- ' use.....!!.. = ~ [ 
D£/L& ~ W,z 1-1 ( nE fl~) 

v:1Lg ~ bp P! p§ 

= [1 4-- 18.13 X 1,oa X 10,c-'.l X 101S tanh 9~6 X w-3]-I = 0.99885 
'Y • U.6~ X 1.35 X 10-3 X 1017• 

B = sech :b = sech 9'.26 x 10-'l = 0.99996 
p 

Cl. = B~ = (Q.99885)(0.99996) '"= 0,,988 

f3 = ~ = 0.9988 = ~2 
l - e1 0.0012' 

7 .5.2 Charge Control Ahalysis 

The ctiSige con.fro! approach is useful in analy-dng tlle transistor terminal 
currents, particularly in a-c applications. Considerations of tran&1t time ef­
fects and charge storage are revealed easily by this method; Following the 
technique$ of Lheprevious sec1ion, we can separate an ucbiLrary excess h:ole 
distribution in the base into the normal and inver,ted distributions o{Fig. 7-9.111e 
charge stored in the normal distribution will be called QN and the charge 
under the inverted distribution will be called Q1• Then we can evaluate the 
currents for the normal and inverted modes in terJ1l$ of these stored charges. 
For example, the ooll.ected cu.rrenl in the BQIIDfll mode! l a,• is simply the 
durrge Qf'I divided by the mean tjnte 1:equired far Lhis charge to be collect­
ed. This time-is the transit time for the normal mode ,.,N• On the other .hand., 
the emitter turrent mus1 .support not only the rale of charge collection by tlie 
coUector but also the r.ecombination rate in the base QNi,-i>ll'·Here we use a 
subscript N with the transit time and lifetime in Lhe normal fll0de in contrast 
t.o the inverted mode, to allow for possible asymmetries due to imbalance in. 

36T 
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the transistor structure. WHb these· definitions, the normal components of 
Cl)ftenl become 

Similarly. lhe inverted compcments are 

01 Q, .QJ 
lrn = - -, lcr = -- - -

Tlf T1f 'T pl 
(7- 31:lbl 

where the l subscdpts on the stored charge and on the transir and recombi­
nation times designate the inverted mode. Combining these equations as in 
Eq. (7-32) we ha.ve l}.Je terminal cua:enls for general bi_asing: 

(7-39a) 

It is not difficult to show: that tbes.e equations correspond lo the.E.bers-Moll 
relations fEq. (7-34)], where 

0.N = • 
T1N + TpN 

J.Es = <JN(-
1
- + -1

- ) , 
T/fil 'TpN 

(74 0) 

Ap£ 
QN =qN-p, 

" 
The:base curr_enl in the normal.mode supporrs recombination,and the 

base-to-collector -current amplificatton !actor 13,v takes the Iotm _predicted 
by Eq. (J-7'): 

(7-41) 

This expression for 13.-- is also obtainedlrom 0-r.d(l - cx,v). Similarly..! 81 is Qr/-rp1; 

.and t.lle t_otal base ourreni,Js 

QN Q,1 
lli = .lsN + ls1 = - + - (7-42) 

'rpN 'Tp/ 

This expressi'on for lhe base ourrent is substantiated by LE - le front Eq. (7-39). 
, The· e,ffects of Lime dependenc~ of stored char.ge can be included in 

these equaTions by tbe methods introduced in Sect.ion 5.S.l. Wo can i.ocludc 

Petitioner Runergy USA Inc., Ex. 1030, p. 362



Bipolor Junctlof'I Trartsislors 

the proper depenrleucies by adding a rate of.change ofstored charge to each 
oi the injection curren.ts l EN and le,= 

is = Q ( _!__ + _l_. ) - Q, + d(JN (7-4311) 
• '\'Tm T11/iJ T,1 dt 

ic = Q_N - _Q ( ]_+ _!_) - dQ, 
'TiN '\.:r,r T pl de 

(7- '43b) 

i11 = QN + Q, + dQN + dQ1 
7,,,:.r T pl dJ dt 

(7-43c) 

We sball return to tbeseequatfons 1n Section 7,8, when we discuss t.he us.e of 
transistors at high frequencies. 

In a,switching operation a transistor _is IJsually controlled to two conduction 
states, which can be ref erred to loosely as the "on" state and the "off" state. 
ldeally, a.swi\c;h should appear as a ~art ,circuit when cu med on and an open 
cireuit when turned off. Furthermore, itis desiJ:able to switch the device from 
o.nestaLe to t.heother with no lPsl lime lo beL\l{een.Ua,nsiiltors do not fil this 
ideal description of .a. switch, but lh~y can serve as a useful-approximation in 
practical electronic ci.rcu.1 ts. The two stfl tes of a transistor j n 1>wi1ching can be 
seen in tbe simple eommon,emitter example-of Fig. 7-12. rn this fi&rare the 
co,liector current ic i.s cont'rol)ed by lhe base current i~ over most ,of the 
family of characteristic curves.11\eload line specifies the locus of allowable 
(ic,- lie£) poi)J1s·for the circuit.; in analogy with Rg. 6-2. If ~JJ is such d,at the 
openrti~g-point lies somewhere hetween Lhe two end points of lhe load line 
(Fi%, 7-llb), the t.ransistor opernles in the n_orma;J active mode.That is. the 
emitter junction is forward biased and the collector is Teverse biased, with a 
reason.able value of l8 flowing ou1 or r.he base. On the 01:her hand, if the base L-ur­
renlis zero or negative. the point C is reached at Lhe bottom end ofrhe lead line, 
and tbe co,llector current is negligible. 1lris is the ''off'' state of the 1.ransisror, and 
thedevlce is said to be operating in Un:-~tqff regirne. lf the base cur.rent is pos­
itive and sufficienJ:ly larg¢, U1e device is driven to thesaturo1io11.regime.marked 
S. This is the ''on" state of the transistor. in which a lru:ge value oUc flows with 
only a very small voltage drop.vce.As we shall se.e below, the beginni.lig of Lhe 
satllrntion regime corresponds to the. loss of reverse bias across th.e collector 
junction. In a lypicalsw.itching operation the base current swings from positive 
to negative. thereby driving the device:fromsatura:Liomto t"-ltof~ and viee versa. 
lo this seolion we shall explore the natute of conduction in.the outoff'and sat­
uration regimes; also we shall investigate 1.he f!lc101:s affecting the speed with 
which the transistbr can be switched between the two states. 

The vai::iounegions of operation of a BJT are illustr~ted in Fig. 7-12c. 
Uthe emitter junction Is forward biased and the <iollector reverse biased, 

7.6 
SWITCHING 
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Figure 7-12 
Simple $Witching 
clrc~ll for o tran­

sistor in the 
comrnor.-emiHer 

contlgurolion: (ol 
biasing circuit: \b} 

collector choroc-
teri$tlCl ond lood 

11.ne forthe ci rizuit, 
wilh cutoff ond 

solvrollon indic_o ~ 
ed; (cl operoli ng 
Fegimes of o BJT. 

- I i C 

C 

rill 
if) - B 

E =40V 

LI 
10 

ll -1 6 
~ 

~ 4 

~ 2 
' ] IOV 

=Fl= _;ov 

(BJ 

V IJ£ (forward bTas) 

oorm11I 
i,i(!UVC 

salurntil'ln 

0 

(c) 

i11 l), f 111,•\ 

C 

20 '!-0 
- vc;;(V)' 

(b) 

V 8, (fo!'vard bias) 

we hnve- the normal i1c1ive m0de; the opposite gives us the inverted mode 
of operation. If botb junctions are reye,se bia~. we get cutoff. leading 10 a 
very high i mpedance stare of tbe BJT; if both junctions are fo rward biased, 
we have sau1rari.on Md a.low impedance.state. 

7 .6. 1 Cutoff 
Tf tb·e emirter junction is reverse biased in the cutoff regime (negative i8),we 
.c1m approximate the exce~s hole concenrrations a l theed~ of tlie reverse­
biased emitter and colle·ctor junctions as 

ApJ; tpc 
--= - - = -1 (7- -1-4 ) 

p,. p,, 
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which implies p(x,,) = 0.111c excess hole disLnoution ln 1he base js approxi­
malely c.:ons1ant al - pm with some slope to the distribution at each edge 
lCl accowlt for the reverse saturation current in lhe julictions.Thc base cur­
rent i0 can be i:\PPnlxirnated for a symmetrical transistor tm a eharge storage 
basis us -qAp~ W~hJJ. Ill U1is c~Cllilation a negative excess bol~ conceritrntion 
corresponds to generation in the same way that a posltive d.istributim1 i11di­
cates recombination. This expression ls also obtained by applying Eq. (7-44) 
to Eq. (7-19)·wfth an approximation from Table 7-'L Physically. a small sat­
uraiion t urrenl flows Irorn n to pin eaclcreve.rse-ll.i;ised ju.uctloo.11mJ this cur­
r.ent is supplied by the base i;;urrent i11 (which ,s negative when nowmg into 
the base of a p-n-p deviceaci:crrding l o our cle(initions). A 01Qre general eval­
uation of the currents can be obtained from the Ebers-Moll equations by 
appl.yingEq. (7-44).to Eq. (7-34): 

i,, = -I ES + ci ,10 = -('I - fJ.N)IES 

ic = - a.vi E:S + l cs = (1 - Ct./)lc~ 

i8 =.r,;- .ic = -(l- a,v)ls - (1 - Q.1)fcs 

(7- 1511 l 

(7-4.:ibJ 

{7-4-.5c l 

If the shor t-circuit satLtra.\ion cu:cre11ts l£S and lcs are small and a,. a,nd o.1 
are both n.:ar unhy, these currents wTII be negligible and 1hecutoff regime wiU 
cJoseiy approxima,e 1be "ot:f' condition of an ide.il switch. ·n,e equivalent 
circw1 corresp0nding to Eq. (7-45) is illustrated. In.Fig. 7-13b. 

7.6.2 Saturation 

The saturation regime begins wben the reverse bias across the collecwr junc­
Lion is redi.ced to zero, and it oonlinues as the collector becomes forward bi­
ased. The exce;s hole di~lribution in this case is illl.lslra!ed in Fig, 7- 14. The 
device is saturated wlten flpc = □, and forward bias of lhe co11ectt1r jum;ti01'l 

fip 

0, 1---------+- ·'• 
Wb 

- I'" 1--- ------; 

1,.,,, /'" .1/i( 

(a) 

C 

365 

Figure 7-13 
The culoff regime 
of o J>ilil lronsis­
lor: (o.) excess 
hole distributl9n In 
lhe base reglor, 
with emitter ond 
collecior junc:Jions 
re11erse biased, 
(b\ equivalent cir• 
cult torrespond-
1 ng lo Eq (7--45). 
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Figure 7-14 
Excess hole distri­
bution in tne bose 

of o soturo.ted 
1ronslstor: (a) lhe 

beginning of 5Qtu­

rotlon; (b) oversol­
urotion. 

a,, 

llp, 

( V till positive) • ( V ,,8 PIJSit:ive) 

Ape 
( V C'lt positive) 

0 0 

(ol (b) 

(Fig. 7-l4b} l.eads to apt>sltive Ape, drivm_g the devicefunl1er into saturation. 
With the load·line fixed by the battery ao<l the 5-kf! resistor in Fi&' 7-12, sat­
'lirntii;,n is re~ched liy iµqeamii the·base current 111.We can seebo·w a large 
v.alue of i8 leads.to saturation by ilpplying the reasoning of ~barge control lo 
Fig. 7- 14. Since a certain amount of store_d charge is. required to accommo­
date a given ;8 (.wc.i. vice versa), an incteS!ie in i8 calls for un increase in tile 
area under the 6p.(.~n) distribution. 

Ln Fig. 7-i4a uiedtl\\ice ftas just read1¢d saturation, and the collector 
junction is no longer reverse biased, The implication of this condition for the 
circuit of Fig. 7- U is easy to state. Since tb.e emihcr junction is forward bi­
ased and the collector junction has:zero bias, very little voltage drop ap1>ears 
n~oss llie devi~ from colle.ctor to emitter. Toe m,1gnltutle of -vcr.is only a 
fraction of a. volt. Therefore; almost all of the bartery:,voltage appears across 
lhet.esi.stor;and the collecton:ua-ent is app1"oxirnately 40 V/5 kfl. =-8 mA. As 
the device is driven deeper into saturation (Fig. 7- 14b ). the co)Jector carrent 
stays essentially co11stant while the base curreotihcrease.s.In this s::u.uration 
condition the ttansisL0r approximates the "on"sta:le olan ideals\Vi.lcn. 

Whereas the degree•o.f ·'oversa1umtio;1" (indjca1ecl byih.e shaded area 
in Fig. 7-14b) does not affect the value of ic: signifieantly,it is important in de­
ter1ni.ning ~be lime required to switch th.e device from oiie stl\te to theoth,er. 
For example, from previous experience we ·expect the LUm-ofI time (from 
s.atw:adon to pl.Ito.ff) lo be longer for larger values of stored charge in t!Je 
base.We can calculate the~arious ·cbarging and. delay times froniEq. (7-43). 
Detaijcd ealculations are se'mewhat involved,. but we can simplify the prob­
lem greatly wit:h approximations of the type. used in Chapter 5 for transient 
effects in p-njunci-io11s. • 

7.6.3 The Switching C)lllle 

The various mechanisms of a switohing cycle are illustrated ih rig, 7-15. If the 
devicejs originally in the ,iutoffcoudition,a srep increase o'fbase cuttenl to 
18 causes the hole distribution to increase approxtmately as illustrated in 
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Fig, 7-15b. As in llle transient aru\lysis of Chapter 5, we assup,e for si~lic­
ilyof calculation that the distribution.maintains a simple form in each time 
interval orn1e transi.e'.Q.t. At time t,, lhe device enters saturation, ai:td lhe );Joie 
distribution reacli.es its .fioal state at r2,·As' the stored .charge iu. the base Q~ 
iru;reases, tliete is anlncrease i1l t he co11ector current. ic. Toe coijector current 
does not irrcre.ase bey_ondits value at the beginning ofsamration Is, however. 
We ca.cl approximate thi'~ saturated collect<ir current as iii:== Ecd RL, where 
Ecc is the v.alue of the collector circuit battery and RL is the load·resistor 
(le = 8 J:PA for the example of Fig. 7-12). There is an essentially exponen­
tial increas.e in the collector current while Qb rises to it,;.value Q, at,$; tb:isrise 
time serves as one ofihelimitatio11s.of the transistor m a switoliing .application. 
Similarly, when the base current is. switched negative ( e.g.. to the value -l n), 
ihe·storedchatge ~nust be withdrawn from the base before cutotf•is:reacheci 
While Qb is larger than Q.,, the collecior,ourrent r~mains at the value l e, fixed 
by the battery aad:resistor. Thus thete is a storage delay time 1,d after the base 
cur.rent is swi.tclted and 'befor-e ic begins to fall toward zero.After the stored 
charge is reduced below Q,, ic; drops exponentially with the characteristic. f~ll 

367 

f igure 7- 15 
Switching effects 
in a common­
em·ilfer transistor 
circuit-: {o) drcuil 
diagram; (!'>) 
approximate 
hol.e distributions 
in thebose 
duri119 ·swilching 
from cutoff to 
saturation; jc) 
bose ,current, 
stored charge; 
.and collector 
CIJl'f.enl duti-ng 
i:J lurn-bn anq a 
hirTK>ff tronsieri1. 
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Figure 7- 16 
Collector current 
during .swi.1ch.ing 
transients, rridud­

i rig !he delqy time 
req1:nred for 

cho(Blng the j1mc­
lion c.opacilonc:e; 
definitions of the 
ri1e time and fall 

llme. 

7.7 
OTHER 

IMPORTANT 
EFFECTS 

ic 

O.l lc 

t;1 - Delny tinw while junc1Tun 
l'lljllltir• n~c j~ ,harg:ing 

'r - Rise lime from 0.'L -0. 9 / r. 
't - Fnll time from 0.9-0.! r," 

--1--"-i--------------

1, / 

time. Once µ,e stored charge is withdrawn, 1he base currenL canno~ bemain­
taiueu auy lung.es; Ill its L:ugt: ncgu11ve value a.aid 1Uust uer.my 10 the ~11IBll cul• 
off value described by Eq. (7-45c) 

7 .6.4 Specifications for Swltclilng Transistors 

We can clelermine 1, and t.,. by solving for the Lime-dependent base current. 
i8(1). ghren by an expre~ioo simjla.r to Eq. (5--47·). We m.ust also not ncgll':cl 
ihe charging Lime of the emitter j1mction capacitance In going from cutoff 1 o 
saturation. Smee the emiuer junction is reverse biased in cutoff. it is neces­
sary for lile emitter space charg_l: layerto be charged to the forward-bias coo­
dhion bt:}fore collector current can flow.Thecefore. we should include a dt!lay 
time l,1 as in Fig. 7- 16 to account for thJs tffel:1. ·rypical values of td are give□ 
m 1he specuicauon infomuition of most switching 1ra11~1ston;, along with a rise 
tirrll!.t,. d.efinc:d as lhe time required for the collector curren t lo rl!;e fmni 10 
to 9tl% of its [rnal value. A third specification 1s the fall rime-11 required for. 
ic 10 rnu tllrough a simllru fracl(Qn of its 1u111-ofl' excursion 

ll1e c1pproach we have taken in analyzing the prnperues of Lransistors has in­
volved a nU1Ilber of simplifyi ng assumptions. Some of !be assumptions mus1 
be modified in dealing with practical devices. In this section we investigate 
some cop:nnon deviations from the basic the<YrY. and indicate si tua tioQS J n 
whlch each effect is important. Since U1e various effects discussed llere involve 
modi ficadons of the mote straigb r.forward theo~y. they are often labeled "sec­
ondury effocls,"TI1is does not imply that they are unimportant; in fact, the ef­
fect~ described in this section can dominate the conduction in lransis.tors 
under certam conditions of device geometry and cm~uit application. 

1n th.is section. we shall co t1sider llie effects Cl,f nLmunU:oTTI1 doping in 
the base region of the transistor. In particular, we shall find that graded dop­
ing can lead to a drlf.t component of charge transport across the b'ase, adding 
to the diffo~i.on of carriers from emitter to collector. We shall discuss the ef­
fects of large reverse bias on the colleciorjunctlon, In terms of widening The 
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:;pace charge region about the Junction and avalanche multiplication. We 
$hall see lhat transistor parameters are affected ar h)gb current levels by the 
degree of injection.and by beating effects. WeshaJI consider several structural 
effects that arc.importal'\t in practical d.tivices, such as asymmetry in the areas 
oftbe emitter and collector jwictinns.serles resistance bet wee[, 1he base con­
tacf and_ cbe active part of 11,e base region, and nonuniformity of injection.at 
the eminer junction. All 1hese effects are important in understanding the op­
e.ration of transist◊ri;, and proper constderati-00 of lhe;lrinteracuons can con­
tribu1e greatly 10 the usefoJness of practical trnnsis.tor circuits. 

7.7.1 Ori~ in the-Bose Region 

The assumption of uniform doping in the ba~e breaks d0\m.ior implanted junc­
tion transistors which usually .involve an apprcciahte amount of impurity grad­
ing; for example.the lmplantedtransisfor of Fig. 7-S has a dopingprofile!>'Ullihrr 
to that sketched in Fi~ 7-17. ln lhis exartlple Lhere is a fairly sharp ruscontinuity 
in the doping prot11e, when the donor roncentralion in,lie base region becom<:ii 
$maller 1han the constant p-ty'pe background do,piogin the-collector Similarly, 
the emitreris assumed to be a heavily dop~d (p')shallow region,prov{ding a,sec• 
c)ncl rather sharp boundary for tbe base. Wi'tbin the base reg1on Itself, howev­
er, the net eloping concentr.at.ion (Na - N. =- N) var.ies a.long a profile wbich 
decrease.<! from the emitter edge to the collector edge.111e mc,st likely doping dis­
tribution In the base is a portion of a .gaussian. (see Section 5,1.4):.however, we 
~n c)eatlysee the effeot or an impurity gradient by assuming for simplicity that 
N(x.) varies exponentially withJn the base region (fig. 7-17b). 

Onci\np.ortant result of .a graded base region is that a built-in electric 
field exists from emitter to.collector (for a p-n-p ), thereby adding a drift com­
ponent to the CTan$p,ort of holes across the base. We can d~monstrare this er­
feet very simply by co1~idering the requ.ired balance of dl'ift and diffusion in 
(be base al equilibrium. If the net donor doplng o{ tbe base ls large enough 

N(O) 

N • {backgrotlnd) 

.t 

(n) 
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figure 7-17 
Graded doping 111 
the base region of 
a p-n•p tra nsistor. 
(ol, typic:ol dopll'lg 
profile or1 o 
s.emilog plot; (b) 
opproxi111ote 
e~11enerrtiol dislrl­
bulfon of lhe 
nel donor con-­
celTtrotlon in the 
base region on a. 
linear plot. 
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to al law the usual approxim1'tion n(x.) = N~.)., the balance of.elec.tron drift 
a11d .difftls.ion currenn; ar eq_l.\ilibriuni requites 

(7-46) 

Therefore, the built-in electric field is 

l(.t") = _ D,, _ l_ dN(~,,) = kT ___ l_. _ dN(x,.) (?_47) 
µ n N(xn) dx,, q N(:c11 ) dx11 

For a do_p,ing profile N(x.) that decreases ln the positive x,,-diteetion, Lhis 
field· is positive, directed from cminer to collector. 

For .lhe ex:ample of ail exponential doping prom~ lhe electric field 
~(x,,) turns onl to be constant with position in tbe base. We oan represent an 
exponential dist.cibutign as 

N(:K,,) = N(O)e.-.ww. 
. N(O) 
where " "" liJ - - -• N(W~) 

{7-48) 

1\1-'ing Lhe derivative of this distribution and substitutin.g in Eq. {7-47), we 
obtain the constaru fie.kl 

(7-49) 

Since this field aids the transport of holes across the b11se region from 
emitter to coUecLor, the transit time -r, is reduced below that of a compara­
ble uniform ba.se t~ansistor. Sir:nilarly, electro'n transport fa an n-p-1) is aided 
by the bailr-in field in the base. This shortenin.g of the transit time ·can be 
very important in high-freqµ.ency devices (Section 7.8.2).Anothcx approach 
for obta)ning a built-in fir.Id r~ to vary Lhealloycomposition .-c (and lbe.refore 
£~) in a base m;ade of nn alloy st1cih a.s Sj1_,Ge., or 1n_,Ga1-..As. We 1\lill dis­
cuss th is further in Section 7.9. 

7.7.2 Base Narrowinl! 

1n the discussion of transistors thus Jar, we have assumed that lhc effe.ctive 
base width W~ is essenfrally independent of the bias voltages applfed ro the 
colleetor and emitter junctions. This assumption is not always valid; for ex­
a·~ ple, the p--n~p• transistor of Fig, 7-18 is affected by lbe 1·everse bi'a.~ ap­
fllied to the collector. If the base region is lightly doped, the depletion region 
at the reverse-biased collec:tor junction can exiend signifitantly into the 
n-type base region. As the collector voltage is increased, the spa.ee charge 
layer takes up more oi t'he metallurgical width of lhe base Lb, and a~ a re­
sult . the effective base width Wi, is decrea~ed.'rh,is effect is variousJy called 
base /!arrowing, base-width ,tu~dulaiion1 and the Eflrly effecl after J.M. Early. 
who firs.t interpreted ii. The effe'cLs of ba~e na.rrowing are apparent in lhe 
collector characteristics for the«>mmon-emitter configuration (Fig. 7-18p}. 
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Figure 7--18 

Bipolar Jundibn Tronsjsloi,s 

0 w,;. 
~ - -.,.:j =----x,, 
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(b) 

The effects of base narrowing on the-.chorocterislics of a p••n•p· transistor: [a) decrease in the effe.ct-ive 
base width as the reverse bros on the colleclor !unction Is increased; (b) tomrnon-emiNer chorocterMics 
showing lhe increase in 10 with Increase~ colleolor voltege, The block lines in (bl lnqicpte the exlropolo, 
lion of· the curves lo, the Early voltage V .._. 

The decre4l.Se in W b causes 13 to increase, As a resul,t, the collector cu.tren t I c 
increases with c.oliedor voltage rather than siaying constant as predicied 
from the simple treatment. TI1e slope intrnduced by the Early effect is nJ. 
most lineaT with l e, and tb0c common-emitter characteristics extrapolate to 
an intersection wilh the voltage axis al V,4. called the Early voltage. 

For the p+•n-p~ device .of Pig. 7-18 we can approximate the length l of 
the collector junction qepletfon. region in:the n material fr~ Eq. (5-23b) 
with V.0 replaced by.Va - V co and' V cs taken to be large and negative: 

(7-50) 

If theJevers'e bias on the collc:t:tor j UJJCLion is increwi'ed far enol,/&h, it 
is possi'ble to.dearease Wb·to the extent that the collector depletion.region. es­
sentially fills the entire base. In this _puncb-througb condition holes are swept 
directly from the emitter region to the collector. and transistor action is lost. 
P\lllch-throug:h is a breakdown effect that i's genelally avoided in cirtmit d~­
sign. ln most cases, however, avalanche breakdown of the collec10r juuctio.11 
occurs before punch-thr,ough.is reached. We sl]:all discuss t he .effects of 
avalanche multipllcation in the following section. 

In devices wiU1 g:rndcd ba:se dopir\g, base -narrowing is of less impor­
tance. For example., if the donor ooncentration in tbe base region l1I a p-n,p 
increas-es wilh.p,ositiolifrom the collector to the emitter, lheintrus~on o.fthe 
c.ollector space charge :region into the base becomes .less imporumt with in­
Cfeased bias as more donors-are available to accommod..ate the space charn~, 
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Figure 7-19 
Aval anche break­

dewn fn o 
lmnsfalor: jo) com• 
mori-bose c·onfigll­

rolion; lb) 
com mon,ernrfter 

confi9urolio11. 

7.7.3 Avolanche Breakdown 

Before pu11ch-thrm1gh occurs in most transistors.avall!nche 111ul1ipliC'<1tio11at the 
collecLOr JUn<?tion becomes w porlant {see Scetion 5.4.2). As Flg, 7- 19 indk 11tes. 
lhe collector curren1 increases sharply a t .a well-defined breakdown voltage 
8V l'iJn for tb:e common-base co11fignra1ion. Fonhe common-emitter case,J1ow­
e.ve.r, there Is 11 s1ro11g lnnuenc..: of ct11,ier multiplication over a fl\irly broad 
range of collector voltage. F urthermore, the brnakdown voltage in the com­
mon-emitler ~ BVcw ls signifiea:nU:i sm<\llerttian BVcBo· We can U!ldet­
stand these effoets by considering breakdown for t he condition lE= Din the 
comrnon,b~e case and for J 11 = 0 in the oommon-emi ller Cll!lle. These conditions 
ai-c iroplie.d by the O 1n rhesubscripts of BV,-m andBV cno- Tn each case the ter­
minal current l e is the cuw:m emerlng the colteclor ciepldion region multi· 
plied by the factor M. lncludmg muJtJpllca1ion due H) impact ionization, 
E4.(7-37b) bec.-omes 

I 
l e-= (u.,vl~+ l c0 )M = (aNTi, + Lco)1 _ (VJJc/Bllcoot (7-!il) 

where for M we have used the empirical e:~ .. ;.>ression given in Eq. (5- 44). 
For 1he limiting common-1',ase case of J e= 0 (the lowest curve in Fig. 

7-23a), /c is simply Mlc0 ,and the breakdown voltage is well dcfined, as in an 
isolated ju1.1ction. The tem;i BVcno signifies ll1e collector ju.nction breakdown 
voltage in common-base witll the-emitter open. In the common-emitter ea~e 
IJ\e si;1Uatio 11 is sonie~llat more c,~mplicated. Se~ting T 0 = 0, and therefore.I c=­
LE in Eq. (7-51 ). we have-

M1co 
I , = 

I - Moc,v 
(7- 52) 

We notice t11,1t in this case I.he collector current increases· indefinitely wlien 
MCY.1; approaches unity. By i;:ontrast. M must approach infinity i.n the common­
base case before BV cno is reached. Since CY.N is c.lose to unil,y in- most tran­
sistors, M need be only slightly larger tl1an unity for Eq. (7-52) to approach 

(a) .(b) 
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bre.axdown. Avulanche multiplicatkm i.hus dominates the cup-cnt in~ tommon­
emitter transistor well below tlie bre;ikdown vollnge of rhc istihned w llec.ror 
jum.'tion. Thi:! sl.l5tai.uing voltage for avalanching in the cumnwn•cm1lter CJise 

B"c·f.--o is U1erefore sni:1ller lhan BVn,ro· 
We can understand phy~1c:ally why mulliplic11tio0 is su i.n1portarn in 

the common-emilLer ~ase by considering the effei:1 of ,\IJ tm lbe base cur­
rent, When an ionizing-collision occurs iutbe colic ·tor jµncllon depletion 
rc,gion, a secllntlary hate .and clecuon are creared. The primary and .sec­
ontlary h(,)les an~ swept int~ the colh:.l:lor i.n a p-n-p. 1,-,ul lh.e dectrol) is 
.swept into the base 1,y the junc:1ion field. Titerefore. tht supp}y of elec­
trons to the base is increased. and from our charge control am,Jysis we 
oonclutJe tl,al hole injection at llu: e\1\it tt!r 111ust increase ta maintain s11ace 
c.hargc ncutrallt)', This i~ a rt!g1meralive p1'oc:c~~- in wluch lUl. increased tn­
jeclion er holes from lhe c:niilter cau~m, an inc, eu,;ed multiplication cur­
rent :iit the eoHeclor junction; 1l11s In Lum itwreases the rate Ill wl1fob 
secondary eh:crrons are swept 1010 the basc,.calllng for more hole injection. 
Because of this regencrnrivc effect. it is easy t-0 understand wlty the mul­
tipliauio_n ractt>r M 11eecl be only sllght1y greater than uui1y to start the 
avalanching proces.,;., 

7.7.4 lniection level; Thermo! Eff«ts 

In discussions ot transistor chu:ruoterisUcs we have a~sumed that et and {~ are 
irldependc,nt of can-ier h1jectio11 level. Actually, rhe par!lmeters or a practical 
lransii;tor may vary eonsidc:rahly with ntjection level, which is tletc:J'.lllineu 
by the magnitude of / F. or I c-.For ve1) lnw inji.,ction. lhe-assuntption of neg­
ligible 1·ecombination irl lhejunolion depJetio1,regions lsjnv~ll!'.l (see Section 
5:fi-2,). This ii; particularly irnpl)rtant ln the case ofrecombi11ation in ilie emit­
ter junction. where any recombination tends lo degr1'de lhe.e111i1ter injec­
tfon efficien·cy-y. Thus we expect thar ~and~ sl1ould decrei:ise for low values 
Q( h_. ea~1sing the c;urws o( lhe collector cllarnc~eristio; to be spac-Gd 'lll.Ol'e 
closely for low current:~ than !or higher currents. 

As fc i:, increased beyond Lhe low injecµon l~vel range, u an.d 13 increa.~e 
bm rail off again at very high lnJeclton. The primary cause or lhis falt-oIJ' is Liu: 
inare,ts\', of majority carricn; a! big~ injeolion levels (hi;e Seclion 5,6. t). For ex­
ample, as tire concentratioo, of excessJioles in3ected inro the base becOIJles large, 
ihe m;uching exce&s electron concemratior can bet,"()llle}gre,1ter lhau rhc bm:k­
grnund 1111,This base conductivity modulation effect results i1ta decrease in'/ as­
ffillfE electrons are injected aero~ Lhe emitter Junction into the e>nitter resio1,. 

Large values of le may be a11comp11□ied by significant pm'i!er dissipa­
tion in the lransistor and rl}erefore beating 0f Ll\e device. fn particular, the 
product of le and the collector vo'itage Vue is a mcarure of the power d1ss1-

pated at the collector junction. This dissipation I!> dne lo the fac1 that carri­
ers swept through tJ1e colleetor junction depletion region nre given 111creased 
kinetic e.ncrgy. which in turn i_s given \Ip to fhe lat1ic;;: in scattcring coll isio,os, 
It is very important that the transistor be operated in a range.such Uiat le VH, 
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does not exceed lbe maximum power rating of the device.. in d.e\\ices de­
signed for h.igh powei: c-apabflity, th.e- lTanststor il! mo~nted on an efficien~ 
heat sink. so. that Lhermal energy can be transferred away from tlte junction, 

Jf Lbe temperature of (he devic!lis aU,0wed to incr~ase due to power dis­
sipation or therma"I environrneat, the transistor parameters cl)ang_e. The m()$t 
lqiporlmt parameters depeo,dimt on. tempera tu:re are tl)e cai;ri,er lifetimes and 
diffusion coefficients. Jo Si or Ge devices 1he li.fetime,r,. increases With 1em­
-peratuTe fonnost cases,due t<Hhermal reeX'<;itat:ion fromsecoml:iination cen­
ters. This increase in TP Lends to increase i3 for rhe-tran~stor_ ◊n the other hand. 
tl:!,e mQbi}i.ty decrea~es with.increasing temperature in lne latiice-scattering 
range. varying approximately as r-J.12. (see.Fig:3-22). Thus from the Einstein rec 
lation, wee,q>ectDP to d~easeas the (mnperall:lrcincreases, thereby causing 
a dtop in 13 due to an increa~ing '!r.ausit time"~ Of these·competing proce.Sse:;, 
ihe effect ofirrcreasing ll!etim.e wi-ch temperature usually dominates.and~ b.e­
comes far.gar as the device is heated. II is clear from I.bis effect th.at tfiermnl 
rw.iawcoi cnn Qcour if the ~cuit is not designed to -prevent .it. For example, a 
large power dissipatiQn in the device can cause an in~se i,n T: Lltt~·reiuJlS in. 
a large 13 and therefore.alarge le for a,.given base current; the large le causes 
more t:ollector dissipation and the cycle continue~, This type of runaway ofth.e 
ooJJe.ctor curreo L can r•~sult in .overheating and des.cruction of the dev.ice. 

7.7.S BMe Resjsionce and Emitter Cr,ewding 

A num.ber. ohm1cturaleffects are important in determining the operation 
of a Wlnsh,tor. For example. the emitter and collec.tot are.as are <;onsiderably 
different ih the implanred transistor ofFig. 7-20a. This and most other struc­
tn1:al etfects· c.an be. itccowited for by differences in .rx11, tt1, ami othfil" para• 
meters in the Ebers-M,,11 model. Several effects caused by the shuclurnl 
arrangement of real rransi'stors di:Setvespecia] at-tention,howev!!I'.. One of lhe 
most important of these ·effects is the fact that base current must pass from 
the active part o( lb.v. ba&e region to lhc- base contacts B. Thus, to be ace.ti.rate. 
we should include a resistance rH in •equivalent models f-or Lh.e transistor lO 
account for vo\(age drops whicb muy o~ur between.B and the active patL of 
the base. Eecause ef rb, it Js . common to contact the 1:tase witb th1l rnetalli1.a­
tion pattern.on tioth sid.e'$ of Lb.e em,il'ter, as in flig. 7- 2Qc. 

1f the transistor is designed so that the n~~ype region~ leadingJl'Om the 
base LP lbe contacts are llll;ge in cross-sectional aiea, the bas.e res.mJance rb 
may be negligible. do the other hand, !be distributed resistance ri, along the 
thin base region. is almos.t,alw!lys in1portant.5 &'ince U,e width of the base be­
tween emitter a11d co1lector Is very-narr0w, this distributed re\iisra.nce is Usli• 

aUy quire higb. Therefore; as b;:tse curr.enl nows from points within tlle base 
regiqn toward each end, a voltage drop ocoul'S along_,~. In thiS case rheior• 
w.ard: bias across the emilter•base j unction isno( uniform, but instead vane~ 
wlth position according 10 the voltage drop in the c;listributed 1;,aseresistance. 
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(n) 

{d) 

[ID, (b) 

e lJ. 

(c) 
j/ 

(c) 

lt1 pani'cular, thel or.ward bias of the emitter junclion is lar_geslat the corner 
oftbe emitter Tegion near tile base <.:ontacL We can see thatiltls is the case 
by ~-onside ring the s.lmpli{ied examp~e of Eig, 7-20e. Neglecling variat:.i.ous in 
the gt1se currenr along the path from point A to the cont_act B, the forward 
bias of the eminer Junctloo above point A, is approxiriialely 

V.,,11 = VE11 - 10(R,w + RDa) P -53) 

Actnally, the base current is not uniform along the active-part of the base region, 
l\fld ll}c distributed resistance of lhe b~ is more complicated lh!l"'We have in­
dicated. But this exrunple does illustrate th.e point of 11!1!iu.nlform injecllon. 
w1,ereas Lhe forward.bias ac Ajs approximately described 1,y Eq. (7-5~). Hie 
emiuer bias voltage at point D is 

V,w _,. V £11 - InRafJ (7-54) 

wbicb can be significantly closer to the applied voltage V EH· 

Since the forwar.d bias is larg~~• at the edge of the emi1ter, it follows that 
IJ1e injection of h,oles is also grealestt'her.e. This effe-el is calle.d emiuer c;rowd­
ing, aru:I it can •:,_trongly affect 1.he behavior of the d.evice. ~e mosL impor­
l~nt result of em.il:t~r cr.owding is that high-injection effects described. in the 
previous section can become d0mina11t locally a1 th.e.corh~rs of lhe emitter 
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Fl.gure 7- 20 
Effects of a base 
resistance: (at 
cross seciion:af 
on lmplonted Iron-
sislor; (bl ond (c) 
toe view, •showing 
emitter and b!llse 
ore.as o-nd metal-
lized c.ontodsi (dJ 
illuslrotlol'I of base 
resistance; (e) ~1<· 
ponded view of 
distribuled resis-
lqnce 1n the ocfive 
po.rt of the base-
region. 
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figcre 7-21 
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before Lh1:: overa l.l emiuer cu.rrem is very l;i.rge. In transistors designed to 
hancl1e appreciable currem, this is a problem whiclimust be deuh wilh by 
proper $Lructllfiil Jes1gn.The most effecti.ve approac!:t to the problem of emit­
ter crowding is to distribute the erniner c:urrenr·along a relatively largeemit­
ter edge. thereby reducing Ltie current density at any one point, Clearly, wbat 
is needed is an eminer region with a lar.ge pet'im:ctercompared with it~ area. 
A likely geometry to accomplish tbis is a long Lhin stripe Cor lh!! emitter, wiih 
base contac:l's on eflch side (.Fig. 7-20b and c). Wilh t hlll geomei-ry the total 
omitter current I., ls spread out along a rather Jong e<lge on each side of the 
stripe. An even berLer geometry is several emitter stripes, connected elec­
trically by the mei.alliza1Jon and separated by i111er$per:iiJ1g hasc contacts 
(f'ig. 7-21). Many such thm emitter !lJld base contact "fingers" c.m be inter­
laced 10 provide ftlr handling large current in a power u:.ansislor. lrus is of1en 
caUed v.,ry .de!!1:1ipuwly an imerdlgituted gt:ometry. 

7.7.6 G\Jmrnel-Poon Model 

The Ebers-Moll model runs in.to problems if a high degree of accuracy is re­
quired for very smalLBJTs, or where second order e:ffeo1s become impor1anl 
Trte GummeJ-Poon model, which i-s a charge control model, incorporate-s 
much more physics. We present II simplified version Qf lhe model ·here.. 

As discussed in Seocion 7.7.l. for typical graded doping prob1t!S in the 
base, lhere is a bullL-ln elect.rlc fie.Id !hat causes driJ;l of minority carriers ln 
tb.e same direction they·are diffusing from emirter to ooUectoL This fonns the 
starting pc)int for lhe derivation. of I.he Gumme~- Ption model. As mentioned 
in Section 7.7,1. lhis e.lecuic:field aids the motion of the mioorit¥ carriers in 
the base,so !he curren1 can be written ·as 

E=:] [[00] , 

( , ,,1\l,·Htrc.101,J<.'\ fl ~ 

(a) (b) 

(7- 55) 

BtUo~ 4.!0Jl(~l<'l 

mcrnll11:l\l\H' 

E;m,ncr l~111111c1 
muta!Jl1..;t1,•11 

tc) 
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We can replace the clect:dc field in the.ba~ In Eq. (7-55) by lli~ expression 
fo Eq. (7-47), assuming n(x") = Nix.) 

l = A ( - k1' ,! dn) _ AD dp 
Ep fJ ·I-LpP q n dx,, q P dx,. 

qADp( dn dp) = --- p-,-:-+n-
" d.t11 d.rn 

where the Einstein relation is used. We re.oogn!zt: the expression in paren­
thesis as the derivative of llie pn product. 

- qADp d(pn) 
I - -~ --

r.p - n dx 
" 

- l E»" d(pn) 
--=--
qA.J)p dx" 

(7-57b) 

We integrate bolli sides of Eq. (7-57b) from tl1e emiller-base jw,ction (P) to 
the base•coilecl:or junction (Wi,), keeping in m.ind that the current lEp, flow­
ing from t.11e emitter to the collectm:,Js more or less coosranl fn Lhe narrow 
base (so that l.t can be pulled out of the integral). 

lw. ndx 1w•d(pn) . _, 
- f '£p ------1!.. = --i:tx. = p(Wb)n~'6) - p(O)n(O) (7-58) 

0 qAD1, 0 dxn 

Now,as described ln Sections 5.2.2 and 5.3.-2. the p,1 product changes 'from the 
eqtlilihrl um Vl'/,l u e 

(7-59") 

to the nonequilibrium expression 

(7-59h) 

where ,the separation o.f !be Fermi levels is determined by the applied bias 
across lhe junction. Applying this to Eq. 7-58, we get 

(7-61la) 

(·o,\ (O)' z .'Ifµ p l/1 • = 11;e ;<r H-60h) 

(7-6!) 
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,Wellave assumed a consL-ant hole diffusivity in th¢ base, DP. Toe !n1.egralJn 
the denominator corresponds to the inte:gratcd majority carrier charge in the 
b_ase, and is J.<pown as llie oase Gumrnef number, Q8 . In lhe normal active 
mode oi Ol)eration, where the collecl.or0ba.se j1111ction is reverse biased (V cu 
is negai:i\.:e }, and the emi11er-base ju111,1.ion is forward binsed, the emitter hole 
current flowing to the collector (which is the dominant current) becomes 

(:'7-62a) 

We can sjmilarlywri~e tl1e bl!Se eleclrQn cu.crent ilowingbackimo the emitter as 

(7-62h) 

whc-re Qllis the integrated majority-carrier charge in the emitte.r,known as 
-theernitter Gmnme/ number. The crux c;f the Gummel- Poon moilel is toat the 
currents are expressed in terms of the ner integrated charges in the base and 
emiuer regions, and ca:n easily handle nomuii.form doping. Also. since we 
ha:ve ebtained expressions for/ Ee and I& in terms of Q8 .and Q ~ we CBJ1 write 
down BJT parameters such as lhe emiuer injection.eftit,iency1[s-ee-Eq. (7-2)], 
in tem1s of the Gummel numbei:s. 

We cruJ-also modify the Glllillnel- Poon model to lrnndlcseveml seco°'d­
ordereffects suclt as the Early effec( and high-level inj_ec.tiert ill the base. 
~imply by writing the expression fot the base Gummel number, Q11, more 
l?reci~_ely as follows: 

(7-ti~) 

wher~ we exp_liciUy accounL Io, the 'fact that U1e iafegra,tio.n limjt.-;,.the ba<;e­
emitte.r jnuetion.(-r-,1 ; 0) and r.he base-collector junction (W1,) are bias de­
pendent. This is, or course, the Early effect (Section 7.7.2). 

furthermore. we·see that under high-J~vel inje(;)Uon (Sections 5,6.1 and 
7.7.4), the integrated majority car1ier cbatge betiomes.greaterthan the inte­
grated base dopant charge: 

(7-64) 

Oearly. from Eq, (7~61), thiswillcause the current from t'he emitter-to-collec­
tor,J;ep, toll'wreaseleSS rapidly withemitter-bas.e voltage nt hi-gh bJases. Based 
on whatwelearnedln SecrtionS.6-.1 ab.out.h.igh-levelinjection ina d.iode, the 
em.itter-to•to~cLoirci:t.r.i:entfor nigll-level injecrion.io 1hc base iocrease.s as 

(7- 65a) 
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On lhe other hand, because tlle emitter doping is typically higher tnao the 
base doping, one does not see high-level injection eJfects in the·emltter;and 
the base current.injected hito the emitter scales as: 

Hen~e. for high Vw, 

qi',. 
ln cc I lfi, ex: e k7' (7-65b) 

This i:esul1 shows that the comm.on-emiller gain decnfases at high in­
jec[i.on leve ls due to excessmajorily carriers in the base. 

The Gummel-Poon model also aceounts for genera,tion-recombination 
effects in Lhe base-emitter deplc;!tiou regi9µ al lowcurrenl levels.As discm;sed 
in Section 5.6.2. such effects ar.e a.ccouuted f:or by the di0de ideality factor, 
n. Hence the base cum:nt injected into the llmitter can t;ie written as 

(7-67a) 

On the other h.and, tf\e generally ifll'ge emiuennu:renl inj'ected into the base 
is not likely to be affected by generation- recombination. Therefore, 

(7-67b) 

Thus, for low VEB or Jaw le, the currtml gain 

qY[E 

l e Rf «v I·) ( ') C -- .. 1- 1~ f3 = - oc ,;v., oc e k7 • · oc / • 
i d e-;;;'J' " 

(7-68), 

Tile transistor coll~ tor current le ;\nd 1he base cummt 18 are p lotted 
on a semilog scale as a function of V £/r in Fig.,7-22a, This is referred tom, ·a 
GuTi1me/ plot. The currenl gai,n: f3 is.shown as a function ofle in Fig. 7-22b. 
We see Lhe dependence·of ~ on le in I.he different bias regions, as described 
by th.e Gummel-Poon modeL A, low injec-tion levels~ is degfade.d by poor 
emittt.-r it1jection efficiency [Eq. (7-68)], and al high currents (3 decreases due 
to excessmajoriiy charge iµ lhe base, whi'ch degrades -y. It ~n be shown that 
if one neglects the Early effeer(Le., we nssume an infinite Early volt.age) and 
the drop af 13 at high cunen~ levels, th.e Gurnmel-Poon /llo4ei sjmplifies to 
the "Ebei;s- Moll model. 

·379 
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rigure 7-22 
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7.7.7 Kirk Effect 

The currem gain drops at l, igh collector ctmenlS due lo yet anolher:mcchJl.· 
nism known as the Kirk·e.ffecr.1l1is inv<lcl.ves an effectJ:V.e widening of !he neu­
traJ b~e due to modificat)on of tbe depleu,on space charge distributicm at Lhe 
rewrse-biased base-collector junction. This is caused .by lhe buildup of mo­
bile carriers due to increased c:trrent flow rrom the em1tter to the collector. 
111is is illustrated in Fig. 7-23 for a p-n-p BJT. Notice that the polarity of: 
these mobi-le charges adds to che fixed donor charges on Lhe· base side of the 
base-collecttli depletion region. bulsutu.racts [tom the li\'.ed a.ceeptor ch.arges 
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on the collector side of the junction (Fig. ?'--23c). Therefore, fewer UllCOm­
pensaled dc>nors (and thus a smaller depletion wid.th) ar-e needed to main­
tain the reve1•se volt~ge Var across this junction. As a result, the a.eulral base 
width increases Crom Wb in Fig. 7.-2.3b to Wii in Fig. 7-23c. Also, the depletion 
region extends roore info the collector side. This ,s tan1amoun1 to moving 
tbe base-collector junction deeper into the collector. This leads to an effec­
tive widening of the neutral base region (the Kirk effect) and to a drop of 1hc 
C'\.l.trent gain. and an increase. o( the base transit time. 

The electric field profileln l'he:collector depletion region_in the pres­
ence of uncompensated dopant Ghargcs 11nd mobile <-'ll.n:icrs ( du.e to the cur­
rent now) is• given by Poisson's equation. 

(a) i 
p 

(b). 
l1 .Y 

p 

TI 
0 

·H· 

0 

I++ 

0 
(e) 

0 W'b'' 0 0 0 lw· .x r. 

figure 7-23 
Kirk e.lfect; 
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lo] croSl> ~eclion 
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7.8 
FREQUENCY 

LIMITATIONS OF 
TRANSISTORS 

where the mobile carrier cl\arge concentration is given by the last 'Lenn, and 
V.d is tbe dri:(l velocj;Ly of the carriers. 

The vol~age across tbe reverse-biased c-0llector-ba~e junction, Vpi. is 
-re lat¢. Lo Lhe electric 6e1'1 profile by,: 

(7-70) 

Assuming thal V c,a is fixed , and l.c l□creases1 I.he last term_in Eq. (7-69) be­
comes more 'important with respect to the ionized dopant charges. In Pois­
son's equation (Eq. (7-69) J, the extra holes injected Into the depletk,nuegion 
have the same effect as if the doping le.vel on the base side were incre-ased' 
aou. tli.1t on the collector side deoreased. Since the integral of lhls (it!ld with. 
respeci to distance :is fixed al V C'iJ {Eq. (7-70.)], this implies th.a t the depletion 
region OJl the: base side collap·ses. 

Although we 'have chosen 10 illustrate the Kirk e.ffect for a p-n-p BJT, sim­
ilar i:esults arc obLaitaed for the n-p·o Lra.ns:lstor. Obviqusly, q1e ll'eatm.ent is 
identical except for the polarity oft.he various charges. From a more detailed 
analysis; for n:p-n devices with an 111' sub-collector , il can be shown that lhe 
base widening can extend al even higher .current.levels all the way through 
,the ).igb.uly p_opcdcollector region to the heavily c;loped buriei:I sub-colli)ctor. 

In this ~ection we dis.cuss the properties of bipol,ar ti:ansistor.s under h.igh­
frequency operation. Some oftb.e frequency liml.tations are junction capac­
itance.charging times-requi red when ex<;e~s carri'er disLributio:as are altet.ed. 
and transit time of carriers across the base-regioIL Our aim here is not to at­
tempt a complete analysis of high-frequency oper.ation, b.ul rat-her to con­
sider the physical basis of (be most important effects. Thei.:efore, we shall 
include lhe domin.ant capacitances .and chatwng times and dfacuss the ef. 
feces of lhe transit Lime: on high-frequency devices. 

7.8.1 Capocitonte and Charging Times 

The roost obvious frequency funi taiion of transistors is th,~ ptesenc.e o( j 1,1nc­
tioi;i capaoita11ce·at the emitter arjd oollector junctions. We have considered this 
typ.e of capacitance in Chapter 5, aod we c;-an tnciude junction capacitors c1,. 
and q, iq circ1.11t models for the. transistor (Fig. 7-24a). Tflhere is some equiv­
alenl re~tunee rb b~lween tlie ba~.e contact tilld the active-part o.f the basere­
gi,on, we can·aJso include ir !J1tj1e model, along with,< to accoUJ1t for a se:ries 
coll.6cton:esi.srance.6 Clearly, tl1e com.bi.nations of.,~ with C;, and,, ~vitb C1• can 
introdµceimporta-nt Lime constants in to a•c crrcUllapplications of I.he devite. 

'Sine~ @l•m•n~ •u.ch o, ri. ood r, in fig. T-2!. '"" oddod la 1'1• basic lt<rn,i>1or mo~I wo, ~,,_.,, p,ov'io~,ly 
tlnalyied, II b mosl IXIM'(ltt!ienl I~ ,ef., ~-i:a lo tho. tcr~1lnul •ull119e, on~ <Vtrllj•I> a$ II,,., f •. 011d $0 o". In 
rhl• w~y we ain u;, ?fi1Yicusly derived •>;>J~••fo"' Involving tho lntornol qLO~lltlM [71, and , •• , In ~q. 
(7-75}, fo• ·OKarnpl~l, In"'"'' circUil, ls>h ,1,,. p,(,,,!il ora illll•ad u,od h,1 th• inliornal q~anl)li~•• lu•I rho 
oppo,l!e method &<in! 1hnt u.,.d, here • 
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Prom Section 5.5.4 we recall that capacitive effects can arise from the 
1'equiremenl:; .of aller.ing the carrier distributions during tilne-varyi11g injec­
tion. ln a-c circuits the transistor is usual ly hiased 10 a certain steady state op­
erat,ing poinuiharaotcrized by the d•c quantities V8e, V c,:, l c ,111 , !\IlcJ IE; !illd 
thena-c signals are superimposed upou these steady sta1e values. We shall call 
Ule a-c te,J)'IS Vi,,. Va, ic , i,, . and i,, Tota,] (a°C + d-c) quami:ties will be lower­
case with capitalized subscripts. 

If a small a-c sign1Uls applied to the emitter p-n juncti01+ along with a 
d-c level, we can show.that 

(7- 71) 

We can relate this time•varying·e.."-cess hole concentrati()n to the stored chafge 
.in I.he base region, and lhc:n us.e Eq. {7.-43} lo delermil)e the resul ting cur­
rents. For simplicity we shall assume the.device iS biased in the normalactive 
rood,e ap,d llS~ only Q~c). Assuming an essenli~Uy triangular excess hole dis­
tribution In the base, Eq. (7-2.".\) gives 

l l ( [ <JV,,n] Q1v(t) = i qAWbAP.c(t ) = 2q:AW1,APe d-c) 1 + kT (7- Tl/ 

383 

Figure 7- 24 
Models for o< op­
eration: (a) inclu­
sior;i of base and 
c:olleclor res1s­
tonces and junc­
tion copacilonl'!el; 
(bl hybrid-pi 
model s,ynthesiz­
ins Eq•. (7-75) 
and (7-76). 
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The terms outside the brackets constitute the d-c stored charge l6-rP: 

Now that we have a simple relation for the ti:me-dcpendea1 stored 
ch.ru:ge. we aan use Eq. (7-43c) to write the total base cw:rent as 

. ( ) _ Q,v(I.) t riQ,v(I) 
LlJ I - --

T p di 

As dis1,:ussed in Section, S.5,4, we mu.st be careful about boundary con­
ditions in det'ermining where the stored churges areexttlicted or "reclaltned" 
in a diode. For the emitter-base diode in a BIT. we have a "short" diode where 
Eq. (S-64) 1s applicable. The re~ult is that only 2/3 of the scored charge ls re'­
claimed.. Hence, we o bt;:aio 

(7-74b) 

The. a-c componeot of 1he base current is 

(7- 75) 

where 

·nius, as in the case of the simple diode. an a-c conductance and capl)cltance 
are 11ssociated with the eminer-base junction due to charge stora:ge effects. 
From Eq, (7-43b) we have 

. QN(t) q 
1c;(1) = -- = {318 + ,,.Tf3ln·v,,. 

r , "" • 

. q 3 c,. 
1., = g,.v,~ where g,,, a kT ~18 = 2 ~ (7- 7ffl ) 

Tue qU,1ntil¥ 8m is ~a a-c tra11scondw:umce, which is e\7a!Uated at the 
steady state value of collect;or c1-irren~ le = 13[8. We can synthesize Eqs. (7-75) 
and (7- 76). in an equivalent a-c drcuil Min Fig. 7-24b.1n this equivalent 
circuil the voltage v,,, used in the calculations appears "instde" the device, 
·so thar a new applied voltage vb, rt1ust be used e"'ternal to r b to refer to the 
voltag-1! applied betw.een the contacts, and similarly for v:,. This equivalent 
model is discussed in detailinmost electronic circuits Lexis; it.is often called 
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From Fig. 7-24h it is clear tliat several charging times are i irrporwnt i □ 
the a-c <1peratioo of a transistor: lhe most important are the time re9uired to 
charge the emitler and collector depletion regions and th.e delay time in al.:­
rering Lhe charge distu'bution in the base region, Other delay Limes includ­
ed in a complate a.nulys.is of high-fi:equenl.)' transistors are the tmJJsit time 
through the co llector depletion region and the chMge storage Lin1e in the 
eoUector region. Jt all of these are included in a single delay time Ta, we can 
estimate the upper frequency limit oflhc de\iicc.11,is is usually defined as Lhe 
cutoff frequency for Lhe .lransistor f1•""' (2,r.T,,) 1 It is possible lo show that f, 
represents 11,e Crequ1;ncy at whicll che a-c ampHficat iori for tl}e device 
[~(u-c) =- h1, = ili~/r.1i;,J drops to llllity. 

7.8.2 Tmnsit Time Effects 

In high-frequency transistors the ult.imate limitation 1s often the lrn:nsil time 
across the base. For example, in a p-a-p devioe the time T, r~u.i.redJ1,1r 11oles 
to diffu.se from eml1ter to collector can determine t~ maximum frequency 
oi oper.:nion for tJ1e device, We can calculat1: ..-, for a tnms]stor with normal 
bla,in_g and 'I= I from Eq, (7-20) an<l the relation f3 = -r/ r,: 

csch Wh/l.p 2L~ 2D"T1, 'ir 
l:i ""----'-=- - --=-

tanh WhflL/1 wi wi T, 

Wi 
,., = 2D 

I' 

[7-77) 

Another ins1rucnve way of caleulaung T1 is to consider thal the diffus­
ing holes ,w:1:m to have ap average velocity (v(x11)} (actually the individual 
hole moLion is ttornplctely random, as discussed iu Section 4.4. l ).111e hole 
current i,.(x.,) i~ rhen iiven by 

-me lransit time is 

rw,, dx,, l w,,q A p(.i,,) 
T, = J., (v(x._)) = 

11 
iµ(x,,) dx,, 

For a triangular dJ.<;1.ribution airin Fig 7-8b. the dif'liision current is almost con­
stiim at i1, = qAD11-APF.IW1, . and,-, becomes 

aS before:. The avenige velo6ty conc.epl should not be pushed \00 .far in the 
i;ase of diffusion. but it does se·rve to illustrate t11e point u,at a delay time 
exists between tbe injection and collection of holes. 
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We can ~mate the transit. time {& a typ~t.\ldeyice by choosing a value 
of Wi., say 0.1 j..Llll cm-:. cm) .• For s~ a typicaln1tmber for Dn ·is aboul 10 cm1/s; 
(b"-n for1.bis trruisi~tor-r, = o:5 ~ 10- u !I. App(oxirnatiog the uppe;:frequen­
cy !.unit as (271''i,)-1, we con use the transistor to about 30 GHz.Actually; this 
es1imat~ is too·optimistie !i~use Of 0th.er de'la}''tfmes. The trans.ii: time can 
be reduced by making use of field-driven cur.rents in die base. Fortbe.i:m­
pll!P!ed transistor of.Fig. 7- 17, the. hOlt:li drifl in Lhe bu/lt-j.n l:i,eld Jfmm emit­
ter to aollec1.or over most of the base region. By incr-easing the doping 
gradreriI Jn the base, we oan reducelbe transit til,Tle and thereby:increase the 
maxunum frequency oi the trllllsistor. 

7.8.3 Webster Effect 

While tbe a:ansf1 1lme expression [Eq.-(7-80)] is vafid for low-level injection, 
-,:,.js 1educed by up to a faetor of 2 under higb-levcl i.njeetion. 11,is occurs be­
cause lhemajority Clll;liBr concentr;ili0nir1creasessign,i6canlly ab<)veils equi­
horium value in the base, ta match tb.e injected minority carrierconcentra:tion. 
Sjnoe. the .minority ,carrier ~oncentratfon deq:c,1ses from the ba_se-em.itter 
junction to the base-collector j1lnction (see Fig. 7-8), so does the majority 
carnet coric;:..111ration. This tends to creare a diffusion of the majority oarrf­
ers from emitter ,to base. Sucb majority carrier dufusion would upset the 
drlfl-<;lif4islon balance;tequired1◊, maintain a qua$i-equilibri\JP1 disttlbuiio.n 
in the base. Therefore, a built-in electric fieJd d0velops·in !be baBe 10 create· 
an oppcising:majorlty cauier c.lrlfl current. Toe diteelion of this induced field 
lhenpids lh~ minority c.amer transport from the emllLe,r to c.lte collector. re­
ducing the transit time -r, in Eq. (7-SO). 

This is known as the Webster cff~~- .Lt is:i:nier.(lstin,g to note that this ef­
fect is similartQ tbe drift field e.ff-ec1s in the bl!s,r region due to·noounifomt 
15ase dop'iug (Section 7.7.1). For the Webster efiect, the ml',luced field is noc 
du_e to nonunuorm. doping but rath_er the nonuniform major.ity carrier con­
ceilttotioJJ induced by cim'ier injection. 

7 .8;4 High-Frequency Tronsi.stcrs 

The.most obvfoas geneJ1ll.ity we can mli.){e aboul the fa:\jrioallon of lii:gh0 

frequ.eucy transistors is that the physical size oftliedevice must be kept small. 
The base width ·must be narrow to iedl,LCl!the lTIU)Sil time, and tlie em,ilter and 
collector areas ·must be smell to reduce junction capacitance. Unfortunate­
ly; I.be rcquiren,:u:.ril of small size generally works again,sr th t; requitemer:t~ 
of power rating for the dev.ice-.S-ince we i1suany require a rrade-.o.tf'hetween 
(tequency a.pd power, Lhe.dimenskms and alher design features of the ltJln.. 
sisLor must be tailored to the specific dr:cu.il requirements. On llie olher hand, 
many of the fabrication techniques useful for power d.cvices can be itdapted 
to increase th.e h:equency range. For example, the method. o.f interdighation 
(Fig. 7-21) provides a means of iU:creasirrg the useful e.miUer edge length 
while. keeping the overall ¢mitte.r a.re.a to a minimum. Th.erefore..$OU1e fon\l 
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of it1~.tdjgitatio_n is generally used in rransi$iors designed for high frequen­
t"! and reasonable·power re{juu:emenls, 
• Another set of pa,tameters that rilusl be co·nsidered iu the design of o. high-

frequency device is Lhe effective resi.~tance as~odated with each region of U1e 
transistor. Since the emitter. ba~. andcollect0t resistances affect the varions RC 
charging times, ilis impottant to keep theil1 lo a minimum. Toerefcire, the met­
~ation _pal terns oontac;ting u1e emitter and base regions must not present sig-­
nifinl nt seriet,<; r~stan.ce; Furthermore, the s-emlconductor regions themselves 
must be designed to reduce resJsta:nce. For ex.ample. the serie.s base resistance r0 

of'an n-p-n device can be reduced greally by performing a p+ diffusion between 
the 1:ontact area on the surface-and the aotive part of the base region. Funher re­
du_ction of base resjstnnce by heavy doping o( I.he base requ4"Cl1,lh!! use· of a ber­
erojunction (Section 7.9) to maintain. -y at an acceptable value. 

In Si. o-p-il tra.ns'istors are usu.ally pref~re'd. since tile electron mo­
bility and dif[usion coeffident are higher than for holes. It Is common to 
fabricate n-p-n tr ansistors in a-type epitaxial .material grown on ann·•· sub­
strate. The beavily doped su.bstrate0 pcovides a k1w-resistance contact to 
the <;ollector region, while maintaining low doping ii1. the epitaxial collec­
lor material to ensure a high breakdown vollage of the collector jum:tion 
(-see Section 7 .3 ). lt is important. however, to keep the collector depletion 
Tegion as small as possible to redu.cc th.e transit time of ca.rriers drifting_ 
through the collector junction. Tm& C<1n \)e accomplished by ma~ing the 
lightly doped. collector region narrow so that lhe depletion region under 
~ias ex.tef)ds to then+ sul;>st1;-.ite. 

As described in Section 7.3, an n• f>Olysili.conlayer is generally-deposited 
on top nf-the sjngle-ci:ysuil n+ emitt.er. Th~ re11son for Lhis·cfln be under-$.tood 
from Pig. 7-25. JI an ohmic contact were formed directly on top 0£ the nar­
row n• emirter, the excess minor:hy carrier hole concent:iiation profile would 
have a steep gradient because the excess minorily carrier coneentrations are 
7,:ei:'i> at tb e phmic cotitac1s; ·.ous leads to a large back-injected base current 

Metal n- poly 
emiller 

I 

n" sHieoo p base 

I 

emit1er 

I 
I 

I 
/ 

_..,,_ _____ _,,_ _____ _,_ _ _ Xn 
n 

387 

Figure 7-2.5 
~cess minority 
hole concenlrolion 
pr9file In lhe emil­
ler region of 9n 
n-p-n tronsi'stor 
Wilh ond V'Hliout 
lhe use of poiy­
ernitlers. The corri• 
er pro~le lf an 
ohmic contoct fs 
Formed directly on 
1he sif\'gle-crystol 
Si emitter is 
shown bylhe 
dashed line. 
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7,9 
HETEROJUNCTION 

81P01AR 
TRANSISTORS 

I Ep into tile einitter and a degradeq emitter mjecLion efficiency. The use of a 
polysilicon crnille.r causes the hole conccnt1'ation profllc to have a gentler 
s1ope.l\et\f the bas~i!mi\lor jum;Uon, thereby leadlng to an improved "f.11\e 
ste·eper slope of the hole concemralioo profile in the polysilicon emitter sim­
ply reilec~ (he fact (hat the grain bo11nd.lll')• d1:feeC6 in potys.ilicon lead L,> a 
shorter diffusio11 length. 

In .addilJon to the various par/IDl.eters oflhc device itself, the trj\n.~i6tor 
must be pa,ckaied prnperly to 0voi.d parasitic resistance, inductance, nr oa­
paeita:nce at hlgh frequencies. We shall. nol sltemp1 to describe. ihe many 
tecboiqoes for mou1tti:ng and packaging transisto.rs hccre, .sinoe met bods vary 
greatly amp.ng manufaetur-e.r&. 

Jn Section 7.4.4 we saw that lhe emitter .injection efficiency of a bipolartrnn­
sis1or is limited by tb,e f~ct lb.at carriers c11n flow Crom the base Into the emiL­
terregion, ovc.r the em.liter junction har.rier, wh,ch is reduced by the forward 
bias, Acco.cling to Eq. (7-2$) ii is necessary to use lightly doped material toe 
tht:- base region ond hea\'ily <lnped material for th~ emitter to maintain a 
high value of y and, rberefore. n and 13. Unforamately, the requirement of 
light base doping results in undesirably higl1 base r-e~isr.ance. Thls resistance 
is partic,ularly notkeable in tninsi$1QTS with very n;i.rrow ba,~e regions. Fur­
thermore, degenerate doping can led to a ~light shrinkage of£~ in the emit­
ter as the donp-r slaitis merge with I he conduction band.11us can· decrease I.hi! 

eminer \nJec1fon efficiency, Therefore, a more suitable BJT for high frequency 
wnuld have a;hea\'ily doped base and a ligntly doped emitrer. This is just the 
opposite of the traditional Bif drscus~ed thus far it1 tbis chapter. To accom­
plish such a radically dfffarent transistor d~ign, we need some o thermecli­
anism lnslcad of doping to comrol rhe rdaUve amoaol of i.njeorion or 
cleetrons and holes across lfu.! cmi11er junction. 

I[ transistors are made in materials that allow heterojunc•ion5 to be 
used, the emitter nijectipn dfici.:qcyctm beirrcreased wi thputslnci requrre­
men,s on doping, l11 Fig, (7- 26) an n-p~u transistor made in a single. material 
(homoj1111crio11) is c:onu·asled with ll f1etl'roj11rr<:tioT1 bipolar troru:i1·1pr (HBT), 
in which the emitter is a w1derbandgapsemk:onductor. lt is possible i11 such 
tt ~!ruature for the barrier for elecrron injec1lon (qV,;•) ~o be srnalter than rhe 
hole barrier (qVp) • Since carrier inyectlon vnries exponentlally with the bar­
rier height , even a sm11ll difference in these 1wo barriers can make a very 
l.arge difference iu the lranspon of electrons and holes .across the .emitter 
juncliM:Neglec:ting differences in carrLcr mobilities and qther effects, we c11.11 

appro,ximate the depe.ndenoe of carrier injection across the emitter as 

I,, NJ ,1£/J.T 
- ex. -e ' 
l,, N¾ 

(7-81) 

111 this expression. 'lhe- ratio of elec1ron current I,. ro hole current 1,. crossing 
the emitter junction is proporctonal to the .ralio of the doping [n \lie emiHer 
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N~ and l'be base Nf ln the homojunction BJT this doping ratio is aU we 
have to work wi.th in designing a us·erul emitter junction. However, in tl1e 
HBT there is an .addiriona.l factor in whic.h the band gap differ.e:nce !:,,.Egbe­
tweer1 the wide band gap e111ilter and U.e narmw'b8,Dd.gap base appearsin. 
an exp0nential factor. As a result. a rela tively small value of o.Ei: in the·ex­
ponenlial term can dbmloate Eq. (7-81 ). This allows us to ch~ose Lhe dop­
ing terms for lower base resistance and emitter junction capacitance. tn 
particular, we can cboose-a b.eavily doped base to reduce-the base resistance 
and-a lightly doped emitter to reduce jw1ction capacitance. 

The hcternjunclion shown in Fig. 7-26 has a srno.oth btmier. without 
the spike and notch commonly observed for heterojunctions (see Fig. 5-46). 
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Figure 7-26 
Contrast of carrier 
injection ol the 
emitter of (a} o hei­
moiunction 6JT 
ond (bj o helero.• 
juoction bi polar 
lronslstor (HBT). In 
the lorword­
biosed homo1unc­
Jion em Hier, the 
elecl'ran barrier 
qV. and the hole 
barrier q VP ore 
llie some. In the 
HBT wit~ 9 wide 
bond gap emitter, 
the electron barri­
u< Is smaller than 
the hole barrier, 
resubln.9 in the 
preferential Injec­
tion of electrons 
·ocross the-emilter 
jundion. 
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Fig~re 7- '27 
$1Ge-graded bose 
in a SI O-p-ll lron­
sistor. The built-in 
• drift field. in the 
conduclion bond 
in Iha base aids 

eleoiron -tronspprl. 

SUMMARY 

Emitlct 
n 

ColJe~IOf 
11 

It ls 'pos~ible to smooth out,such dfscontmuities in the bands by grading l~e 
composition of the ternary or quaternary alloy between the two materials 
(Fig. 7-27). Clearly, grading out lhe con.ductioa band spike improves the 
electron injection by reducing the bauier that electrons must overcome. 
There are some H:BT: de.sign~. :however, that make us~ of the ~pike as a 
·•Jauncbing ramp" to inject hot eJecnons foto the base. 

Materials conimaJlly used i\iHBTs obviously include theAJGaAs/OaAs 
system because ottts wide-range oflattice-matched composition. In addition, 
the InGaAsP sy:Mm (inoludiog Ino.,3Ga047A$) ,grown on lnP has become pop­
ular in HBT design, leis also possible to make HBTs using elemental semi­
couducl.Qr b~terostruol'ures £uch as Si/Si1.-..-G~,.. fn, this matiu.iaLsys1em, the 
band gap difference t.E

8 
between. the Si emitter and Ute nanower band gap 

Si1_,rGex base occmrs ·prinutrily If! the vaJence ·band. As a resul L, a rather STJ1all 
addition of Ge to the base results in higher electron injection efficiency tban 
is posiiible ia homojunction siliooo bipolar ti:ansi'stors. 

lf the Si Ge alloy composition in die base ofan n-p-n is varied such. chat 
E8 decreasei(slightlyfTom ttre cmiiter side to the-colletlor side of the base, 
a built-in eleeiric f'leld accelerates electrons through the base-regi.on (Hg. 7-Z7). 
The resulting field-aided base transport is a ,major advantage of the ,HBT. 
Such graded. Ge profiles make the structure more manufacturable. because 
one doe~; not have to worry about a mismatch between the p-n junction and 
the :heterojuacdon. 

7.1 A bipolar junction transis1or (BJT) cons~ts of an emitter-base {El3) diode 
connected back to,back to a collector- base (CB) ,diode. In tb.e ,wnnal active 
mo& of operation, !,he EB junc1ion is forward bia~cd sucn tha1 carriers in­
jected from the emitter can diffuse acr,oss the 11.11rrow base and be collected by 
tb~ tl)versc•biased CB jlU)ction. 
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7.2 The terminal currCQb; ca:n be dctemrined by solviI\g the drlfl~ffusion aoa 
continuity equations far a narrow•base diode. wi1h suitable boundary condi­
tions,.The fraction of the total erniller current lhat is due to injected carriers 
from emlllerto bas.els the emitter ilifecrrorieffide,icy and is made close to unit:y 
by doping lhe emilter muclthlghei: than. ihe l;la$e. Another: elegantwa~ ro in­
crease:emitler iiljection efficiency is to use u larger band gap emitter than in the 
oa~c, as in heterojuncrfon bipolar 1:F,111s~tors (Hl:JT). 

7.3 'Ii1e fraction of .the carriers Lhalsurvjvo$ diffusion aoross the narrow base is 
lhe base-ua11sport factor, which is made close to unity by making th.e b,l'se "''idlh 
nar.l'oJN compared with ihe diffusion..l,ength. The product .o[ emitter injection ef. 
ficiency and base traaspqrl fuctor giveS the cui:rent transfer ratio (I(// t), from 
wnlch one can delenn111t lhe common-emit\erc1rrum.t gniµ Vcl/'0)-Acilve ,1c-
1•fces .nich as B.TT.v provide power gah1. 

7.4 l:;quivalent,circult models such as Ehers-Moll treat thr: BJT ~s two coup~" 
btrCk•tt>-back diodes, in paraUel with con1rollcd cunent sourees, These dfodes 
can be fo(ward or reverse bi~ed for swi1cbing appli.capeM, J[ th,ey,are both f:or­
Wntd biased. the BJ'f is in a low impedance stale (saturation): if lheyare both 
reverse biased, iri~. in ii, high..inwe.d~oce state (cutoft). 

7.5 A charge control and/ysis oC13.1Ts is possible (as for other devices) in·rei:ms of 
(l1e integrated carrier c<incentratlon i11 the base; Tc is given by t)le base charge 
divided by th.e hose transittime,wllile lrris the base charge divided by lbe car­
rier ll folirne (for unity emltre'r injection afficl~ncy). 

7.6 Tue G1unm~I.-Pocm ehar.ge cootrol model.gives tl1e,cur.rent components.in tem1~ 

ef the integrated base aod emitter dopruit charges (Gummcl num~ers). l t is more 
.accurate and can ftandle some second-ordei effects better than Ebers~MoU. 

7..7 Second•order efJ:eols include Le inor-ease due to neutral basenarrawing forin­
crea,sing CB rev~e bias ( Early effect), =:rent gain drop at nigh / c (Kirk c!­
t'e<.1:),/ ecro.wding at the emltteredges due 10 senes res:istaoce-effects,and .BJT 
b,reakdown al high biases. 

7.1 Gi.ven tire dat~ of Prob. 5.2, plor the Jopiog profi~ N.(x) and !Vi,:.) fortbe fQI• PROBLEMS 
lowing double-diffuse(! u·ans.istor.Thestarting wafer lsn-type. Si wilhN,='101~cur.J; 
N,= Sx tO"•cm-;?boron n1omsare deposited on U1e~urfnce,and these atoms are dJf. 
fused in!o tnc wafe.cat HOO"Cfor 1 hr (D = 3 x LQ•ll am2/sec foe 13 In Si at llOO"C); 
llicn lh~ wafcI' ls placed in a phosphorus diffusion furnace aJ. lOOO"C for 15 min 
(D'= 3·>C LO-., cm21secfer P ln Si,11 'lOOO"C), Dllringtbeemil.lerdiffusion,ll)e sur-
face ooncen.Jration:is held cons1an1 at5 x LQ10on·3. You mayaljsumethal the base 
doping profile does not change appre/;iably diu:ipg 1.b.e emit~r dit(usion. wiiich 
la,ki;s place at II lower temperarnte and Em a shorter lime. Find I.he width o(. the 
base region from plots of N.(;,;) and N,i(x). Hint; Usefive~cle sernilog paper and 
leLn'l\l'Y from ~ro to abolll L5 µni in Step!; lha,t are chO:Sen to t>e stmplecmulfi~ 
plesof2V'.m:° • 
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Fig.ore P7-7 

7.2 Sketch 1.he ideaicoHcctor cbara01111:islics (ic,-v0 J far U1e tmnsislor of Fig. 7-4; let 
ia vo:ry from zero to 0.2 mA in increments of,0.02 mA. and le.t - lie,: vuy from 
0 to 10 v: Draw a load line on the cesulti]1g c.l1arac1e1i.~Ucs for the circuit ofFig. 
7--4. and find the steady state volue of -1' Cl! gr:i.phicslly fo.r 18 = 0.1 mA. 

7.J Calco.lare and plot the excess bole dismbul.ion Sp(.\:.) in the bas(} of a p-n.,p 
rrarwstor from Eq, (7-J4), assuming W/1..P = 0.5.171c calcu.la.lioas are ~impli­
fied if lbe venical.scnle is me11s.J:Ted in units of6p/Ap r and the horizontal scale 
in unil'\ or x. l Lv, ln good 1rall!lii\lors, W i/L;, is much i.malmr lhan 0.5; bow1.."Vi!I'. 
lip(x.).w quire linear even forth ,s mlhe:r large-base width. 

7.:1 Redraw !ilg. 7-3 for an n·-p-n BJT. and.explain the various components of c1Lr• 
rent llmv and correrrt tlirectjOl1$ J'or U1c normal actlvemode or operatiori. Draw 
the energy band diagram for eciwhbrium and ih is bias conditton. 

7.5 Assume that a p-H·p transi5tor 1s doped such that the emiuer doping is l(J ~imes 
I.hat in U)e bl\St:, r11e mlnorjly cimier motiili ly ln 1111> eniliLeris 011e-half IJUIL in 
\he base, and the base w1dl!1 i.s one•tl!l'lth the nllnenty canier diffusion leugth. 
TI1e c~rrler lifetil)les <1re equal Calculak ~ arui,/3 for this tra,risistor. 

7.6 (a)ln a 'BIT. we increase the basil doping by a £actor of 10 and halve tbu base 
width. Call!11iate appro;,;lmarel), by what ra.ctor the collector current changes in 
the normal active mode. assumin11, tlml everything else stays the same. (b) Jn a 
ce.rlnin BJT, the emitter dopht.g is 100 times gremer lhan the base-doping. the 
e mllter width L~ '0.1 times the bas~ widlh. am:l we c11n assume both base a.od 
emiller widths to be much sborter than the•carrier diffusion Jerigths L. and L rr 
Wbal is the emi11er injection c:ffidency? Whal m the base transport factor/ 
{c) Suppose-L.=L ,,. Now assuming that .both emi:rcer and base are much wider 
tb;m uie diffusion lengths. wlinl Is tlie emi\ler mjec1.ion efficiency and base trans­
-port factor? 

7.7 ·niesymmetrical p~-11-p· transmor of Fig. P7-7 is connected as a diode in the 
rourconfigura1ioossbmv11-Assume that V )> kT/q.Skel0h 6p,r,.) In the'bas,ne­
gloo for ea.ch c11se. Which c;onne.c1ion seems- mo.~l appropriate fo:r use as a 
a:iode,1 Why'l 

J' & B C 

~ 
{a) (b) 

(c) (d) 

Petitioner Runergy USA Inc., Ex. 1030, p. 392



Bipelor Jlmclion Trcm~istors 

7.8 Uedve "Eq. (7- 19) from the charge control approach by integraiing,Eq. (7-11) 
across the base region and applying Eq. (7-13 ). Now apply t~e cl:mrge comrol 
approach m the linear distribution in Fig, 7-Bb 10 frnd the base transport fac­
tor B. Use Eq. (7- 89)Ior the transit time.'Js thu result the ~ame a,s Eg. (7-26) 
for-small WwLp'! 

7.'I (a) Find the expression for i.h.e current! for tbe·tran.~istor connection •or·Fig. 
P7-7b; 00.ropa.re the result wilb the n11rr.ow-base diode problem (Prob.5.35), 

(b) How does the current l divide between the base wad and the collector lead7 

7,10 For ap-n·p:SJTwii.h N;;> N11 > Nr;, stiow thedomina!llclltient componen~; 
wilh pJOper arrows, for directions io the uonnal active mode.1f rE,. ..-10 mA, 
lE• = 100 µA, fcp= 9.8 l)lA, and !en "' l µA, calculate fhe base tran$port facter, 
cminer iniection efficiency, common-base cunent gain, common.emitter our. 
rentgain, apd l<IB<r lftheminoritrsl.O):ed base charge ii4,9 x 10-11 C.calc11latc 
the base ttruiSJt time and lifetime. 

7.11 A p•n•p Brr has emitter (N,;) . base (/Vn), and c0Uec1or (No) dqping 11f 1020 

cm~. 1018 cm-•.and 1017 cm--1, respec1ively,anda 'base width of,O.S micron. Cal­
~'ll'late the peak elcctricfi.eld at the~ Jun\:tion. and the CB di:pletion capac­
itance per unit area for the normal nct!vemode of oper-ation with a V co·=- 50 V. 
How muchjs the ncuh:al base wldlh narrowing al this voltage, ignoring the EB 
.deptetion region? Wbat impact doe5 lhh have on the output characteristics or 
tbe BIT, and W.hat is Lhls effecl ca\led'I 

'7. 12 11 is obvious [romEqs. (7-35) and (7- 36) that l,w nod lci,are thesaluraticmcur• 
rents of the•emirter and eollector junctiqn.s,.re,~pectlvely.•with the opp9sire junc­
tion t1pen cirouited. 

(a) Show Iha! this .us true from.Eq. (7-32). 

(b) Fh1d expression,5for ch.a following ex¢e:;s OOt\ctm~rations:.Apcwilli the emit• 
ter jurrction forward biiised and the•colleator open; A[>0 w-ith the aollector 
junct.ionlorward bi~sed ~nd tbe emlner ·open. 

(o) Skerch op(.t:i,) ln 1be base ror the rwo aases of part (b). 

7.1~ (a) Sho\v that the d~fi111tions of'Eg, (7-40) are cortec\:: what does q11'. reprosent? 

(b) Show thqt Eqi;. (7-39) coi;re~'POlld LO Eqs. (7--34), using the definlliol)S OJ 
Eci.. (7-40), 

7.l-1 (a) How isil possible that the average time /lll injected hole ~:pends.in transir 
aeross the base 't; is shorter tban the bole life11me in the base <r/1 

(b) Explain wily the turn-on transi.e.nt or 11,BIT isf~siec when the device isd-ri­
ven into oversaturation. 

7. IS UscExample·5-7 t.o design an n-p-n he1erojuacl1on ~ipolur trnnsistor·wllh rea• 
sonable -y and base resistance. 

7.16 The current ampUft.dHfon factor fl of a BJT is ve-ry sensitive 10 the base w1dth 
as well as, to Uie ro1io or 1"11.e bose doplllg 10 the.emitter dopi.ag. Calculate end 
plot ~ for a p•n•p BIT with L;.= L~, for. 

393 
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394 Chapter 7 

(a) "•=Pp, W~fLP = 0.01 10 l; 

(b') wb = Lv, 11.tvp ... (l.OL to 1. 

Negleot mobili ty vltriatiol')S {µff= 11ciJ. 

'7.17 (a) ttow much chaTge (ln cuulomb~) due to e1tocss holes it stored in the base 
or tb.e 1ranMstor $hown in Rg, 7-4 at the d-c bias given'/ 

(h) Why ls the ba~e ttan,port factor B differont in the nonnal Mid Inverted 
mod.es rClr lbe trans.isk)r shown in Fig.. 7-5? 

7.18 A Si p-n-p trunsis(or has the following pro~rties at morn tempera tme: 

,-,. = ,.P = 0 .. 1 µs 

D~= D, = 10cml/s 

NE·= l.010 cm- 3 = emitter concentration 

Ms"' 10.10 cm->= base concentration 

Ne= 1014 cm- 3 = collector concentration 

WE= cmit1er ,y'idlh = 3 11,m 

W = meta,Jlurgical bfile width = 1.5 11,m = distllllce between base-elili! ter juuc­
tion .and base-collector junction 

A== cross-sectionnl aren = 10.' 3 Cllli 

Colculate 11:teneutmlbasewidth Whfbr VCJl = Oand VEB :0.2 V.Repeat for0.6V. 

7.19 For tbe BJ'f in Prob. 7.18,calcuJate the-·bnse tram;port factor and tbe emitter 
injection efficiency for \I ea = 0.2 and <i.!i V. 

7.20 Forthe.BJT in.l'r9b. 7,J$,ciJlculate ex, ~.JE.10,and fdortbe two-wlues of~' EJJ· 

Wl1ut cs the base Grtmmel number in each case? 

'7.21 A Si p-n-p BIT'has llie following parnmelen. ai room temperature. 

~ 

N;, ,. 5 X 10f8 cm-3 

.,., = 100 ps 

iJ..,, = 150 cmiw-s 

µ.P = 100 cm'tv~s 

Base width W~ = 0.2 JJ,m 

Arel! =lo-• cml 

~ 
N4 =1010 

.,.,. = 25-00.ps 

µ:n = 1500 

1.tR = 400 

Collector 
N, -= lOlS 

,._ ""2 µs 

,..= 1500 

fl,p =450 

Calculate the J:1 Qf the transistor from B and '/, and using the charge control 
model. Comment 'oil lbe results. 

7.22 For the J3JT iJLProb, 7.21, calculate the cluu',ge siored in the base whe.n V c.'P = 0 
and Vn:a = Q7 V. If the b.ase transit time is lhe dominant c:lelay co01PQnent fur 
Lhi;; BJT, what is the fr1 

7.23 :Assume the transit time ror electrons across the bn~e of an n-p-n transistor is 
100 ps, and electrons-cross the 1-1,Ull depletion.region ot' the collector junction 
al their SC'a trering limited velocity. The emilll:-c0 base junction cha:rging time is 
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30 ps.and 1he collector capaclr.aace and Te.sistance are 0,J pF and 10 n. respec­
Uvely, Find the cutoff.ircquency f'T. 

7..!.:t An n-p-n Si l:rnnsistor has an cmiu~ dopfngof w ra donors/cma 11nd a base dop­
ing. of '101

~ u.cceptoi:s/cm1. At what forward bias ot' we emitter junction do·es 
l)igb-level injection occur (injecte,d ele,otrons equal to the base doplng)'.I Eorn­
ment on 1he emitte~ injection cJ'flc:ic,ocy for e~otrens. 

395 
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Questionl 

<::ensider r.he fo-i\owing bipolar juncrion tr.tnsi.stor (BJT) cirou~ amj some11,1h;n ide­
aliied transistor cllnn'!ctedstlcis where, in piltlicular, the voltage drQp,across the for­
war\1-biascd buse-c:rnilrer ji ,icll~n is a~sumcd to be ~llnstani and equal to l V)or 
slmplic11y. 

(u) Whnl is Lbe. (common-em1lter) gain W' 
(b) Draw the loaa llne on the transill-t0r characteristic.<;. 

(c) What ls tile collet.'tor-emitter voltage drop ln this circuit l"itl)in )!a l[ n volt? 

(d) li vol rage V1 could be changed. ~~.l1a1 value of Vi would dri~ the BJT io this 
drcuit 10 ihe edge of saturation'/ 

(e) Fo, the given base current of 0.1 mA, consistent wi th yout answer to part 
(b), what ,is-the C1:>llec1or-emiuer v111ta,ge drop, V CE, in 1his circu1t wi thin half a 
volt? 

(f) What minimum value otl11 (assuming V 1 to be vnriuble) would drive ,tha llJT 
Lu1nsist0r i1110.saturation'1 

S6lf QUIZ 
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l c(mA) 

IS 
ls = 0.3mA 

n collc<;tor 

p liast 
'ID 

18 = 0.2mA 

1l emitter 
18 = !).1 mi\ 

Question? 

The followingcis a band diagr-am wtthiJJ an n,p'n bipolar junction tr.!.nsistor-{BJT} at 
equilibrium. S_ketch rn. the Fermi level as a tunc:tion of position. Qualitative accU;!'acy 
is sufficient. 

ener~,E 

L ..... ,.,/ 

______ I 
n-type 

•Question3 

\ __ 

\ .__ _____ _ 
O•type 

Wol:l!d decreasing the ba:se -width of a BIT increase, decrease, or leave undia11ged the 
fullowin_g .. a~suming that the device remained unchanged otherw.ise? (Circle your 
choice for each.) 

a) the emitter injection efficency 'Y'? 

b) the base transport factor B? 

c) the (coJl].lllon-emirter) gain {3? 

d) t4e ma,r;nimde or th.e Barly voltag_e V ;1'1 

increase/ unchanged / decrease 

Increase I unchanged I decrease 

increase / unchanged / decrease 

increase I unchanged I decrease 
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Question 4 

Sl~.etch Lite cross sectlQo of an n•p•n BIT and point.au~ the damimtnl curren; CcQm­
ponents on it showfng the correot direc-tions of lbevari'ous eurrem vectors. If we in• 
~~reas~·111e base dop,i,ng, qual,itatively exp,la,n ·no~ 1be·va:nous componen-n; cb:aoge. 

Question S 

Wo Ll'ld decreasing IM ba~e doping of the BJT im:rea.;e, d'~cr111Ma, ,1r le;,ve \!'.S&eotfal ly 
wrl'lwnged (circle rhe correci answers): 

(a) crt1i1ter injeetlon efficiency '(? increa.5e ( decrea~e ( u11clu111gc1l 

(b.) base tninsport faclOr•B ? increase I deci:l!nse /, unchanged 

(c) mag11itud_c of the E;u:ly·vo.1 cage V,,? increl\.~e I decrease I unchanged 

39.7 
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Chapter 8 

Optoelectronic Devices 

8.1 
PHOTODIODES 

3'98 

OiUECTIVS 

1. Understand soler cells 
2. Study pho1odeieotOl'S,suc1'i os' AP~ 
3. Study incoherenHight soui:ces IL.EDi) oAchoheref:Tf light sources (losers) 

So far we have primarily coocent:mted on electronic de,vlces. The.re is also a 
wido variety of very interesting anc1-.use[ul device [unc.tions involving the in­
teraction of photons wilh semiconductots. These devices provide the optical 
source_s and detectors that allow broadband lelecommunic;ations and data 
tl'.ans.mission over optical fibers. This important area of device ..-tpplications 
is called oproelectro11ics. ln this chapter we will discuss dev:ices tl1ai d.etect 
photons and those thal emit phorons. Devices tha t convert optical en&gy 
lnto electrical energy include photodiodes and solar ,cells. Emitters of ph.o• 
t1;mi; include incoherent sources sucll as light-emitting diodes (LEDs) and 
coherent soul'ces. in the form ol 1.asers. 

To Section.4.3.4 we·sawthal bulk.semiconducrorsam:plt'lscan be used aspho­
teconductors by ptoviding a change rn conductivity pnrponional 10 an opti­
Cjil generatimuale. Often, jitnctio11 devfc.es can be used to inipr:ov~ the-speed 
of response· and sensitivity of deteclors of optical oc high-energy radiation. 
Two-terminal devices, designed, to respond to photon absprplfon..are called 
phorodiodes. Some photodiodes have ·extremely high sensitivity and response 
.speed.Since modem eJeclroni<:s oft.en involves optlcal as well as electrical sig­
nals, pholodiodes serve important functions as electronic deyjces. ln lbis sec­
tion, we $all investigate the response oip-n junction$ t◊ optical generation 
of EHPs and discuss a. few typical plwtodiode di!tector stmctures. We shall also 
copsider the very i:rupor1arituse ol' juncliens as solar cells, which C0!)Verl :an­
sorbed optical •energy into useful e.lectrical power. 
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8.1.1 Current one! Voltage in on llluminotod Junction 

In Chapter 5 we idenufied the current due to drift o( minority carriers across 
a juoction as a generation current. fn particular, carriers geoerated within the 
depletion region W arc separated by the junction flelcl, electrons being col­
lected in then region and boles in the p region. Also, minority earners gener­
ated thermally within a diffusion length of each side oftbe junction dilfuse to 

th.e depletion region and are swept to the other side by the electric field. If the 
junction is w1iformJy illuminRted by photons with Jw > E,~ an added genera­
tion rate Cop (EJ{P/cm3-s) p!lrticipates in Ulis ourrent (Fig. 8- 1).111e number of 
holes created por second within a diffusion length of the transition region on 
the 11 sicle is ALp1;op-Similarly A L,,gr,p electrons are generated per second witb­
m 4 of x,,, and AWg011 carrie-rs are ,generated within W. '[be resulting current 
c!ue lo collection of these optically generated carrien; by the junction 1s 

I 1.~ = qAg.p(Lp + L~ + W) I (S- 1) 

lf we-ca11 the thermally generated current described in Eq. (5-37b) l,b, we can 
add lhe opti cal generation of Eq. (8-1) to find the total reverse current with 
illuminntion. Since this current is dfre, ted from n ro p, lbe diode equation 
l Eq. {5-36)) becomes 

I = I "'(e9vJ4r - 1) - [09 

f -= q~LPP + Ln11 )eqY/kT - 1) - qAg (L -1• L + W) \S-?) 
T ' " T p op p " 

/l n 

Thus lhe l- V curve is lowered by an amount pcoporlional to the genera­
tion rate (Fig. 8-lc). This equation can be considered in two parts-the 
current described by lhe usual diode equation, and the current due to op­
tical generation. 

When the device is sho,rt circuited (V : 0), the terms from the diode 
equation cancel in Eq. (8-2), as expected. However, thete is a short-circruit 
current from o top equal lo fop.Thus the 1- V characteristicsof Fig.8-lccross 

(n) (b) 

I 

J:,,r ,: 0 
\ ..._ _ _ -'1-__ 

&1----r 
Bi----r 
t) ----r 

(e) 

V 

-399 

Figure 8- 1 
Optical genero­
tion of carriers in 
o p-n junction: 
jo) ab$orption of 
light by the d~ 
vice; (bl current 
I~ ~osulting fTom 
EHP generation 
within o diffusion 
length or the junc­
tion on the n side; 
(c) 1-V chorccierh• 
tics of on tllumi­
noted jundlon. 
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figure 8-2 
Effeccts of lllum]no, 
non an the. open­
-circuit voltage of 

o juncllon: 
(o) junction ct 

equilibrl !Jm; 
(bl appeorooce of 
o volto9e V00 -wnh 

illvm1nolit:m. 

the {-axis at negative values proportiom~l to &op• When there is an 0-15en cir­
cuit across 1.he devke, / = 0 and. the vo'lrage V :: V 00 is 

Voe= k;ln[l0Jfrh + l] 

kT [ L.,, + Ln + W J-
= - Jn -,g0p + 1 

q ( Lp/Tp) /J,. + (L./r.)n~ 
(8-3a) 

ror the special case oI a symmetrical jlJ.DCtion,pn = nP and T,; = T., we 
can rewrite Eq. (6-5) in terms of the thermal generation rate p,,h" ,.. g,h and 
t:he optical generatior1 rate Bor• Neglecting generation• within W: 

kT Cor . 
Y.,c=-ln- f.org0p >> g1~ 

q g,~ 
(8-lb) 

Actually, the term g,h = l',lr 11 represents.the equilibriu.m thermal generation­
r,ecombrnation rate.As the minoriry earner concentratlo.n is incre.ised by op, 
ticat generat ion of EHPs, the lifetirne'I' n be·comesshorter, and p,/rr n becomes 
larger (p. is fixed, for a given N 4 and 7). Toefetore, V00 ca.iinot inarease in­
definitely with increased genermion rate; in Caet, the limit .on V.,. is 1.he e.qui­
librium conlac..l poteru1al 'VO (Fig.6-2).'ll}is r~1mlt is lo be e,cpected, since lhe 
contact potential js the maximum forward bias that can appear across a junc­
tion. TI1e a·ppeararu:e of a forward voli11g<; across an. illuminated junction i!l 
known as the phoiovoltrzic effeci. 

D~encllng on tba intended applicatlon, the photodlode of Fig. 8- l can 
be opernledin either the third or fourth q1.lllrten; of ilsl-V characLeristlc. As 
Fig. 8-3 illustrates, power is delivered to \he device from the external circui1 
when the current and junction voltage are both positive or beth negative 
(firslor ll'lifd q_Uadrants). In lhe fourth q_uadrant, however, !be jancllon v0l~­
age is positive and the current is-.negative. [n Lhis case power is:delive red from 
the junction to the exte.mal circuit (notice 1lta1 in the fourtlt quadrant the 
cur.rent nows fro:m the negative side of Via the positive side, as in a, battery). 

lf power is to be eltt(acted from 1be de:vtce•, lhe fourth quad.rant is used; 
on the other h11,nd, in applications 1l$ a photodetiictorwe usµa lly reverse bias 
the junction and·operate it in the Lhird quadran t We shall investigate these 
applications more closely in the discussion to folJow. 

p n 

p TI 

(h) 
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R E R £ R Figure 11-3 

~

I 

~"' ~ ~ 
OperoHon of on 

I ' illuminated junc-
Hon in rhe·vorlous 

n 11 9uodronls of its p 

+ If - - v, + + V - 1-V choroc.lerislic; 
in [a) ond (b), 

1~7 (lUJ1Url111I ?ire.I -111• 1ln11II ~lh t1uui.lr.rn1 f)Qwer is deli'v-

d)_ v JL ~ v 

ered lo the de.v1c_e 
by lhe ex1emol 
drcull; ln (c) the 
dev.ice deliver~ 

I I V [c
ow.er lo the 

cod. 

(a) toJ (,:') 

For _s\cady s}al~ op(i11al:~<;ttatjon, w~'ctfru.wfite, the hole dlffii,filoll'! qua- EXAMPLE B-1 
tion as 

'P£ssUJt1e111tap long p'f-n diride is unifomtl)l illuminated by,ani-Optical 
-$igniil. resulting i-n~j;'l::HP/erif.-s. €.alcv.late Uie bole diffusion cu.rre.nt 
/1,f.t,,) ant! tfilaluafe i~ at x.,, = 0. Compar~ theiresult wi'tlt E'"CI. (8-2) \}Val­
uated for a p+•njunction. 

SOLUTION 
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1,(~,. = 0) = q~Dp p,,(i'qVlkT - 1) - qAI,.~!Jov 
t> 

The Hts\ eq,11a'4on correspondi; to pq. (~2) fuJ "t> << p111 except rhat 
the component due to generation on the p side is not included. 

8.1.2 Solor Cells 

Since power can be dellvered to n11 a teT!llll circuit by an IJluminatcd juueuon, 
it is possible 10 convert solar e11ergy into electrical energy. 1f we consider the 
four1h quadrant of Fig. 8~3c, ll appea)'S doubtful that much power can be de· 
liVl!f't!P by 3n individuaJ: device. The vol~_ge Is restricted to valuas less I han the 
cootmct potential. which ut tum is gtmerally less than the band &UP vo!tag.e E/q, 
F4,r Sl tlie voltage V °" is less than aboutl V. The current geo~a~ed depends on 
the illuminated area, bUt typically lop is in the 10-100 mA range for a junction 
with an erel! of about l cm2. However, ii many such devices are U$ed, the re­
sulting power can be s.igruficanr. 1n fact, arrays of p•o junction solar cells are 
currently used 10 supply electrical power fonnany space sat-ellites, Solar tells 
can supply power for the electronic equipment aboard asatcUite over a long pe­
ri'Oci of Lime, which is a distinct~dV3/ltage over baLleries. Toe array of junctions 
can be distributed over the surface o[ the.satellite or can be contained in so.tar 
ce.ll "paddles" attached to the main body of 1l'1e satellite (Pig. 8-4), 

To utilize a maximum amount of available optical energy,i:r is necessary to 
design a $Olar cell with a large area junction located near the surface-0f'thc de­
vice (Fig. 8-5). The pfon.ar junction is formed by diffusion or ionJmplantation, 
and the surface is ooat?d with ap.propriale materials to reduce reflection and to 
decrease sn.r.fac:e recombination. Many compromises mus! be made in solar cell 
design. In th.e device shOWI} .ill Fig. 8-5,for example, the junction depth d must 
be less thnn 4, in the.a nltlterial to allow holes ,generated near the surface 10 di!• 
fuse to the junction belwe they ,ecomhin.e; similsrly,t he thickn.ess of th~ p re­
gion must be such that electrons generated in this .regi.on can diffuse to (be 
juncnon before recombination -cakes pl.ace. This requirement implies a proper 
matcb between the electron diffusion length Ln, r.he Lhick:ne~ of the p region, and 
Lile mean optical penetration depth 1/a [seeEq. (4-2)]. ltis desirable to have a 
large conl.llct pqlential Y0 to obtain e large pholovoltage. and therefore heavy 
doping is iru:licated;,on the other hllild, long lifetime.s ara desirable and these are 
-rednccdby doping too heavily. It is important that uie seri~ rcslstan~ of the de,. 
vice be ve-ry small so that power is not lost to heat due to-ohmic .losses in the de­
vice itself.A series r~istancie of only a few ohnis cao seriously-reduce th.e out1>"ul 
power of a solar cell (Prob. 8.4). Since the area is la:rge, the resistance of the 
p-type body ot the device can be made·small.HoweVer, contacts to the thinn re·• 
gion req_uire SJX:)cial design. 1f tilis region.is oont.actecl -at the edge, eurrem roust 
.flow along the thin n regj.on to the contact, resulting in aJarge s-eries resistance. 
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figure 8-4 
Solar cell arrO)(s attoc~ed lo lhe lnternotlonal ?POCe Siotlon. The solar array wrrigs meosure 7 4 m lip to 
lip. Each wing contains 32,800 solar cells and con prod1Jce 62 kW of power for the stolion [Provided 
through the courtesy of the National Aeronoullcs ond Space Administration,) 

Anrlre.ll(l.c1ive 
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,I 

(a) (bl 

figure 8-5 
Configurclion of o 
solar cell; [a) en• 
lorge.d view of ~e 
piano/ function; 
lb) lop view, 
showing meld! 
contact "fingers.• 
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Figure 8-6 
1-V choroderisffcs· 

o! on illuminated 
sotor cell. 

The nioxlmum 
power rectangle 

is ~-hoded. 

'lb prevent lhis effect. ihe con.tact can be distributed over the n surface by pro­
,~cfing small contact.fiogers as in I-lg. ~-Sb, 'These narrow conta<,1:!serve to n:!dul-e 
the series resistance without interfering appreciably .with the incoming light, 

Figufe 8-6 shows the fourtl1-quadranl portion of a solar cell charac­
terislic, with r, plotted ·upward for convenience of illustration. The open­
circu'it vpl\age V.., and the short- circuit current I., are dete,nnined Eor a given 
light .level by the cell properties. The maximum power delivered to a load by 
Uris solar ceiJ.ocouro \vhen the product VI, isa maximum. Calling these val­
ues of voltage and current V m and 1 m, we ca:n see. that the maximum delwered 
power illustrated by tb.e shaded rectangle in Fig. 8-6 is less than the l,,, V00 

product. The ratio 1;. ti .,fl,, V~0 is called 1he fill factor, and is a figure of merit 
for solar cell design, 

Applications of solar cells are not restricted to outer space. JI is possible 
to obtain useful power from the sun in terrestrial applications using solar cells, 
even though the sollir i.utensily is reducec.1 by the atlllOSpherc. Current world­
wide total ppwe,r ~enerafion cil,pability is. - L5 TW andcoi;responds to an ann11a1 
enefgy usage of-5OO quads (1 quad= rnu, or a quadrillion, BTU), with an a.n­
nu;ll increase of 1-2%. or thi~ - 80% comes from fossil.fuels ( oil, 1U1tura! g:;is, 
ann coal), wblch will be exhausted in several hun.dred years. Ju addition, co,. 
e(llissions and g1ol'.>a1 wa.nni;lg 'h;ive spurred a renewed interest in "green" 
sources of energy sueh as photovoltaics, even th.oaih the euttenr installed ca­
pacity is only about "I GW. About 1 kW/m2 is available~ a particularly sunny 
location ( translating to about6001W potentially available wor.ldwide), but not 
all of lhis $Olm: power can be converted LO electricity. Moch of the plioton tlux 
is at energies less lbart the cell band giip and is not absorbed. H1gb•energy pho­
ton$ are strongly absorbed.and I.be resulting EHPs may recombine 11tthe sur­
face. A well-ltlade s'ingle-ccystal Si cell can have aboul2S% effictcncyfor solar 
energy conversion, providiii_g appro>.imalely 250 W/m2 ofelec1ric1.1J power uader 
full illlllliina'tion.This is a modest amount of power per unit solarcell area,_con­
.sidering the cosl and.effort involved infabncali'1& aJarge-area o(S1 c:ells. Atnar­
phou~ Si thin-film so'ku: cells can. be made :more cheajlly, but have lower 
efficiencies ( •· l0% }because of the defects in the-material. 
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The cos1•,and.scalab'ility of-ph~)tovoltiuc technolo.gy are of pan101ou1u 
iinport:-ince for terrestrial applications. Curren.lly. Lt oost.s only about 3 cents 
per kWh for ,elet!trichy generation from fo.~H fuels. bur-about 10 times that 
amount-fr<jm amorphous Si.solar cclls, and the 1ime to rerovel' the Investment 
in photovolt.aics is about fo urye.ars. rn terms of s<!aiabHily. at to% cell'effi­
ciency. approxim111ely 3% of the land area \V0uld have to l;>e cbveretl wilh 
solar cells to meel U.S. energy needs. which would. of course.. create other 
e·nvi ronmental problems. Que ,lpproac;b LO obtainiug mare power per cell is 
t0.focus coosidorablc light onto the cell with tbe use-of mirrors. ,'\hhough Si 
cells lose effieiency at, ;Ile resulting high temp¢ratures, GaAs llnd related ciom-
1?0Unds can be used at l00°C 0-[ higher. ln such solar concenn:a1or systems, 
nfore effort and <:A-pensccan be put Into the solhr cclllabricalion,sh1cc! fewer 
cells are required. For example, a-GaAs- AIGaAs heter.ojunction cell -pro­
vide., good conversion effloil!11cy and operate, al the eJevmecl temperatures 
1bat are common in solar concentrator systems. In such system5, the area re­
quired is sb ifle,d from the cell to the c,mcentrator. 

A Si solar cell bas a sli'o~-ctrculj qlJ,rrent ollOO mA aad an QP~n-c;ircuit 
volll).geof0.8 V under full.solar illumina tion, The fill fa~to1 j_s 0;7. What is 
the maximum power delivered to a load by th.is cell? • 

8.1.J Photodeteclon 

When the pholodiode is opernted in tlie third quadrant lifLtsl-V cliaracter. 
istic (Fig. 8- 3b.), thect11Tenr is es$ent.lall)• inclapend~t o{ vollage hut ill pro~ 
ponional 10 lhe optical generation rate. Sncl1 a device provides a useful means 
of mea5\tring illuminat ion levels or of converting rime-varying optical .sig­
nals into elect1iC'.,ll signals. 

lo most oplioal detectlon ap.plications the detector's speed of response, 
or b1;1ndwidth, is cri tu:a.1, For ex!Utlple, if the pbotodiode is 10 respond ltJ a 
series of l{ght pul~es I ns aparr, the photogene'ra~ed minorily carriers must 
difius~ to th.e junction and be swept.across to the other side in a time much 
Jes~ lban I n~. The carrier diffusion s lep lo th.ls protess is time consuming 
and should be eliminatedi f possibJe. Therefore. it is desirable that the width 
of 1J;e depletion region W be large enougll so lllat most of rhe photons are 
absorbed within W rather tha n. i.n the neutral p a.nd n regions. Wlien an EHP 
is crealed in the depletion region, the electTic rie/d S\ve~s 1he electron to 
the n side and th.c hole to the. p side. Since this carrier -drift occurs in a very• 
short time. the response of the photodiode can be quite fast. When' the clll'ri·­
ers are generated primarily within tbe depletion layer W, the detector is c1.1Ued 
a 1lepleilo11 layer phdtt:111/odt•. Obvlou~ly, i1 L, desirable lo dope a t leasl, one 
side of the juneti.on lightly so that W q n be-made large. The appropriate width 
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Figure 8-7 
Schematic repre­

s~nlation of CJ p-i-n 
phatqdiode. 

for Wis chosen as a compromise between ~ensilivity and s_peed of response. 
M ',,\, is wide, mo~t of the incident pb.otous will be absorbed in 1.be depletion 
region. teadJn,g to a high s-ensi t:ivity. Also, a \vide W resultiS in a small JUDctieli 
capacitance lseeEq. (5-62)}, thereby reducing tb.e RC time constant of i.he de­
tector circuiL O n the other hand, W must nor be so wide that t )'ie time re­
quired for drift of photogenerated carriers but of the depletion region is 
excessive, leading to low bandwidth. 

Oae t:oovenien t method of controlling the wi.dU1 of the depletion region 
is ro build a p-i-n plwtodetectQr (Fig, 8-7). Toe ''i" region need nol be lruly ln­
trinsl.c.,as long as the resistivity is high. IL can be grown epitaxially on the n-m,e 
substrnte,.and U,e p region can be obtained by implantation. V.'ben this device is 
reverse bill!led. lbe applied voltage ap~IIS almost entirely aero~~ t,he i region. 
Uthe carder Jifetin1ewithin thei region.is long compared with the drlit time, most 
of the pbotogemmned carriers will be coUec;l~d by the n and p regions. An im­
ponaru figure of merit for a phoiodctector is th~ exJernalquantUID t:f.liciency 
11a, defined as r.J:ie num ber-0f carriers that a re collecled for ~ery photon im­
pinging mnhe detector. For a photocurrent denslty J "I" we collect J or/q car­
riers per unit area per second. Foran iocid.ent optical power density of P0p, 

Lile number ,,,.f photons shining on the detector per u11it area per second is 
P<ir,lhv, Therefure. 

(1:H) 

For a photodiode. lhat has no current gain , tl1e maximum T/Q is unity. IT 
low-leve\•optical signals axe to be detected. it is often desirable to opera1e the 
photodiode 10 the avalanche region of its characteristic. Jn this mode each 
p~o!ogoneralcd carrier results iri a significant changi; 'in lhe current be~anse 
of.avalanche mulliplieation. lcading to gain and external quantum efficien­
cies of greater than 10.0%. A1,nla11che phorodi.odes (APDs) are useful a& de­
lec101s m fiber-optic systems (Section 8.2.2). 

The type of photodiode described here is sensitive to photons witli en­
ergies near theban.d gap eneq,ry (intrinsic detectors). tf hv is less than E,_, the 
phoions will nor be absorbed; on the ol.!)er hand. if the photons ar.: much 
more energetic than £8, they w.!ll be absorbed very near tb.e surface, where the 
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recombination rate is bigb. Tllerefore, it ts necessary to choose a photodlode ma-
1er.ial with a band gap corresponding to c1 particular region of the spectrum. 
Detectors sensitive to longer wavelengths can be designed such that photons can 
exdle electroJ1S into or out of impurity levels (extrinsic detectors). However, 
1 be sensitivity of such exu:insic detectors is much less than intrinsic detectors, 
when:. electro·n-.hole pairs are gener~ed by ex:citalion acrost, lµe band&ap, 

Dy using lattiee-matched multilayers of compound semiconductors, the 
band gap of the absorbing region can be tailored 10 match the wavelength oI 
light being detL'l:red. Wider band gap material can then he used a:s a window 
through which lhe light is trallsmitled. l'o the absorbing region (Fig, 8--8). For 
example, we saw io Fig, 1-13 that lnOaAs with an In mole fr-action or 53% 
can be grown epitaxially on lnP witi) excellent lattice-matching. This co.m­
position oilnGaAs has a band gap of about 0.75 eV, which i~ sensitive to a 
usHul wavelength tor J'lber-Qptic systel)ls (1.55 µm), as we sh&ll see in S~­
tion 8-2.2. Tn making a phorocliode using TrtGaAs as the active material, itis 
p.o~ibll! to bring the lighl lhrough the wider bal)d ga_p ln057AJ0.48As (also lak 
Lice-matched to lnP"), thu,~ greru.Jy reducingsarf.ace -recombination effects.1:n 
1.he ca~e of avalanche pholodiod~.i:equirin'g nurrow-band.-1,rap matedalit is 
cften advantageous to absorb Lhe ligh:I Iii the narrow-gap semiconductor 
(e.g., lnGaAs) and transport t.he·resultingcarrierno a junction made 1n wider 
band gap .material (e-g., lnAlAs), where the avalanche.multiplJcatlon take$ 
place al high fields. Such separation or the absorption and mUltipbc:ation 
(SAM) APDs.avoids the e"cessive leakage currents lypicalof'reverse-bh1$ecl 
junetions in.narrow-gapmalerials. In th1s particular structure, there is also a 
doped T n Al As cful'rge layer, leading to a SACM APO, which l1elps optimize 
(decrease) the electric field further between I.he multiplication and absorp­
tion regions. In certainAPDs. one can grade the alloy composition belw~ 
the high-band-gap maltiptlcation regions and th.e lowec-band-gap absorp­
\ion region l~• avoid any bi.nd-eiige tlisuinu1w.it.i.e.s, which ct1J1 tJ:'~p pboto­
generaIBd carriers. The pholocu.rrenr and dark current both increase with 
'bias ,because of avalanche mu!tiplic11Cion (Fig. 8-Sb). One obviously wants 
t.o ma~irnize the difference A/ between 1he photocurrent Lr and the dark cur­
rent id. Thentia oI Mal cllffererll vqltageS to thal at a k>w reference volt· 
age is defined as thegab1 of the APO. 

8. 1.4 Gain, Bandwidth, cind Signal-to·Nofse Ratio of Photodetectors 

.ln optical cmnm:nnication ~ysterns, the sensitivity (whicb depends on gain) of 
the phototlet!!ctor and its response time ,(bandwidth) are of critical irnpor­
lanCe. Typical gain-bandwidth cbarncteristics of such a SACM A PD arc 
shownlu..Ftg.8::&cand are limited by-the transit time of earriers through the 
!.tructure. 'Unfortunately, designs tha.t increase gain tend lo decrease band­
wfd Lh and vice versa. Tt is common to ·express the g¢in-fia1.idwiilth product~ 
a figure of merit for detectors. In a p-1-n diode, there is no gain m.echanism, 
since al mo~t one declt'ort-hole p.air is collected by the jtmc:tio_n_ for: eaca 
photon. absorbed. 'Tims. the gain is essentially unity. and th.e gain- bandwidth 
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U.5e cif mulllloyer heterojunc'llons to enhance the photodiode operation: fol crn ovaloriche pholoaiode in 
which ligh't near l 55 µ.m is absorbed In o nor<ow-bond-gap material (lnGaAs, E. e 0.75 eVI afier 
passing through o wider-gap materiel (lnP' and lnAIAs); holes· ore swept to on lnAfAs f unctton, where 
ovalonche rnulliplicotion tokes place. The· i i egions ·are lightly doped_; (b) photocurrent, dork current, and 
·gain Increasing os o function of bias becou&'e of o~olonche mlJlti'pllcolion; (c) lyplcol goin-bondwidth 
ctJO:roc!eris.tics of such o SACM APO. [Alter X. Zheng, J. H-sv, J. Hur~t, X. U, S. Wong, X. Sun1 
A Holmes, J. Campbell, A Huntington, end L Coldren, IEEE J. Quant. Elec., '10(8), pp, 1068- 1073, 
Aug. W0.4.] 
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i:iroduct is determined by the bandwidth., oc frequency response. Inn p-i-n, 
the response tinre is dependent on the width qt the depletiruu~gion. 

Anol.ber impprtan~ property of detectors is the. $ig11(1/-ro--,uJlse ratw, 
which i.~ the amount of usable infoanation compared wiTh the background 
n~e in !he detector. ln the case t)f pholoconductms. lite major sour~ oi 
11olse is_ra11dpm thermal motion of the carriers,leadfng, to flucwatiousin Llie 
cfark current (called Johnson noise.). the noise current incr.eases with tem­
j.'l<!tatute (-kT) and with thec.ondUct-anceofthematerial in thedark.There­
ron:. tbC photoconductor noise at a grv.:n temperature ca.a be red aced by 
increasing Lhedark resistance. Yet artolbersource•ofnoL~eat lmv rreqµendes 
is 1/f or flicker noise. due to cani€r trapping and detrnpping at defects. 

ln a p-i-o diode, the dark current is smaller anti ·1be dark resistance 
much higher th.an 10 a photoconductor, and tho main. source of noise is ran­
dom Lherrmil genera1,lun.- recc11I).bination of El!Ps within U1i$ reg.ion (Cttllt:d 
sl.wtnoi.wi) .'The shot noise is ultimruely,uue-to the quantization of tbe charge 
U11 electron.sand holes.11,e noise in a p-i-n cleyice is con~idera'b!y Jower- than 
that io a i,botocooductor, as we-tl es in APDs, for reasons described next. 

Ayalancbe photodiodes have lhe advantage of (ll'OViclinggai.11-l.j:\.r..1:mgh 
the avalaiich:e multiplication effect. 111e disadvantage is increased 11oise rel­
ative to lbe·p-i-n, due to random f)uctualions in tl')e 11va),1J1che pwces~. Tl'.iis 
noise is reduced if the impact ionization in t be high-field region 1s due to 
ol'lly (IDC type of.carrie;r, sim:e rµare i1uc.t.uaHcins ln lhe ioruzation proce~s 
occur when both electrons and holes participare. ln Si, the ab-illty of elec­
lrorej \p c.reat~EHPs in an impad lonizatiofi evenl i&1111Jch higherllian for 
holes, TI1erefore, Si APDs tiall be operated with high gain andTelatively low 
noise. Unfortunately, Si APDs cannot be w;edfor mosl fibc!r-oiittc lrimsmis­
simi because Si isttenspntent aHbe wavelengths oflow loss and low disper­
sion (>-. = 1.55 and. 1.3 µm) fo.r op~cal Eiben For thes.e longer wavelengths, 
J;n033Ga0 47As has become Lhe- mater.ial 0( choice. However. lhe ionization 
rates of elec.troru. and boles inmost compound s.emic:onductors are compa­
nit,Je, w hlch 8egr11de.s their noise and frequency l'CSpo1;1se relative to SI APDs. 

The various st1urces or noise determine the signal-Lo·noi~e (Sl'N) ratio 
rn a photodelcclor. One qunnlifles ir as a noise-equivalent power (NE-F}, 
which is th'-! minimum detect-able signal. that would produce the $ame rms 
output as lhe'TIQise.The detectiylty or the photodetactor is then defirtei:l as 
D•= 1/NEP. 

The NEP depends on 1L1e area of lhe pbotodelectpr :1$ well as the band­
width.The speeificdetectivlty,D"'.in the.ndefined us that fo.r.a detector of unit 
area and a bam:Jwicltli oC ·1 Hz_ Clearly. once the bandwidth requiremen1i. are 
met, it is desirable to choose a ph.otodetector with tb_e high.est D":. 

Another approach that has demonstrated ·cxccllei;it performance In 
terms of both high sensitivity and hnndwidth utilizes a waveguide structure 
(Fig, 8-'9). R crc. unlike the si4ualibn wl~ the p-J-o photodfoc:le (Fig. fi1-?) o r 
lhc. APD (r1g. 8-8)', the light strikes the,photodiode perpenc:iieolar to the 
curreni lr:ansport. The advantage is 1hat now the absorption tegjon can be 
made quite long, along the photon path. leading to high scnsilivit~, while at 
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FigureB-9 
Schemotk of o waveguide photodiode. The photons ore strongly absorbed fn the narrow.bond-gap 
lnGoAs region A, and carders -ore multiplied by the ovolonche ~roces1 in ' region M. The charge re­
gion C helps optimize the eledric field profile belween A OJ1d M. 
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Figure-8-10 
Improvement of luminous Jnlensity of LEDs over time. [Modified from M. G. Craford, .lfff Circuits ond 
~vices, p. 24, Sept. 1992.] 
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the same time the photogenerated carriers have to traverse a short djs­
taQ.ce in r.hc perpendicular rurectioo, leadiiig to sbon transit times and high 
bandwidth.. 

When carriers are injected across a foi:ward-biaseci junction, the current is 
usually accounted for by recombination in l11e transition region and in the 
neutral regions near tbejunction.ln a semiconductor with an indirect band 
gap.such as Si or Oe. the re.combination releases beat to the lattice. On I.he 
other ham.I, in a ma renal characterized by direct recombination. consider­
able lighl may be-given off Crom the junction under forward bias. This effect, 
called urjectlon eJeccrolu:minesc,mce (Section 4.2.2), provides an important 
application of diodes as generators af ligbl. The use of llght-emiU.in.g diodes 
(LEDs) in digital displays 1s well known, There are also other important ap­
plleptions,in traffic and autqmotlve signals and in iilumiuatlon.Another lm­
portanl device milld.ng use ofradiative recombrnation in a forward-biased p- ri 
junction is lhe semicondudor loser.As wesball see in Sectlon 8.4, lasen, emit 
coherent light 'in much narrower wavelength bands than T.:EDs.with more c.ol­
limation (directicrna1ity), and are very useful for fiber-optic i:onrmunication 
systems. as decScribed in Section 8.2,2. 

for-LEPs. the fr~quency {color) or lbe pl)oton is governed by Lhe band 
gap of the semiconductor as given by U1e-Planck relation, hv ~ E,., wlricb, io 
appropriate uruts, can be expressed as E11 (eV)-=- 1.24/~ (p.m). A very im­
portant metric of an LED is d1e eXtemal quantum efficiency 7J..i, which is de­
fined M the light output divided by Lhe electrical i nput power: 

"l••• = (Inl'em.ai radia~ive efflcienc;y) x (Exrraotioa efficiency) (8--:i) 

Toe intema.1 efficiency is a function oft.be quality of the materiaJ and the 
strncturc u:acJ composilion of the layer. Defects in the material will clearly 
lead to o.onradiati.ve recorrlblnalion.However, evenjf the internal e.fficien­
cy is Ltigh. not all emitted photons ar-e extrncted from tl1~ LED. The emitted 
photons from ao LED have a wide angular distribution, unlike those in_ a 
laser. Ftn example, lf an LED b1:1d a planar surface .. the photons inciden1.-on 
the semlConductur~air int~rface at angles gr.ealer than a critical angle would 
un~ergo touµJntemalreflecL!on and ultimately be lost via absorption with­
in the semkondu.ctor. Henc.--e, typrcally; LEDs are made wit.h a dome-type-en­
capsulation, which acts as a lens so that more of the photons ·can. be 
ertracted. 

8.2.1 light-Emilling Materials 

The band gaps qfvru:ious binary compound semiconducto.rs am illqstrated 
in Fig. 4-4 relative t-o the ·spectrum. There is a wide variation in band gaps 
,111d. therefore., in available photon energies, e)(tendi!l:g ftoPl the ·ultraviolet 
(("'saN, 3.4 eV) into the infrared (lnSb, 0.18 e V). Jn fact, by utilizing temary 
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CenducHon bond 

energies os o 
function of alloy 
oompostlion for 

G.oAs1.,P.;. 

aru:J quatemaiy co111pounds tile number 9! avail.able energies can_ be in­
ereased sig11mcantly (s.ee Figs. 1-13 and 3-6). A good example oftbe varia­
tion in photon energy obtainable rrom th!! compmmd semiconductors is the 
ternary alloy gammn arscoide-p.hospbide. which· is illustratcid Ln fig. 8-11. 
When the percentage of As Is n:dueed and Pis lncreasedfo this µ3.it~fal, ~ 
resulting band gap varies .from the direct 1.43-e V gap of GaAs (infrared) to 
the indireci 2.26-eV gap of GaP (green).'!11c band gap of GaA~1.-,P, varies 
aJmost Hnea;ly with x until the 0.45 composition is reached, and electron­
hole recombination i's direct over this i:ange. TheJJ1ost common alloy com­
position used fn LED displays ls x = 0.4. For this composition the band gap 
is direct,since the f mirtimum (at k = 0) l.~ the lowest part of the conduction 

~ ., 
~ UI ,__ _ _J.._.__.,___, _ _ _ ....._ _ _ ......._ _ _ __, 
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band. This results i n e(l'icicnl radlative reCQml>ination, and the emitted pho­
tons (-J .9 eV) are in tbe red pori.ioo of the spectrllJtl_ 

For Ga.t\sL .,P., with P concenlralions OOlWt!>15 percenL the bartd gap is 
due. to thefodir.ect X minimum.Radiative.recombination i11 such indirect ma• 
terials is generally unlTJ(ely. because e1~trons Ql lhe cond uc\ioo band ·have cl if. 
ferent momentum [tom holes io Lhe valen<.:e baud (see-Fig. 3,-5). lnterestingly; 
howcver,.indirect GaAs,- .• P., (includipg C,;aP,.1: = l) doped with nitrog~n can 
be used in LEDs withJightoutput in the yeUow to gn-en portions of the specr­
trum. TI1is is pos~U;,\e be.:,n1se the. nltrClp,en impuri1~ binds an electron very 
tightly. 11us cnnfmement in real space (Ax) means that the elt\clron momentum 
is spread o·ut in momentutn ~aec tip by the Meisenberg uncerialrttyprinciple 
lsee Eq. (2-18)j.All a resull. lhe momentum conservation rules, which gener­
ally pteyeit( raflJative recombi'n;11Jon in indirect 1nateri.alll, iLre t:1rcurnvunte.d. 
11llls r1ittogen dopi'ng of G:aAs0 _ _.:p, is not only useiul technologicnll)', but also 
provides an ln ierest.ing and practical illus.rration of the unce,lainty principTG-

In many applications bght from a la er or irn ·LED oeed nt'lt be visible: 
to the ~y~.lnfu'ared emifrer:s su.ch as GaAs.lnP.-.and crii~-ed alloys of the~e com­
pounds•arc pilt\i.cularly well ~uited Lo fibcr>oplital commllliicatio11 systt:ms 
or TV remote controls. For e'xamplt:1. a laset or .l.ight-i:;mitLi11g diode 01111 be 
used in cop,iunction with a ph'ot~idiode or other photosensitive device to trans­
mit information. optically between loca'tinos. B'y varying the cu1•rent througb 
the diode, the light oUlflul can be modulatei:I such that analog Qr digital in· 
formation appears in the op1foal signal directed at the detector. Alternative• 
ly, lhe infonna1ion may be inLfotluced betwee.o the ~¢11.rce and detector. For 
exampl~ a semiconductor laser-pho1ode1ector arm.ngemeo.tcau be:usecl in a 
_cornpact drse or DVD ~ysiem, forTeading oigiral ·jnfo,mmtion f'rom the spfo• 
n.ingdisc. A iJgnl emitter and n pbotodiode l'orm an optoetectrol'licpnir, wbicll 
previdtll! complete electrical iio~tion between input and ou.Lpu.t, since the 
onl,y link between Lhetwo devices is opt[cal. In an optoelecirrmic isolaror, both 
devicl')s may be .mol.lJ] ted on b ceramfc substrate aod packaged together LO 

form a unit tbat passes infm:mation while mainlaming isolatio,1. 
In view of the brqad rqnge of applications requiring semico1t(luc1qr 

lasers and LEDs with visible und infrared wavelengths, the wide vancty of 
avail~le ur~v IT1a:~eiials is ext,remely useful. To ad,qition Lo 1he AlGaAs 
and GaAsPsystems,shown in Figs. 3~6 and 8-ll. lbe- lnALGaP system is use­
ful for red, y~llQw, and o.rang_e waveleog.th.\i, and A lGn.TnN is ;;i sLTtmg emit­
ter in the blue and 'green, Why.is t heres0mucl1 inreres1 inshortwavelengtb 
emitters s.uch as blue~gt,:;eo ,LED~'! As snpwn in 11/rg. 8-Hl. modernr-e eJfl­
cieooy (- tO lumens/walt) rnd. green , aml yollow-green LCDs h:ave e.xistecl 
fo.r a lt,ng lime in lne GaA~P syslem,, based 0:11 ooncep1s ~l\ch a.s N isoelec­
trouic dopin_g (Section 8.2.1 ), Mure re.cently, in Lhe mid-1990s, much higher 
brigblness and ef(iciency (-30' lu111ens/wat t)'red-orange-yellp,w LEE>~ "based 
on tl1e lnA1GaP system have been d.e-velo_pcd. The highe,r-band-gap lnAI-­
GaN sy!nem ~a$ direct band gaps ovc:r the emire alloy oompnsition i-angc 
ond hence offers highly eTI'icienllip,ht e:missitm in the blue and green part of 
t~ spectrum. /\ major goal of the opioelectropics community has be.ea t)1e 

413 
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acb.ieveru.enr of higl\•e.ffiaiency red. green. and blue emitters, because those 
corers are lhc tlu'ee primary colors of lhe ~peclrucn. Ily combn\ins 1..he,e 
color LEDs (or in conjunction with suitable phosphors), on!! can. form in­
tense while lighl ~ourccs ( ~500 lumens) with lumJnous et[iciencres -2 limes 
greater than those of conventional incandescent ligh1bu.lbs. Sfoce general­
purpcrre-illmninalion l)•pically re4uires lc llolumens of li_ght, it may bl! prac­
ricnl to combine a few of these hlgh-brighr.ness LEDs for that purpose. They 
alc;o have much longer life Limes (S,000-100,000 hours vorsu5 2,000 hours for 
conventional Jlghtbullis) an.cl much higher energy efficiencies. Ii lhe costs 
e r Lbesc LEDs can be reduced by - '! oq Umc:.s. iltey will booome competitlve. 
leading lo 11 sigmficam reduction in global energy demand. lu:rays of ceJ , 
green,and blue cmitrer~ are being used In outdoor dtspl,iys and TV scr~e·ns, 
a~ well as i11 ~\1tomotive tailllghts and si11nal lights. "Red. yellow, and green 
LEDs are being u~ed for traffic llghL'i because they have a much higher re­
liability and life.time Than convcmion.i l lightbulbs ::nd che)' save energy. 

8.2.2 Fiber,Optic Communkarion, 

The UT:1ns111ibsion of op1 icid signal~ ffc,m 11ource 10 deteomr can be greatly eT1-
hanced ii an optical fiber IS pi,iccd bet ween the llglu source and the decector, 
An op'tlcal fiber is es$en1 iall1 a ''ligl11 pipe" or waveguide for optloal fre­
quencres. 11ic liber is typically drawn froro a bcrnle of glass to a di.ameter of 
-25 µ.rn. The fine gl~s fihct is i·ciatlvcly flexible and can be usetl ro guide op­
tical s1g11alll overdislances ofki lo:ueters with1.1ut the11ece.ssity of-perfect align• 
mcm beLween source ~nd detector This significantly 1m:roa,es ihc applkatiu~ 
of oplic..11 communication in areas such as telc;phone and data transmission. 

One type of oplielll fiber has an outer layer of very pure !'used sili<:a 
(Si67), wilh u core oI gerruanjum doped glass having a higher index of refrac­
tion (Fig. 8-Ua).1 Such a srep-i11dex (1ber maintains the light beam primarily 
in the central cor~with little loss at Uie-~urface. Tue light is transmitted along 
the ]1:mgth o.l' the fiber hy ir;tlernal refl~Lioxi at 1hes1ep in Lhe refracliVe indiex. 

Losses m the fiber at a given wavelength can be descnbecl by au at­
tenuation cor:.fficient o [similar to tbe abs9rpdon co1:fflcient of~-(4-.1)]. TI1e 
incensity of 1he signal at a distance x along the t'ibc, is then related to the 
starting inten$ity by the uSTu11 expression. 

The atrenuation is 110! the same for all wavelengths. however. and i t is t here­
fore import-ant 10 choose a signal wnveleng1b carefully. A plot of o. vs.>.. forn 
typical silica glass fiber is shown i:a Fig. 8-13. lt 1.s clear that dips in a near l.3 
and 155 µ,m p,ovide''wiudows" in tjle attenuation, whicl)_can be e..xploiled lo 
reduce the degradation of signals. Tbe overaJl decrease in .aLLenua1ion with 

'Th• lrtdox di raltoc~oo (ot ,.rr<1cove ln,tit,cj " cornptm,. '~" velocity of.llghl v I• lhe mnl•rml wjli, its,.,.. 
lm;iiy r In a vacuum, n .. ~/y Thu,, If ~, , ": In Fia. 8- 12o, Jho vciocl!y o/ Ugl,t r,. g1"elor In mororial 2 
lhan rn I . Tho val"" of n o/ori<i, Y.>m<>whol wllh.1he wovo!o1191h of light 
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increasing wavelength is due 10 the reduced scatttring from small random 
inhomogeneities which result in fluctuations of the refractive index cm a 
scale compar.able to the w;ivelength. ·This type of attenuation. called. 
Rayleigh scauerlng, decreases with the fourui p_ower ofwavele.ng.th. This ef­
fect is observed at sunrise a.ndsunset. when attenuation of shon wave.length 
blue and green light resullsin red and orange sunlight. Obliiously.Raylelgh 
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Figure 8-i2 
Two examples of 
mullimode fibers: 
(11} o step index 
having o core 
with o slightly 
lorgar refrcctlva 
ifldex n; (bl o 
graded Index hov 
Ing, 1(1 rhis case, o 
porobalic grodi11g 
o~ n in the evre. 
The-,f/gure lllus­
lrote-s 1:,e cross 
sepion (leftl of the 
fiber, ils index-of­
mfrot:tfon profile 
(cenle<l, and lypi, 
cal mode pottorns 
[rrght) . 

figure 8-13 
Typical plot of ol­
tehualion coeffi­
cient {JI YS. 

w.aveleng!h ~ for 
o I-used silica opti­
cal fiber. Peaks 
are due primo~ily 
lo OH· imp1Jrilie5. 
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Stallering ane0W'l!l!ies upenuiun at l.<1ng wa,vl.) ltrng:ths in fiber-optic sysl~rn;;. 
l:low;:.,-ver, a c.ompeling process of infra re(! absorplfon d'ominiite~ for wave­
lengths longer l.han abou'tl. 7 µ.m, ell.le. to vibrational ex-citation of tbe .atoms 
making up the glass. There.fore, Ii useful •minimum in absQrption for sili~'l 
fiber, occurs a, abom 1 .5,'i µ.m, ,vhere eril~>,iial layers in U1e ([n,, Ga) (As, 
l') s~stem can be grown lattice-matched 10 l nP substrates (se~F.ig. l - 13). 

An<:ith11r consideration. in ~hoice of operaiing wa_velength is the pulse 
dispersion. or spreading ct£ da.La pulses as 11;ey propagate doy,11 the fiber. This 
effed can 1)e CqUSe·d by 1l1e wavelength dap,mdence of the L'efranive index, 
causing diflcrent opucal frequencies lo I ravel down tli2 fiber with slightly 
differenrvelo~ities. This effect, called chrama.l)<: dispersion .. ls mu.ch less pro­
nounced a.t the 1.3 fJ,li1 window in Fig. 8- 13. Anolhcn::ause oLdispersion Is 
the fact tbRt differentmt>de!i _propagate with different p!it:h length~ {Fig. 8-, 12a.}. 
TI1is type of dispersion cart 1,ereduc~d by gi:acliug tht: refraclive index or Lhe 
core (Ftg. 8-l 2b) such that various mo.des a1•e continually refocused, redno­
in_g the differences in path lengths, 

The H-gbt sourc~ in a fiber-op~ic syslen~ 1-oday is a laser, bec::miiC the 
light is 'mm.le up o( essenrialty a ~ngle freyuepc;y and allows :i very large la­
forntaLion bandwidth, (Semiconductor l'as.1:rs suitable for tibcr-op11e 1:om­
muu.ii::atinns will be discU$Sed in Section 8. ,. ) Jn e,irly op1oelectronk systems 
for'l"Jber optics. ii wasmos1 convenient to use !he well-established GaAs- AL­
O8.As sysl<:m for making lasers and LO)s, 1l1esc: light soutces are hignty 
efficieu1:, iUlO good det~ tors _-an be.made using Si p-i-a _ or APDs. Howey. 
er. theseso.urces operate in the why11length range near 0.9 µni , where the a l • 

tenua.tion is gre·a-re.r lhan that for longer wavelengths. Modern systems. 
therefore, operate nea'r t11c L1• :;uid 1.55-µm mini01a sh9wnin Fig. s .. u. At 
lhese w.ayclenglhi;, lasers qan be'l11acle by usl.ng:tnG;iAs or In.GaAsP .grown 
oo InP, and detectors can be made o(thesame material.I;. (See Fig. 8~!t ) 

_,\1111lfimalle fibers are lar:g.cr (-25 ~ in diameter) than .,·ittgle-morfe 
fillers (~5 µm) and tra11smlt a coherel)t laser beam. By formlng numerous 
optical Ii'bers ' Into a bundle, with an, ,lppropr.ial'e jack.el for mechnrrh:al 
strength. a11 enorn,ous amount tif information can be transmitted over lm,g 
distanc::es.1-Dependiitg upon fue losses in the fibers, repe;\ter Slrillion,s may be 
requited per.iodkally along the ·path. llrn11, many phorodetectors and laser 
S!)Uices-are required in a ul~er-opl~ system. Semlc11ndue1Dr device develop­
nre:nt.focluding appropriate binary, ternary. and quaternary eompouncls for 
both emiuets. and de(ec:lor.i., is therefore 01'\letal.lo the st11::cessf-u1 implemen­
tation of such optical c0:mmunicalion.s systems. A scbem:alic ot' a fiber--0ptie 
tr,ansrnls~on syste.in is lihown in.Fig. S-14. 

'Tran,ml~~lpn ra~, of dO G-blf/• ore bffl:omln9 sfondcrd, b,il mo highorraleo ol 400 Gbif/Thovl! bl""' 
ochiev!>'I u,mg ultr0dun,..,,""""1•"9~,...JM,ion mvh1pl.,,1n11 jlJt:l'/\IDM). l )ih oppro0d1 u<e• ;l;i,hlly d\!IJ!r· 
iinl wawlunglhs or (()!ors lei """Y diRorenl d,onnel• of ln!ormolia, l!ilcn$ the ,am• nl,;,,. As g_convo.ni"'11 
collbl'!',ro,i cf1'1• 40G·bll(, ,role, JI I, wo,1h •ollng lflol lh• !ovmon ~ ,, ablo IO bcoo! miloboul 1 G<bit/ " 
to ,lh e blaln. 
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figure 8-f 4 
Schematic of a fiber.:opttc comniunicolfon system illuslroling the ltonsmission of analog signals, such 05 

!hose ln telephony or lY. After the sign.al ls con~erted to o digital elec\rical ~ignal, it is usd1 to rnodv\ole 
the loser light output os light pulses that OTe transmitted down the fiber, wllh period'ic omplificotian of the 

·signal with repeaters to·compeosole for fiber loss. Sw,tchir,g drcults roule signal.s oppropdotely. Afler 
the optkol signal is transformed lo on electrical ourpuf by o p~otodefecfor ol')d a low-noise preamplifier 
(lNA), II is converred fo on analog signal, once distorllon6 of the digital signals due lo prapqgotion 
through the fiber hove been correcled wiJh the use of o • regenerator.• 

What CblT)positi'on x of A:I, @111_,.,~ would eml];fpd ligl'.ltat 680run? 'r"hat 
oompos.i tion of G'aA.s1_.xl'~!! 

The-band &9.R .{:,,GeV) ="1 .. 2l!I/~ (µ,m) ::: J..i4/~.6S= 1.~;2,e\/,, 
1:rrom Fig. 3~. we getAl0~iG8-0ft'~s. 
Jl'rorit Fig, 8-1 l. we get Gil) \ .. 5.1>_158Ro..32, 

The word LASER is an acronym for llghl 4mplifii:arion by stb?11tlllced emis­
sion of mdiation, whiohsums. up t.lle operauon of 811 important•optical and 
electronic device. The las¢ri$ a.souro.e of highly directional, monochromat­
ic, cohenmt light, and us such it has revolutionized some long~tandh1g opti­
cal problems and has cl'eate.tl_some new fields of·ba$ic and applied optics, 
The light from a laser. depending 011 the type, can be· a continuous be·am of 
low or m·eclium power, or ii.can he a sbor.t bur~t of mtense light delivering mil­
lions of watrs. Light has always been a primary communications link betwce.n 

~lES-3 
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Figure a~-is 
St1mulated transl• 

tion of on electron 
Iron, an upper 

state to a lower 
~lole, witli accom­

panying photon 
emission, 

bumam, and the enviromne.l\t, but until the invenuon of the .laser, the Ugl\t 
sources available for transmitting information 81'1d perfonningexperimenl~ 
were generally neither l)ionochrom.atic nor,coherem, and were of re.latively 
low intens.ily. Thus the-laser is of greal interest in optics; bur iris equally im­
portant in optoelectronics, part,cll'lacly in fiber-optio communiciuions. The 
last three letters in the word lare.r are iDlended !O imply bow the device o_p­
e~a.tes: by the stimulated en,issi.011 of radiafiOfl. [n Clu\pler2 we discussed the 
emission of radiation when excited electrons fall roJoWeI'. energy ~1.ates: but 
generally, these processes occ.ur randonily an,d can therefore. b.e claS!ied as 
spotrtaneous emission. This.Ili.eans that the rate at which electrons fall from 
an upper level of energy E2 10 a lower level &i is ai every instant propor­
tional co the number of electrons remaining in B1 (the populafion of Ei), 
Thl.!S if a11 initial ele~ population in £2 were al19wed.to, dacay, we would 
expect !l'n ex:ponentlaJ emptying of the electton.s to the lower energy level, 
with a mean decay time de.~rihing how 1I111ch lime an average electron 
Sl)ends in the upper level. An electron in a hlgher or excited state need not 
wail for spi;mtaneous emission to occur, however; if cond)lion:. are righl, ii c;µi 
be sll)nu1ar-ed to fall to lhe lower level and emit its photon in a time mlich 

shorter Lb.an its me.an spontaneous decay 1\me. The stimulus is.provided by 
the presence of photons of the ,proper-wavelength. Let us visualize an elec­
tron in state£2 wailing lo drop spontaneously to..£1 wit.11 the emission of a 
·photon ef energy /11>r2. = E2 - E1 (Fig. 8-15). Now we assume that thi.~ electrnn 
in the u2per stale 4s ,ir,nme~din an lmens.e field of photons, each having en• 
etgy fw.11: E2 - E~, and in phase with the other phorons..The electron is in­
duced to drop in e.nergy fromE2 toE1,cc,mtrlbuting a photon whose wave is 
li1 phase wil.h the rad~tion fieW. ff this process conlinues and other electrons 
are stimuluted \o emit photons in the.same fasblon, a l;irg~ rndl;i.tion field 
can buill.l up. Thinadintion will be monodirvmatit since each photon will 
have 110 energy of pre.cisely '11112 ;; E2 - L;:1 and will lie coh~renr, because all 
the photons released will he in phase and refnfcircirtg. Thi~ process of stimu• 
Ja'ted emis~on can be described quanlt1m mecbaoically to relate the proba­
bilily qf emis~on ro the intensity of the radiation field. Without quantum 
m.echanics we oan-11111ke a few obsei:v.ations•here about the relative rates ~1 
which. the absorption and emission processes ot<;ur. Let us a.ssume·Lbe in• 
stantaneou~ populations of£i and E2 to be 111 arid nl,respectiv.ely. We know 

• • • • 

~ 

h1•11 .-........---.. 
PhQIQn field 

• • £ _'1, 

---'•--•---•- •--•--• Et 
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'from earlier discussions of distribuli.ons and the Boltzmann factor that -at 
them1ol equilibrium the r,elative populatfon will b~ 

n.2 = e-<&,-E,)/k'f = e-hv,,J/<T 
n:1 

if the two levels contain an.equal number of available states. 
ThcDegative exponent in lh:iS equat;innJn:dicates I bat n2 4 ni at equillb~ 

rium; tha.t js, most. electrons are m the lower energy level as eicpcctcd. If the 
atoms ~tin a radiation field of pbqtons wil'henei:gy hv12, such tb,at the en­
ergy density of the tield is p(v13),

3 then .stimulated emission can·occuralong with 
absorption aqd sponfaneous ~iµlssion. To.eTI1te of stimulated emission is pro­
ponional to the instantaneous number of electrons in the upper level 111 and 
to the energy density of the stimulating field p(vti)-Thus we can write lhe stim­
ulated emission r-ate as Bz1nlP(v 12) , where 8 21 is a ·proportionality factor. The 
rate al which lbe electrons in E1 absorb photons s.bould also be proportional 
to p( 1112), and to the electroa. population in Ev Therefore, the absorption rate 
ls B 12ni p( v12), where B rz is a proportionality facLoJTfor absorption. Fm ally, tbe 
rate of spontaneous emission is proportional only to tile ·population of the 
,upper level. Inirodu_c;l!lg still another ooctficieoL, we can. write theLale of spon­
taneous emfasion as A211¼. For steady state the two emission rates must balance 
the rate of.absorption lo nwnt.i.in coostanl populations ni and 1!-z (Fig. 8-16). 

Bqri1p(v12) = A,z1J?i + B21nv,(vl2') 

Absorptio.n = spontaneous + stimulated 
emission emission 

(8-Sa} 

This relation was described by Einstein,and tbc coefficients B12,A11,B1.1 are 
called the Einstein wefficients. We notice l'rom &1. (~-8a) Lhal :no energy 
density p ls required to cause.a transition from an upper to a lower state.; 
spontaneous emission occurs without an energy density to drive it The re­
verse-is not true, however;-exciting an electron to a higher state (absorption) 
req_uites the ap__plication of energy, as \li'C would expect thermodynamically. 

At equilibrium, lhe ratio of the stimuJated lo·spantaneotls emission 
rares is generally very Sn1all, and the contribution of stimulated emission is 
negligible. With a photon field present; 

Stimulated emission rate fh ,11,zp( V12) 

Sponr~eou.s emission rate A21n1 

A!, Eq. {8-8b) indicates, tl1e we,y to ea.J-\ance th_e stimola(ed emisbi0n over spon­
taneous emission is to have a very large·pboton field energy density p(v,J. In 
the laser, lhisis encouraged by providing an opcical resonant cavity in whic~ the 

'Thu anoigy den")y p(•d lndic01es 1ho lolal·energy In tha rodfolion fin'fd por unll volumo ond p~r tlnH fre­
quonoy, doo to p!,oton, wn~ lw1, • f1f1• 
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Fi~ure 8-16 
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photon densily can quild up ta a, large valµe through multipleiJlt'emal reflec• 
tions at certain frequencies (v). 

Similarly. to obtain mor~stimul.1ted emission than absorption we musl 
have n1 > 111: 

Slimulated-e~sion rate ~ u ni P( 1111.) ~:1:1 u2 = -== --
Absorpuon rate Bn,11p(1112) B12 n1 

(8-9) 

Thus if siimulated emission is to dominate over absoi;ptien of µhotons from 
tile radiation Eield, we must have: a wa,y of maiMaining mo(e electrons iJ;J the 
upper level ll1an in the lower l1.·-vel. Tilis condition is quite unnaLUral, since 
Eq. (8-7) lndlcates that 11,/111 is less tlian unity for any equilibrium. case. Be­
cause of lts Ullll&Ual .Aature, t)le condition 112 > ni is called populat1011 friVt!.r• 
.vw11; ft is also r.efe.ned to as a condition of 111igative temperl,ft;Urr:. Thi!; r-.ither 
~tartling termittology emphasizes the nonequillbrium natureofpopulatioil in­
version, and refers to the fact that ll1e ratio nJri1 in Eq. (8-7) eould be larg­
<;r than unl!y only i[ the 1emperatme were.negative. Oi course, thls manner 
o( speaking does not imply aoytfiing about tempeTI1ture in the wmaLsense of 
thal word. The fact is that Eq. (8-7) is a thermal-equilibrium equation and 
cannot be applied m Ute situation o( populationJnve~i<m without invoking 
the concept of negative temperature. 

ln.summary. Eq&. (8~8b) .and (8~9) i:ndic,;1te that if the photon dei;sity 
is to buildup through a predommanci,: of stimulated emission over both spon. 
tai1eous emi~s.ion and absorption, two requirements must be met. We must 
provide (1) an optical resonant cavity to encourage the photon field to build 
up and (2) a means of ol~tain.ing population Inversion. 

An optical tesonant·cuyity,can be obtained using reflecting1nirrors r.o 
reflect the pl)or.ons back an,d forth, all.owing the photon energy densicy to 
bu.ii cl up. One or botb of the end mirroa; are constructed to be partially trans­
mining so that a fraction of tile light will ''leak out'' of the rei;onaot system. 
This transmitted light is the output of the laser. Of col.ll'Se, in designing such a 
laser one 111ust cboo.se the amotml of lra\lsroissioo t<> b'e II small pe-rlurbation 
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on the resoao.nt syst'em. The gain in photons per pass between the end plates 
must be larger than Lhe transmission at the ends, sci3:tlering froll} impurities, 
absorption. and other losses. The arrangement of parallel pi-ates proyiding 
multipJejoternal reflection.~ fa similar to that-.med inthe. Fabry-Perot inter­
ferometer;' lhus the reflecting_ ends of the laser cavicy are ,often referred to 
as Fabry-Pe.rot faces. As Fig. 8-17 indicates, ti,ght of a particular fr~quency 
can 'b.eseflected back: and forth within the resonant cavity in a :reinforeing 
(coherent) m·anner if an integral nu1nbe.r o! b.alf-wavelengtos :fit between th:e 
end mirrors. Thus the length o.f the eavity for stimulated emission must be 

L = mA 
2 

(8--10) 

where m is an integer. Jo lltis equation A is ,the photon ~avel~ogtl) wilhln th.e 
laser material. If we wish to use the wavelength >-.0 of the output light ln the 
atmosphe;e (often ta)cea. as the vacllllm value), thelndex ohefcaction n of 
the laser material must be considered 

(8-J l ) 

Jn practice, L ► A-, and Eq. (8-- tO) is automat5~ally satisfied over some por­
cton of the mirror. An important exception occurs in the vertical cavity· 
su.rface-e.mitting lase.rs discus..o;ed.in Section 8.4.4, fpr which the cavity length. 
is comparable to the wavelength. 

l'here ar!? ways of obtaining popuJati-on invel'.SfonJn the atomic level.s of 
many solids, liquids, and gases, and in the energy, bands of semiconducrors. Thus 
the possibilities for laser systems wich.various materials are quite extensive.An 
early laser system used a ruby rod. In gas lasers, electrons a.rec exciced to 
metast.able ll!vels.in molecules lo achieve population lnv.-ersioo. lbese are.in­
teresting and useful laser systems, but in view of our emphasis an semiconduc­
tor devices in rhls book. we will mc>ve to the description.of semiconductor lasers. 

/ End mirror 

I 
() L 

'frUerfeiom-e1et1 ore dfsCos~ed in many ,ophOrnor.e. phys1k:i fe>tb·~ 
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Figure 8-17 
Resonon~ mooes 
within o lo!er 
cavity. 
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8.4 
SEMICONDUCTOR 

LASERS 

The la~er became an important part of semiconduc-tor device rectmology in 
J962' when the fl.(St p•u jUIJction lasers were 'buil~ i,n Ga.As (infi:ured)5 a.ru:l 
GaAsP (visible).6 We h11.ve already discui;sed the incoherent lighl emission 
from p-.1:1 junctions (LEDs),ge~1er-ated by the spont-ane,ous r.ecombination,of 
electrons and holes injected acros~ the j unc~ion.ln this section we shall con­
centnte on the requirements. for populaticm inversion due to these injected 
carriers and the nature 0f the coherent light from p•n junction lasers. These 
devices differ from solid. gas, anq, liquid lasets in several lll)portant r,especls. 
Junctipn lasern are remarkab1y small (t-ypically on the order of 0.1 X 0.1 X 
03 mm). 1J,ey exhibit high efficiency. and the laser output is easily modulat­
ed by conmilling the junction current. Semiconductor lasers operate ac low 
powe,r compared. for ~xample, with ruby or CO, laseys; on Lhe other hand, 
these junction lasers compete with Ho-Ne lasers in power output Thos the 
fun!:lion of lhe semil?.onquctor laser is ~o provide a pen able and ea,sily con­
trolled source df low-power coherent radiation, They are·partlcularly suitable 
for fib~-optic commua.icatlon S)ISleJ11S (Se~ion 8.2.2), 

8.4, l Population ln~~on ct er Junction 

U a p-n junction is formed between tlegenente ma·teJials. the bands under 
.fo:rward b.las appear as shown i.o Rg.8.-18. IT the bias (and thus.the current) 
is large enougb, elec~rons and holes are injec,ted lnlo and across the tram1i­
tionregion in considerable concen1rations. As a result, the region about the 
jµnction is far Crom being depleted of carr1er.s. This region con1atru1 a large 
conoent.ration of electrons witbfa the conduction band and a large c.oncen­
Lration ofjioles within 1he· \/al0llce band. lf these .population densities are 
hi.gh enough. a condition ot population inveraion resui\s, audthe region about 
the junction over whkih It occurs is called an u1ve.rsio1i regi()tt.7 

Pop1)]alioJJ .inversion at a junction is 00s1 d¢scribed by th~ use of the oon­
cepr of quasi-Fer11ti li!V11ls (Section 4.3.3). $inte the fonvard-biased condition of 
Rig.S- 1,8 is a distinctly nonequilibrium srate-, thfl equilibrium equations defining 
the Fenni level arc not applicable. [n ,parti.cular, the concentrnnon of electrons 
ju l11e inversion region (and for several dirfusion lengths into the p mmeri~I) 
is larger than equilibrium statistics would imply; tl1e same is also true for the 
injected holes in the.n material. We can use Eqs. ( 4-15) to describe the carri­
er cQn<.-<:ntratiQns in renn~ o( the quasi-Fermi levels fc)rdectrons and holes in 
steady state. Thus 

11. = N. e<t.., - F,.)llf = n e l f',- E,l/1.T 
C I 

p = N.,e-i f ,-E.)/1,,T = ll[f!\E,-F', )i'k1' 

(1'- 12;1) 

18- l:Zb) 

~R. I'{. Holl~, al,. Pliy,kol ~""uiw 18001> ~. PP· J6&!N68 iNo..,!!lbe< 1. t 96'2): M I. Na1hoo etal., Ap, 
plied f/iy,,,Jcs Leffi//s 1, pp. (i2-ool (NovM1bor I, 19621; T, M, Qui,) et ol., Applied, Plrysicslon•,., I , 
pp. '1 t-92l0•=""' \ , \962J . 
'N. Ka!o<iytd. Jr., and S. f, Bevnc<11l0, Appliad J>/,y,io, 1111101'1 I, pp 82~J l(lfl<!omber 1, 196c21. 
'!111>;. a drffwcent meanTog of the I"'"' from i!ioJ' u;ed ro ref.,..,.-.:e to MOS 1mnsl,1o1> 
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Ev-- - -'---,sc,• 
EFp· .-!%;~------ £ . 

Usi1,1g Eqs. (8-12a) and (8-12b). we can d(aW F. and Fpon a.oy band di­
agram for which we know the·electron and hole cllstnbutions. For example.. 
in F.lg. 8- 1:8,F,, in the neutral a Tegion is ~ssentially tlie same as rhe equilib­
rium Fermi level Er,~ This is true ro th<:" extent that the electron conoentrn· 
ti.on o.n then side is eqwil to its equilibriu.m value. Howevei:-, sl11ce large 
numbers of electrons are injected across the juu.c.tion, the. electron concen­
tration begins at ~ high va,lue near the juntliOJl and decays eA-poaentially to 
its equilibriu.01 value ,i" deep in thep material. Therefore. F. drops from EFn 

as shown in Fig_ $-18. We-notice ch.at, deep in the neutral regions, tb.e quasi• 
Fermi levels are essentially,equal. The separation of P. and FP at any point 
is a me.asure of the departure from equilibrlU)]l at that point. Obviouttly, tl1is 
departure ls censiderable in ihe inversion region, siJ1ce P,, and FP are sepa­
rated by an energy greater than Lhe t.Jand gap (Flg. 8.-19). 

Unlike the case of lhe lW(1-Jevel system discmssed in Se'ction 8.3, the 
condition for population Inversion in semkondaclors must take into account 
the distribution of energies·available for transitions between the band& The 
basic. definition of population inversion holds--for .dom.i\].llDce of stimulat­
ed ·emission bei;ween ~wo energy levels separated by energy m,, the elce::tron 
population of lhe upper level mus1 be greater than that oflhe lower level.111e 
un~ual aspect of a seuili:onductor is that bands of levels are available for 
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Figure 8-18 
Band diagram of 
o p-n iunction 
las~r uhdar for­
ward bias: The 
cio51,ha1ched re­
glori indica tes the 
inversion region 
of the junction. 

figur.e 8-19 
Exf1onded view 
of the inversion 
regkll'I. 
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Figure 8- 20 
Vor[ofion of the in­

Ve(sion-re9ion 
widltl with for. 

word b'ios: 
Via)< V{b). 

so.ch trnns]tions. Population_ !.riversion obviously exists for transi_tiollS be1ween 
the botto1;n of the conduction bandE0 and the top otthe vruence band E. in 
Fig. 8~ 19-. In fat1L, iransitions between levels in the conduction band up to F n 

and levels i.n the valence band down to F" lake place under conditions of 
population inVrnion. For any given p:ansltion imergy frv in a semiconduc­
tor, populatlon inversion exists when 

For b~nd-to-band transitions, the minimum requiremen1 for popula­
tion inversion occurs for-photons with hv = E;, - E,, = E

8 

(S- J.3b) 

When F,, and Fp He withill their respective 'bands (as in Fig, 8-19), stimulat­
ed e.mission ca.11 dominate over a range of transitions, from /iv= (F. - Fp) to 
hv = E~. As we s haUsee below, the dominant transitions for laser action are 
cteterminecl largely by the N:sonant cavity and the strong recombination ra­
diation occurring near /iv = Eg. 

In ·choosing a.rnate'rial for junction laser fabricatJon, it is necess,ary that 
electron- ho.le recombination Dccur directly, rather than through trapping 
proccsse~ sucil as are dol]linanl in Si or Ge. Gallill'm arserude fs an example of 
such a "direct" semiconductor. Furthermore. we must be able.tt1 dope the,ma. 
teria1 n-type or p-type to fonn a jUriction.If an apprepriate resonant cavity can 
be constructed in ilic junction .region, a .laser resuJts in which population in· 
ve,rsion is accomplished.by tlle bias current applied to the jllllction (Elg. 8-20). 

8.A,2 Emis5ion Spe<;tro for p-n Junclion Lasers 

Under forward bias, an inver-sion layer can be obtained along 1he plane of 
the junction, where a large popula1ion of electrons exists at th.e saine 'loca­
lion as a large hole population. A second look at Fig. 8-19 indicates that 
spontaneous emission of photons can occur due to direct recombination of 
electrons and hOles,releasing energies ranging from approximaceJy P. - PP 

10 Eg, Th!ltis,an electron can -recomoine over a.(1 energy fromF,. to P,,, yield­
ing a photon of energy hv = F,.. - Pp, or an electron can recombine from the 
bottom of th,e oonductioo band to the top of the valence ba:pcf. releasing a 
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p4oton with /11, = E,, - E1. = EK. 1These;: lwo energies serve as the approll.i­
mate outside limits of the laser spectra. 

17,e photon wavelengtlis wbic)l participate in stimulated, emission are 
determined b~the length of the resonant caviLy as in Eq, (8:-10). Figure 8-21 
illustrates a lypical plot of eoiission.inteI1SJlyvs. pholon energ.y (or a semicoa­
ductor laser.At low cucretll levels (Fig. 8-2la), a spontaneous emission spec­
trum cC>ntaining energies in the r:mgeER < l~• <; (F. - F,,) i$ ol:>tainecl As the 
current i!I incre,ised to the point rha t significant population inversion exists. 
stirnulare.d emission occw;s 1Lt rrequem::ies corresponding to the c;avity modes 
a~s.hown in Fig.H--2Ib. These modes correspond to successjve numbers of in­
tegral'half:►wavelength~ fitted within the c.1vity, as described 6y-Eq (R► IO). Fi­
nally, at a still higher current level.1i.rnost -pre ierred mode or set of modes will 
dominate the spetual ourpu\ (Fig. 8,-21 c). This very in1ense mode represenb 
the main laser output of the device;the om11urlightwill be composed of ahnos1 
monochrom11 I ic rndiatlon superin,,ppsed on a relative! y weak rat.Ii~ t ion back­
ground,.due primnrily to S))Onlaneous emission. 

Th~ separation of the modes in Fig. 8- 2lbis complicaled by the fnct tbiil 
the index of.refraction n for GaAs depends on wavelength ~ Frou1 Eq. tS-10) 
we have 

2Ln 
m =--

~ 

Ifm (the t1lll11be:r of half-waveJ'engLhs in L) is large, we can use rhe deriv;i­
tive 10 fmd its rate of change wllh 11.o: 

dm 2ln 2L (in 
- = --+ - -- (X-1 5) 
dll.u >-~ XII ri Xu 

Now reverting to discrete chllllges in m and 11.11, we can write 

lfwe let i'.!.m .=. - l. we can calculate the change in wavelength A}.0 ·between 
adjacent modes (i.e .. between modes m and m - 1). 

/111 

(b) (c) 
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F19vre th:ll 
Lighl inlensny v:,_ 

photon energy nv 
for a junction 
laser: (a) incoher­
enl titnfssiQr\ 

bek,w lhreshold; 
(b) loser modes ot 
1hreshold; 
(~) dominant la:,er 
mode above 
1hre'Sh<lld. The in­
tensity scale; ore 
greatly co.m­
prassed Frarn lo) 
to lb) ta ]cj. 
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Jigure 8-22 
Fobri~a!ion al o 
simple junct,ian 

loser: (al degener• 
die n•type somple; 

lb) diflu~ p 
layer; (cl isolation 

of junclions by 
cuffing Of etching; 
(di Individual j tJnc­

tion to be cut or 
cleaved info de­

vices; (el mo\/nied 
laser strUcl\Jre. 

8.4.3 The Basic Semiconductor laser 

To build a p-n.junction laser, we need 10 form a junction ina higN-y doped. 
direc;t semiconductor {GaAs, for example). construct a resonant cavity in 
Lhe proper, g_eometrical r1:1lationsbip to lhe junction, and ma'ke coo tact Lo 
the junction in a moun'ling whlch allows for efficient heat transfer.Thelirst 
lasers were bni!t as shown in Fig, 8-22. Beginning with a degenera(e n-type 
sample, a :p regionjs formed on one side, for example by dif!:uSlllg Zn mto 
the u-type OaAs. Since Zn is in colurnn.JJ o( the periodic table and is in­
troduced substitutionally on Ga ~es;,_itser.ves as an acceptor m GaAs; there­
fore, the h.eavily doped Zn diffused layer forms ap+ region (Fig. 8-22b).At 
th.is poini we have-a large-area J?lanar p-n junction. Nexr, grooves are cut or 
etehed. along the length. of the s~nlple as in Fig. 8-22<:. leaving ;i series of 
long p regions isolated from eacb other, These p0n junctions can be cut or 
brok.en.11pan (Fig, 8-22d.) c!\Pd then cleaved into devices of the desi.('ed l,mgtli. 

Att.b.is point in the fabrication proces.<;, the very important requirements 
of a resonant cavity lllllSt be cansidef1<d.. Jt is necessary tlrat thefroot and bac-k 
faces (Fig, 8-22e) be flat and parallel This can be accomplished by cleaving. 
Il the.sample has been oriented so thatlhe long j~trons ofFig. S<ad are per­
pendicular 1.0 a crystal plane of the material, 1t is possible to cleave the sam­
ple along this p.lane in LO laser deyice.s,letting the crystal structure l15elf provide 
the parallel faces. The device is then mounted on a -suitable header. and con­
tact is made to the p region. Various techniques ai=e used toprovilfe adequate 
heat sinking of the device for large fbrward currem levels. 

8.A .. 4 Helerojunction losers 

The de"ice describe.cl above was th.e fin.t type us.cd in the earl~ develop­
melll of seh1icon.d:uctor lasers. ~1nce ~);le device contains only one juootion 
in a smgle type or' material, it iueferred to as a homoj1mction las~. To ob" 
tain more cillicient Jasen;, and pa:rticularlyto buildlasers that operate at room 
temperamre,.it is necessary. to use multiple L~yers in the laser structure.SUcli 
~vices, called h«terojuru;tion laseri,; can be made to operate cont,nuously at 
room temperature to satisfy lhe u:quicements of optical comm.unications, 

(a) c:c: ~ (b) 

p B 

Header 
(c) (d) (e) 
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An example of a: heterojunctioo laser j i; Shown i □ Fig. 8-23. In Lhis structtrre 
lhe injecred carriers are conffoed to a narrow region so that population 
inversion cail be built up at lower currcni levels. The result is a lpwerlng of 
the chresho/d currem at which laser action begins. Carrier confinement is ob­
tained in this single-heterojUnction laset by the layer of AIGaAs gro.wn epi­
taxially on the GaAs. 

In GaAs U1e lase;,Facti<:>r\•occurs primHtily on the p side of the junction 
due co a higher efficiency for elec1ron injection than for hole injection. In a 
noro:1al p-n junction the injected 'electrons dlffuse into the p material sucl;l that 
popctlation inversion occurs for only part of the elcctron·distribution near the 
junclion. However, if the p materi,al is narrow and termloated in a battier, the 
injected electrons can be.comflned near I.be junction.la .Fig. 8-22a,ai1 epitaxial 
layer or p-iYpe AlGaAs (Eg ""'2 eV'.) ls grown <in top of the thiil p-type GaAs 
region. The wider band ga.p of AIGaAs effectively termiriates the p-type 
GaA.s layer, since injected eleGrrons do not sll.rmoont the banier at the 
GaAs-AlGa:As heterojunction (Fig. 8-23b). As a result of the confinement 
of Injected electrons, laser action begins at asul;istantia!ly lower currerit than 
for simple p-n junctions. In addition to the effects of carrier confinement, 
Lhe change oE re[ractive'inde:,; at the heterojunetion provides a waveguide ef­
fect for optical confinement of the photons; 

A further improvement can be obtained by sandwichin.g the active GaAs 
layer between two AlGaAs layetS (Fig. 8-24). Jbis do1tbfe-hererojimcrio11 struc­
ture furth..er conf~es inj¢cted carriers to the actiyc region, and ~ ch.ange in 
refraetive tndexaL tile GaAs-AJGaAs boundaries helps to confine the gener­
ated light waves.In the double-heteroju11c1ion laser shown in Fig. 8-24b the in­
jected current is n::scricted to a narrow stripe along the lasing direction, to 
reduce lhe rota! cuT.I:ent.required to drive- the devic,e. lbis type of.laser wa!; a 
major,srep'forward in the devel0pment of lasers for fiber,optic communications. 

< lµm. 

pA!O:i.AJ.Ejj_ 
pGaAs f 
n0aAs 

substrate 

(a) 

~1-- £1: 

I 
-1.41:;z;,.,v~'T'rl !.,....l 

t 

(I>) 

z.,v 

t 
2eV 

' 
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FigumS-23 
Use of·o sing I~ 
heterojunclion for 
carrier .cbnfine­
rnent in loser 
dlodes: 
lo) AIGoAs het­
erojunctlon grown 
on the thin p-lype 
GoAs layer; lb) 
band diogroms 
for llie-structore of 
lo!, showing lhe 
confinement of 
electrons to the 
lhih p region 
under bias. 
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Figure 8-24 
A double­

helerot unclion 
loser-strudure; 

la) mtiltlple layers 
used ·10 conRne ln­

!ected cqrriers 
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1he lighl-; (b) o 

sltipe 9eome!ry 
de519ned lo re­
~trkt lhe current 
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lion. One of many 
methods ,:Pr ol:r 
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g.eametry, th,s ex 
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shaded regions in 
(.b). wnkli COr\­
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Separate Confinement 1md Graded lr1de:r. Chllil.ne/.1~ One ofthe disat.lvan~ 
tages ohhe doi.11.)le-heterosln.tcturelaser shown in Fig,S-24 is the faonhat the 
carrier co11fineruem and tbe opLioal waveguiding- both depend on the same 
heterojunctions. Lt is much belier to optimfi;e these two functions by usmg R 
narr0w confin.e01en1 region !or keeping the carriers in a regLOn of bigb re­
combination, and ~ somewhat wide.r optical waveguide regien. ln 'flg. 8-25a 
we show a separate co11fl11eme11i laser in which t he width of the optical wave• 
guldtng;rcglon (w,) Is oplimized by using the refractive-index step at a separate 
ttetcro,iunction from that used to confine the can:iers.. For examp1e. ia the 
GaAs- A},.Gah,,As ~ystem the optical conHncment (waveguiding) ocours at 
a boundary with much .larger composition x {-and therefore ~mall.er refra1ctwe 
.in.dex) tl1a11 is 11ie case for the bW,wr confinemen( barrier. By grading lhe 
composition o( the AIGaA.s i.t is-possible to. obtain even bertcrwavcguiding, 
fur example, in Eig, 8-25b a parabolic grading of LherefractiVeindexkarlHo 
a waveguide with.in the laser analogous to that shown in Fig, 8-12 for a fiber. 
This graded i.ut.lex-~.;parm11J;Pnfi11e111em.1J.e1erostrtit:wre (GRINSCHJ la1;er aL~o 
provide.~ built-in .fret.els rQr bellilr el.ictron.c:0t1fi11eme.nt. 

Vertical CnviryS11rfa.ce-E111itt fng L(lsers (VCSEl.!>1. There are advantages 
to laser mucrures in \vhic:h light is emmed normal to lhe i,,.-urfaGe, including 
11:ase of device test ing on rl,e wafer befpre packaging.An interesting approach 
is the VCSEL, in which the ca.viiy mirrors Me r-eplaced by DBRs, which. use 
IJ)!lny partial reflector~ spaced ro reflect Jjght constructively. DBRs can be 
grown by MBE or O MVPE. In Fig.. 8-26 the bottom DBR mirror of a VCSEL 
is c,ompos?d of mapy alternating layers or AJA s and G11A :;- wi1b tb.icl<ness 
one-c1uarter of a waveJengtb in e.ach material. The top mirro.r is composed of 
depositl!d dielecirk layers (alteniaru:ig ZnSe and MgF). Ounentis wnadeu 
into the active region from the-top cont-act by using an oxide la,yer acbiev.ect 
by laterally oxidizing fill AIOaAs layer lo fonn an alU.Jllinum o;;;ide, 'Die active 
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(n) 

Figure 8-25 

(b) 

Cnrr!or 
c(n1fmemenl 

Clpllr,11 
\,·•lt\1.ll,Ulcli 11~ 
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Seporole conflnemeh.t of carriers ohd woveguiding: (al us·e of separate changes in AIGoAs alloy compo­
sition lo confine corriilrs iri the regi•qn (dj of Ifie smallest bond gap and lo qbtain 'i'(a)leguiding (w). at the 
larger step in the refrocliye index; (b) grading the alloy cqmposltlpn, and therefore the refractive index, 
for beHer wovegviding and carrier confinement. 

region of the laser employs litGaA-s-GaAs quantum well8,aml the GaAs cav­
ity betweeo the l\110 DB Rs is one \Vavelength long.TI1e·V<;:8EL can be111ade 
with much short.er c~1v,ily lcogth than o.ther structures. and as a result o( Eq. 
(8-16) the laserm ddes a.re widely separated in wavelength. TI1us single-mode 
laser operation is .more easily achieved with the VCSEL Lasing can be 
achieved at ve.ry low current ( < 50 µ.A) wiLh Ll1is dc\iice. 

},,Jeial : I ~ MgF/ZnS~ 
corltac1 ~ --------~--~✓ D.8Rs 

_il_~ ~ -=-____.·-.....---.: I p+ -OaAf--...... - . 
...--~-- . _,.,, >Je p- On,\ ,._ 

E1cb stop -=======i __________ t::=====-
·c __._. Q.x•,k k(2- ~///////,1 'rli/.L/2//////// • 

__ ..,.___ow 

• 7 A. IAs/GaAs 
'---- - - - -----"•---------- r D0Rs 
-------- - - ---------V l I A$ ~U11!it1'a-1e 

Fig11re 8-26 
Sthemottc cross sedion of ox!de<onfiried vertical cavity surfdce-:emlltrng loser dk>de. [D G. Deppe et 
al., IEEEJ. Se/ecfed Topics in Quonlvm Elec., ?(31Uune1997): 893- 90:4,] . 
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8.4.5 MCl!eriols for Semiconductor l.asefs 

We have discussed the properties of the runctiot1 laser largely in terms of 
GaAs ancJ AlGaAs, However, <1S discussed tu Seerion 8.2.2. llie InGaAsP/InP 
system is ·partieuJady well suited for the type of lasers used in fiber-opttc 
communication syslcmis .. Lattice-matching (Section 1.4.1) is i.mp6rtant1n ~ ­
nt.ing heteroslructures by epitaxial growth.. The f.acL thal theAIOaAsband gap 
can be vari~.d by choice of ~.omposition on the-column I fl subl~ttice allows 
the fonnation of barriers and confin.iug layers such as those shown in Settion 
8.4.4.1ne qn;iter~ryalloy lnGaAsP is p~rtlp1,1larly versat ile in the f-l!bricc1-
tion of ln~er diodei;, allowing considerable choice of wavelength and ilexi­
bility in lattice-matching . .By choice of composition. lasers can be .i:nade in 
the infrared range 1.3-1.55 µ.mrequited for fiber optics. Sini.e foun:ompo­
nents can be vaned in c-119o~ing crn alloy cqmpositioi:J, lnGaA&P allows si­
multanem11, choice of energy- gap (and therefore emission wavelength) and 
laUice constant (for lallice-matcl)ed growth on convenient substrates). rn 
tnany applicatienS, however:. o.thet wa vclength rungt:s ate req uire-4 for laser 
oulpol. For example, the use of lasers in pollution diagno~cs n~quin:s wave­
lengths farlb.etlo. tb:e infrared than are available from lnGaAs:P snd AJGaAs. 
In this .application the t,ernary alloy PtiSnTe p,ro-vides laser outpur wav.e­
lengths from about 7 µ.m to more than 30 11.m al low ternpertHures, depend­
ing on the mnteriAI composition .. For intermediate wavelengUts,.thelnGaSb 
system can. be used. 
• Materials chosen for tbe fabrication of semico.nductor lasersillllst be e.f­
fioten l ligbt emitten arid also be am.enable to the fQimation of p,,n junctions 
and.inm0S't cases the ioTIJU1tion ofheterojunction.barrien These requirements 
eliminate some materials from [iP¼clical use in laser diodes. For example. 
semioonduc:tor.s with indirec.1 band gaps are not sufficlentJy efficient light 
e'mi'tters for practical laser fabrication. The II- vr compounds, on tire other 
hand. are generally very efficient al emitting !ighl butjunc1iom1 are dil'ficuJt 
to foi:m. By modem crystal gto\'{th techniques such as MBE and MOVPE i t 
ls possible to grnw junctions in .ZnS,ZnSe.ZnTe. aod alloys. of tbese mateii­
als, 'Using N as the accei)tor. Lasers can be made in these n~arerials whlch 
emit in the green and bJne,.green regions of the spectrum, 

1n recent years .mu9h progti_!ss bru; been made i:q the grc:,wth of large 
band gap semiconductors using GaN, and its alloys with lnN andAIN. The 
lnAlGaN $Y.Stem has di,ec1 band gaps over the entire all¢y composition r.ange, 
and hence offers very efficien t light emission. Band gaps range from abou1, 
i eV f,or InN, t-o •3.4 e V for GaNand 5 e V fo~ AlN.'lllis Govers t~e wavelength 
raJ'lge from abl)Ut 620 mn. to ,1boul2 48 nm. which :is from blue to OV. The 
reS1.ll.'gence of iQterest i'n I.his field was triggered by the work o.f Nakamura at 
_Nichia Corporation in Japan who clemonstro:ted very high-efficiency blue lighl 
emitting diodes (LEDs) in GaN. 

Two of the pFoblems which hud st y.rn.ied progress 'in this fidd siuc.e pi­
oneering wc:irk by Pankove iu the 197Qs was the abs~nce of a' ~uitable sub­
strate having sufficient lattice match whh GaN, and the inability to achieve 
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p-type doping in 'this semiconduelor. GaN bulk crystals cannot be grown 
easily becf!.use or the t1igh vaporpressure oftbe nitrogen-bearing precursor 
(general ly ammonia). Thi:s:requires growth et big!\ teinperatureand pressure. 
This preclµdes11slng bulk Gal'f wafe.rs as substrates for cwitaxial growth. 
However; epit11Xiallayers can be grown on othersubstrates with reasonable 
si:u:ces~ in spile of the lattice mi~match, 

GaN exists 111 the cubic zinc blende.form (whkh is the preferred struc­
ture) as well as ,the ·nexagc:mal wurttlte fori:n. It was demonstrated recently 
U1al cubic GaN ,;euld be grown hettrut:pitaxially un s:apphir;; 1:ven though 
ltis not latticc-mamhed tn GaN,li;i ·(ac1,sa11phire docs nor even have a cubic 
cry~llll structure-it is hexagonal. The- lattice constant of GaN is about 4.5 A, 
while tli.at of sapphire is 4.8 A, whir.b is a huge lattice misl;tlatch, Contrary 
to what would n.ormalty be expected, however. blgh-guLdity epit.axial GaN 
films c@ be-gTOWn on sapphire by MOCVD u,sing1.1rntnowa and in-methyl 
gsUiUJ1i.'as the. precU.rsors. One possible reason fur rhe high 9.uali.cy or the 
films. !IS evidenced by blue LEDs and shortwavelengtb las~ fabncated in 
these- nitrides, is Lhat tqe.se large~bimd-ga_p semiconductors have very high 
chemical bond strengths. This-apparently precludes the ea~y _pro_pagatipn of 
dislocation deCects from the hoter.ointerfacc to the ar.tive:par.t of the devices, 
wbere they would fonn traps_;trrdkW optical ei;l'icitnc;y. Yel 8llotherlauice-niis­
matched sUhstrate that ha$ been successfuJly used. for these nitride semicon­
dm.1ors i~S1C. 

Tl)e setond bteakthrougb -reqwred iri the nitrides was the abili~y to 
achieve high p-type do_ping s.o that p-n junctions could be fomied. lt has beet1 
demonstrated lb-at Mg (which is a column II element) dQ¢,ng ofMOCVD 
films. followed by high temperature annealing can be used to· achieve high ac­
ceptorco111::e1l1+a tions in these systems. 

Why ls -the;.e so mucb cnreresl in short wavelength. emitters such as blue 
L;EDs and s~micond~tor lasers? .f\s. dfsCl.16Sed in Sectlon 8.2-.l, hig.h­
e.Eociency red, green, and yellow-green .LEDs have existed fo:r: a long lime-in the 
Ga.AsPsystrun, using concep~ suc]l M 'N isuelectronic goplng. It has been _a 

major goal of the optoelectronics community to achleve nigh-efficiency blue 
emitters-because, 11loag with red andgre~n, bluecompletes, the list of tb.ree pri­
mary-additive colors. In lact. blue LBDs made in. GaN have been combined 
with the other color LEDs io form very Intense wbite lighi so.urees Wilh lumi­
.oous efficiencies. exceeding those of .conventional lightbulbs.Arrays o.f rt'd, 
green. and b)lie emitters can be used In outdoor displa.ys and TV i;cr,eeru;. Red. 
yeJJow.and green LEDs are can.dida.lcs for traffic.ligl1ts because m.e.yhave much 
a1,gher reµabiijty and lil'etinie,than convent.ionaJ liglrtbu.lbs,.and save energy. 

Sborl wavelength emi.uers snch-as C.JV/bluesemiconduotor lasers n:r-e 
jmpnrtap:t for storage applications such as digital vei,satile discs (DVDs), 
which are higher density versions of.compact discs (CDs). The storage. den­
sity on these discs i~ inversely proportional to .the square of the laser \\'.ivc­
leng1h that. 1s used to read .the information. Thus reducing the laser 
wavelength by a factor o.f fwo lead~ lo a four-fold increl)Se of storage density. 

431 
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SUMMARY 

Such Increased storage capacity opens up entirely newappliGations for DVDs 
thnl were n<>t po~!'.ihle pre,;,ious!y with..crrnventlonal CDs, for el!:Bm£l!!. Lhe 
swrnge of full-length movies. A recent example ofsu¢ccss in this rapidly pro­
gre.ssing fie.Id is a 417-mn semic;onductor laser made with lnG-.iN multi-quan­
Llun-v.,rellhetero:muctures, 

8,J The emissi,m m-ul 11bsorptlon o/ ligltr bysemii:ond1<CIOrs·gi11esrise to usel'nJ op­
roelt:ctrcmic devices. Emission lyplrally occurs io direc1 band g'ap ma1erinls. fn­
direct semicunduo1 ors a·(e le,ss opticalJy efl;icient beaa,use, they require lh,e 
invoJvement 6fboth pho1ons (\llhich c,my energy, but liute mnmentU!il) and 
p_honoru; (which carry momfillt\,\m, but little energy). 

8.2 ln ~ome optoelectronic dcviCC$- ele~1r1m-hofe pairs (EHPs) are-generaletl by 
Uie absorpiion of light. These carrier& can be collected as e lectrical energy m 
solar celJs or pbot0derc:c1ors. Gunerall!d EHPs add 10 the l~ennnTlj' genl!ri:\1-
etl -reverse curre:nl in diodes (F...q. B-2). from which one can obtain the <>pc,n­
circull voltage or shMl•circ:uil t:IJI renl in solar crell~, a por~1nli~I na1eivallle 
source of energy. 

8-1 In photodetectors, there is 11 trade-off b<lrwe.:in spettl (wbich require~ 11 short 
4bs,arplio11Tegion for a ~hor1 1ranslUime.) aruisenslt/vily (wl11cb require~ long 
absorptiM regfons). a..:ver S'lC'Uctures to get beth irtcludc. 1~rtveg11ide photode­
tectors. One can achieve i;airr by usingA'!)Ds.. m which impact ionl7.ation can in­
crease the number or E HJ•s generated for ~. certain oumbct of absorbed 
ph~ton~, HoweV-et, this can be at the e.xpcnse of incre:1scd hnpact !oni?,\\tion 
,wise in phorod1o<les. 

8.4 Pholodlodes,in conjllrlctiun wirh ligill emitters.a.re. u.sed with optical fibers [Qt 

fiber-optic communication, which is the b11ckbone.of the [p;ternel (\lld~vorld­
Wide commun1ca1ion today, Optical fibe r, arc wa<veguldes thnl work on tlie 
basis of Lhe 101;il jntlmlaj re.flectiQll o( light from u low•refnt1:tive-h1dex outer 
layer to a high-refracti\l!!--indeJt mediu.m (gluss). 

8 . .5 Semicoruiuc1ors Clln lle 'us<:-0 not onl)' 10 detecr phot'ons. bul also to c1)ti1 pho­
tt)JlS by the recombln~1fon· oJ BH.Ps irt dirac1 band gap semiconduct<>r~ Ll.gl,1 
e.mitteit ciln be noncohetent. such as LEDs, or,cohercnt. such as la,-en;, The 
color oflight depends o.n the semico11ductoT. beirause tllepholon frequenoy ·is 
praportloo,a1 to the band &<IP (Plailck refationsh:ip}. 

8.1, Laser~,arcmore dJfficult,to make than LEDs, be;;i,--uBe 1hey req uire not j\ist 
EHPs, but populoiion ill version (i.e .. , more car.riers in the: higher c.nergy IC'v• 
~Is Lb.an in tlle lower ones), This enables ~1mwl111etJ emission or pltn.r1'-110ht!rem 
radiation (governed by the Einstein 8 coefficiem) to d,ominote over, phase­
in,nlwrl!nt spa111nr,em,s ratliritio~ (d'etem1ined by the Eimnein A coefflclen1J. 
Lasc.i:s.also require an, optical cavity to a.llow the photon field to hu,Llcl up. 
LJght'can come out from the side. of the cavity. as-in edge-emitting lasers, Cit 

from tile iop S'11rfoce, as in vertical cavity surt\tre-emi1ti11g ,lasen. (VCS-ELs) 
Doub]e-hetcroim·uc'ture Ja<ers li:n: useful because they alkllV borh C1Jrr1i:r ond 
photon ·c,011 firiemerl t. 

Petitioner Runergy USA Inc., Ex. 1030, p. 432



_Opioaledroriic. Devices 433 

8.1 for the p-i-n photodiode of Fig. -8-'i. (a) explain why this detector does-not PROBLEMS 
have &11in: (l'l) eKplain liow niaklag tbe dc~•i.re more sensitive 10 low Jig.bl lev• 
eJs degrades its speed; (c) if this device is co be used to dc1ect hght with >,, = 0.6 
tJ,m. whaL •11J.8terial wol\ld you use Md what substrate wquld you grow it on, 

1:1.2 ~-uine thaL a rectangular bar photoconductor of length /. and cross seution 
i4 bas a volt,ge VappJied m it. We s.b.ine light on i1 to gel)C'J'ateg0 ~ electron-Jiole 
pairs uQtl'ormly. Tf the mobility µ.,. and life time ~. of the electtf)ns a,e much 
higher Lhun lhose for the boles, deriv!l an express,on for t,be chn.ngt vr con­
ductance upoh shining light. Derive an expression for the transntlme T of I.he 

• ' photogenerated carrit:1·s across ihe p1totoconductor, a.~su1niog (a) low voltll.ge 
and then (b) high voltage. The saturation velocity in this semiconductor is"...-

l!.3 Fqr a Si photocond_ucl9r oflengcb 5 µm. doped n-type iii 10!.S cm- 3,mkulate the 
change in c-urren1 density when we shine li&ht on the photoco1ttluctor 1.UJ.d.er 
I he followlJ1g ciroom.'l!ances; We create 1,02r, el.ectron-hole paiwcm~.s and car• 
ricr~recombination lifetlmes . .- = 0..1 µ s. The applied voltage-is 2SV across 
the pbot.9eonc!Octor's length. Row about if--we increosc tbe vo(lllgc 10 2500 V'l 
11,e elec1..ron a nd hole mob1.l.i1les are 1500 om2N-s aod 500 cm2tv-s. respe<:­
tive.ly, in the obmic region for elect.fie fields below 10~ V/cm. for higber fields, 
electrons aod1,oles have a satura.tion·veloaty of .1 07 cm}s. 

8.4 A Si sola,ccll wl th a dark saturation current T,b of 5 nA is illuminated such 
that the short-ci.rcu.il current is 200 cnA. Plot t.he 1-V cucve for the cell as iri 
1-"iJ,\, 8-6. (Remember lbat/ is nc;gat.ive_ but is p'lotted posiiive as q 

8,5 Show sche111atically and discub'S how severnl se.micom:luctor·ma1cr,ials might 
be used together t.O obtain a more efficient sol.a·( cell. 

8.6 A major problem 1vitltsolar-0ells is.internal resisrance,generally in the rhinrc,. 
gion at i.be su.r,rRce.. wh.icb 1)1nst be only partially contaoted, as in Fig, 8-5. As­
sume thnt thi!. cell of Prob. &.4 has a 6eries resistance of l !i. so that the oell 
voltage is.reduced by lheJ.R drop . .ReJ?lot ~ el- V curve for this ca~e and com­
pare with ihe cell of Prob. 8.4. 

8. 7 (a) Why must a solar cell be operati!.d io the fourrh quadrant of t he junction 
J-V characterlslic'I 

•tb) WliaL is the advantage of a quaternary nlloy in rabrkating LED~ for fiber 
optics? 

(c) Why is a revetse-biased GaAs· p·n junction. not a-good photodetector Cot 
lignt (.)0,. :-1 fl,ID? 

11..11 ASi soJareell 2c-mx2 cln with l,~=32 nA liason optitnl geileratin n.rate of 101
~ 

fHP/cm3 -s within /..p"' L,.='2 fJffi of the jo.netion.lf the depletion width is I Jun. 
calcull\la the short-circuit current and th.e.open-cirllliil vollllge for this ceU. 

8.9 ThemaKi11111m pow.er delivered-by a.~ollffoi:11 can.be found hymaximizing the: 
r-V product. 

('a) Show lhai maximizing Lhc power leads to the-expressloa 

,, V '•T T,,, (l + - 11. ) eq ..,,. = 1 + -
kT mp 7\h 
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where V,rip is th<rvoltJ!.gc (o.r m'aximnm pewer,J,e Is the magnitude o( the 
-short:circuil current. and J;h is lhc thennnlly induced reve..se sa turation 
curre11t. 

(b) Write thi~ equation in the fonn ln x: C - x for the case r.,_ ► J,b , a nd 
V.0,p ► k11q. 

(c) Assume a Siliolarcell with 11 darl<.sa1u ratiO)l Cl:lri!:Ot T,b of 1.;i nA is illu­
minated such that the• sho.rt-circuit current isl., = 100 mA. 1Jse a grapht• 
ca.I solution to oh1afo the voltage Vn\P at IT)AX!mum de lh•ered power. 

(d) What i, the.lllllXimuw power oucputol the. cell at 1114.ill'umination? 

8.10 Fora solanie!l, Eq. (8~ 2) can be rewriuen 

GNc.n the cell parameters of Pmb. 8.!I, plor the 1-V curve J.IS in Fig. 8-6 and 
dr11w tlle .cnaxir.num power rectangle. Remember tha t / 1s n negative number 
but is plotted-positive as 1, :in the figurc. l ,b and(,. ;irepol<itivemtigiutndes in 
the equation . 

8,11 Solar cells ate severely degraded by \J:nWanted series resis:tancc.. F.or tl)e cell 
ilescrlbed in l'mb. 8.6, include a:.serfosresistaucc.: k. which reduces the tell-volt· 
age by ll)e ·11nio1mt IR. Calculate und plot the fill J'ncto;: for a series· resistance 
R from 0. to 5 ,!,!. ~nd commeo t on the [lffecl ot' R on cell tlfkiency. 

8.12 If U1e band gap of a i;e01iconductor is 1.!l eV, what are the frn.q.uency and mo• 
mentuni of the photon tl}nt is cmincd? 

8.13 lf-onema)<es anIBDin, a semiconductor with a l:ia:nd gn:p,of2.5 eV, what wave­
length of hght will ii e,mit? Can you use it to etficlencty deteoc photons of wove· 
length L900 nm? 100 llllJ.'/ 

8.14 The dege11ctat~ t,ccup.atic;>n of 1, and~ st,ov.:i, in• Fig, 8-19 b~lps maintain the-' 
lasl.'J'r.equitement lhal emission must overcome absorption. Explain how the 
degeneracy prev,ents b~nr.1-to-ban·d abst1rpl.ion al tbe emi&~i.on wavc(ength. 

8, 1:- As$ume th;i.L lhe system dMorlbed by f,:i:J , (l\-,7) ·ls in (har~ l'.qui libriurn al an 
extremely high te{llperatµre such that the energy density p(l'i;z) is essentially in­
Jinite. Sho-.v I hat 8 I ! = l121• 

8.1<, The system describ.cd by Eq. (8-7) inle(acts with n b.lackbody radiation field 
whose energy density per un it frequency at v11 is 

( ) - 8,rhv.i2[ h».,Jk.r 11- 1 
PVi1. - c:3 e -

frOJll Phinck 's radial.ion (t,w. Given th<i result of Prob. 8-.15, fiJJd lhe valu.e of 
the _ratio A ;.i/ B 12• 

8.17 As.swning equru electron and hole cooc~n1mtion~ an,d biind-to•band tr~ilitinns,, 
.:-alculate the miniJUwn aarricrconcentration n ~ p for populalion inversion in 
GaAs at 300 I<. Th-c lnLrinsic CIHrrier concentration rn GaAs is aboutT06 cm- 3• 
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8.18 FQr.steady state optfoa1 excitation, we.can ¥1rite tbelmle-diffu.sion equatiOT.l-;1s 

d28p fip 
Dp dx.1 =:;;: - Cap-

Assum.e that a long p'-n diode is unifonn ly illuminated by an optical sig-
11al. tesultingi n g0P E.l-IP/cm3-s. Show tb'a'tthe-e·i«:e.~s hole distribution in the 
nregion is 
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Question 1 

Consider th.c following band diaJ,,>ram of a simple light-emittins diode. Assume es­
sentially all recombination il; direct and results in light eniissi90- 111e rorw-i\fd•bla~ cur­
rent-consists of holes.i9jected. from ·a oontaot on·the le-rt and electrons injected fr.om 
a 9011tact on the ri,gb L. • 

SELF QUIZ 
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T 
0,7 eV 0.40.eV 1 ~-==i!---____L_-1-------l-==:::s:;;:::JL.-..l.------l--L 

holeq,u,.<i 
l'crmi level fp 

(11:) ln whlch region would you expect the optica l recombination rate to be 1he 

greatest? Circle OQ.:e. 

Region(s) A / .Regiou(s) B / Region C 

(b) Whal is the .. appro.xiniate energy oftheemittecl photons in eV? 

(c) Far a.steady st.ale cum:nt f = 10 mA, .assuming all photons escape .. woat is the 
optkol ourpul power co11sistent with your answer to part (b)7 _ _ _ _ w 
(lii11t) Watrs·= Amp~ • eVtq ~ Amps ·Volts 

(d} (f the vnllag_e dtop across the depletion region is 0:4 V, \ljhm.-i~ I.ht sep~tit>.n 
of lhe quasi-Fermi levels ill Region C ? 'Flow can 111.is be·Jess than lhe total for­
ward bias o_( 1.4 V? 

(e) What is the electrical power consumed? _____ __ w 

(f) In tctm's -of ibe ratio of opticill p·ower out (o) 10 elcclrical power in.(e), how 
effj_cfent is this l1gi1t-emiUing diod;:.? _ ___ % 

q ·ucstfon 2 

A solar ceJI has a shqrt,cjrcult current.of 5.0 JllA-aod an open-circuit voltage of Q.7 V 
under fuU illnmination. What 1s the maximum power deliveFCd by lhis cell if the till 
flll:IOr i~ 0,8? 

If one.makes i;n LBD-to a sc,micondnctor with a direct band gap t)l'2.5 ev, what wave, 
lengrldlglrrwill it emit? Canyou_use.it to detect photons of w.l!-veleogt.h 0.9 fJ.'m'!OJ ).Im? 

Qu.estion 4 

What i.s most nuractJve about solar cells as n global energy·source? Why. haven't 1bey 
been adopted more wi4cly so fac'/ 
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Chapter 9 

Integrated Circuits 

OBJECTl~S 

i. Under~tond IC·scdlitig i~ues 
2. pes,cribe CMOS prqcess inf~rQtion 
3. Understand the ~~ics df logic 9ote~ dnd CCDs 
4. ~!udy the OJ;>!!(otlQl'l qfqiffereilt memorr cells-.SR/\Ms; QIW¾, Rosh 
5. Under-Stand IC paakogiria 

Just as the- transistor revolutionized electronic.~ by offeri11g rnon: Ilexihili ty. 
conve-nlence. am! refo1bility than th e vacuum tub~. th t: intcgrnced circull en­
ahle~ new applica1ions for e]ectrooii;~ tlul1 were not possihlc Witb discre 1e_ 
d1:1viccs. lnte11.J'a1io11 111Inws <:c1rnplcx cu'cUits con~lsting. or many thtiusmtd~ or 
transistors. d iodes. reiLStors. and capachors to n<: included in a chip of ~emi-
1:anductor. This means that ~oph'isricared circui1ry c;an he miniaturi,.ed for 
use in SJ:)ao_e vehicles. in large-~c.al~ eomputcn;. and in o ther 1rppliClltfons wlrnre 
lJ large collection of discrete-.ct~mpcmert1s we1uld he i111pract tc.1I. ln adciiuon 
to offering the ,1dv1111tages uf miniatu ri:,..a lion. Lile sfo,u.ltFinc,ou~ fabrica1io11 
of many JCs Cll1 :i single SJ wafer greatly reduces the cost and increases the­
re liabil ity ol eacli of the fi ni$li1:1d cin::u1u.. Cer1Ui11ly disc:re tec'1mponen1s have 
pl;iycd an important role in lhe development of ldecmmic circui ts: howl:!v­
~r. rnos~ \:il'uuitsare riow fiahricalecl nn lh-e Si chip rutht!r tlrnn With a eollec­
tloo of inclividunl componems. Therefore. lhe rrntlittonnl d1srmctions be-1svcen 
the roles of cll'cuit and sys~ern de~igncr~ do 11 p 1 apply ll'l l G; development. 

ln thls Ghapte r we -~hall discuss va rious iypes o( ICs and the l'abrica­
rion s teps used ln their produ.ct,km. W1.· sl1all iMV.:Sligat~ techniques fo r huild­
i.ng I.orgc nu111hers of 1,-:111 ,i.<wrs. capadlors. iuid resistors on a s ingle chip of 
Si. a~ wen :ls 1he i111erconnccti o11. contilcting, :-rnd packagi11 g, <?fthcse circuit$ 
L;, usable fo,;n. All lhe proccs~ing lccbniqucs discussed httn; ore very basic 
an!l gt.'Ilcrnl . There wo4ltl fl(! no purpcisc in 11 tte rnpli11g. H comprehen'.>ive re­
~i(c;W oi' a ll the sub1letic~ of device fabrk at ion in .a book of this type; In fact. 
the only w.;-ty tl• k eep up wi l'b ~uch 1u1.expa11ding 11e lcl Is to slutly th.: current 
!ltcrncurc. Many good n:vie.w~ arc suggesu:d in the reading Jm at lhe end of 
th j$ c-hi:iptcr: mnrc irnpnrLMn I. c:~1rrenr i<;;,u_es of rho:.<! pc1i-Odica l$ d t,cd Clln be 
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9: 1 
BACKGROUND 

cnnsuJted for up-to-date information regarding: lC technology. Having the 
'background of this chapter. one!"should be able to read the curr,ent literature 
and. thereby keep abreast of the present trends in this very important field 
of elect(onic.s. 

In lhis se,c;tion _we pr¢vlde an overview of tbenatme of.integraLed circwts and 
the motivation for using them, lt is important to realize the:reasons, both 
technical and econ0n1ic, for U;ie drama,tic rise of lCs to Lh.ei r present role in 
eleelronics. We.shall d iscuss·several main types of ICs and point out some or 
~e applicatio_ns of each. More specific fabrication techniques will be pre­

·sented in later sections, 

9.1. l Ai;ivontoge~ of Integration 

H might appei,ir t11at buildiligcomplicatecJ circuits, Involving many intercon­
nected components on a single Si substrate, would be risk.y-both technically 
and economicalJy. ln fact,ho,wever, modem techniques allowi:b.isto be done 
reliably and relatively inexpensiv.ely; in most cases an entire circuil on a Si 
chip can b.e produced much mO{e jhexpensively and with greater reliability 
lhan a similar circuit bull t up from individual components. 'The basic reason 
is tha t many identic_alcirc.uits can 'be built sirmiltaneoll$) y on a single Si w_afer 
(Fig. 9- l');'this _process is called batch fabriCaJion .. Although the11rocessing 
steps for the wafer are complex and -expensive, lhe large number of result­
ing integrated citcuits makes the ullimate,cosl of each fairly low. Further­
more, I.he proce.ssin1piteps ace esseo.Ha:Jly the sqrne for a circuit contaihlng 
million~ of transisto.rs as fo, a simpler circuit. This drives the ro industry to 
build mcrea.sin:gly complex ci{cutrn and systems on ea,ch chip, and use larger 
Si wafers (e.g., &-inch diameter). As a r.esuh, the number of compo.nenrs in 
each circu:it,inc.reases with.out a proportionallncFec)Se.in the ultimatf: cost ot 
lhe-systflJil. The implications o( this pdnciple are tremendous for cirouit de­
signers, it greatly incr~ses tb.e tlexibl.lity of des~gn criteria. Unlil-e circuits 
wilh individual transistors and olhcr componenrs·wired together or placed 
en a circuit board. ICs.alJo\\' i;ilatzy ''e;l(tra" compon~fs to be mciudeo with­
out gr~a tly taismg the cosr of !he final pro_duct. Reliability ls also improved 
sjnce all. devices and int-e.rcmmectipus arc made on a single rigid substrate. 
gre-atly minimizing failures due 10 Lh.e sol.dere.d interco.nnections of discrete 
component circuits. 

The a:dvantages o! res in terms of minlattrrlzation are obvious. Siuce 
many circuit functions can be packed into a small sp2ce, complex electron­
ic equipment can be employe_diu many applications where weight and space 
ure. cd Goal such as in aircraft or space vehicles. 1n ta.rge--scale computers i.t 
is new possible not only to reduce the size of the overall unit out,ats·o ro-faci1"" 
ltate maintenance by allowing for t.he replacement of entire' circuits quickly 
and eii'sily. Applications of ICs are pervasive in ;<;uch consum.er products as 
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watches. calculators, ll. utomohlles, Lelephones, relc-vision, and appliauces. 
Miniaturization aorl the cost reduction provided by TCs mean t,l1at we all 
bave incte.asingly mor,e.sophistleilled electronics a 1 our disposal 

Some of1he most important advan l1;1ge~ of miniaturization p.ertain to 
response- rime and the speed c>( signal tninster bet ween circuit:;. For e1eam­
ple, in high-fn:quency ci r.,rnils it is necessary IQ keep the separation of var­
ious components small to reduce time delay cif signals. Similarly, in very 
higu-speed computers it is impo1•ta.n1 1h0 1 the various logi~ a11d informa• 
tinn storage circuits be placed close tv~ether. Since electrical s.ignal<, are ul­
llmabely li mi1ed by the speetl oJ light (aboul I ff/ns), physic!l l sepanuion of 
lhe circuit$ can b't.' an important limitation. As we shall se.:: in Se'tlion 9.5. 
larg1?,~t 11le integrntinn o{many ci rcuits on a Si chip has led 1.0 major reduc­
tions in computer size, t11ereby tremendnusly increasine, speed and tune­
lion density. In .a<l,Pition l9 decreasing the slgnal mmsfer time, integrmion 
can reduce-parasitic capacitance and inductance between circuilS. Reduc­
tion of lllcse parnsilics can provide significant improvemenL in th.e operat­
ing speed of the ~yslem. 

We 11.av~ dis,c.u'ssed several advantages of reducing the size uf each. uniL 
in rhe batch fabrication proce~ , ~uch ,iS mlniaturll.arion, high-frequency ,u,d 
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Figure 9- 1 
A 300.mrn· 
diameter !about 
12-1nch) wafe< of 
integrated d rcu!ls. 
The circufts ore 
tested on the 
wafer and then 
sow~.d op,orl Into 
,ndividuol chip~ 
for mounting lnto 
packages. (Pno1o• 
graph courtesy of 
Tex.Os ln51ruments.J 
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~•.vitclti;J:igi;pei;d improvemen ts, and co.st re.duction d.uc Lo the la.rgt::.riumb~r 
of circuits fabricated on-a single wafer.Another importam: advantage has to 
clcJ.Witb tlie percen1age o f usable de.vices (ofte.n i;.,aJled tbe yield) wfiicn re­
sults ftom batch fabJ:kation. Fa\1lty devices usuany occur because- of some 
clefecL lo the Si wafer or .in the [l\l)ricalion step:;. Def~ct.s i.11-1 h~ Si cnn occ:m 
be.c.-ause ot1attice imperfections 11nd strains intwdu.ced in the ctystal growth. 
c;Ullmg, and hand1ing of the wafers. Us.ua:IJy such defects are extremely small, 
but lheir preseo.ce,ran rul11 devices built on or a-round th.em. Reducing 1hc 
size of each device gr~tly increas.es the chance for a given devic;e l.o be lree 
of S11cli defects. The same-is true for fabrication de fects, such as the pres­
ep.cc of a dust particle on a photolithog.Taphic mask. For example, a Lauice 
defect or dust panicle ½ p,m rn diameter can ea~ily ruin a clrcuir whicJ1 in­
cludes 1ll'e dar.naged a.re.a. If a fi\(rly large Cll?Ouit is buill at()und the defect 
.it Wlll b.ciaolty; howev.e.r, i'f the device size is reduced so that (our circuits oc~ 
cupy rbe same fl.rea on lhe wafer, chances are good r.hai only Lbe o.oe C()n­

t~ining the defect wil.\ 'be faulty andihe othe.r three will be good.Tuernfore, 
the percentn~e yield of usable cjrcuit.~ increases 0ver a certain range of de­
C.fL!asing chip a;rea. ltu:re is an optinnun 11rea (or each circuit, above which 
defects anc.needlessly included and below which the elerne.nts are spaced too 
plose.ly for reljable f,abric11tion. 

9.1.2 Types of lnteg(<0ted Circuits 

There·atc. several way.s of categorizing ICS'asic their use and thethoo o(fab­
rication. 'Ibe most common categories are linear or di.gital, acco.cding: to ap­
plicatiOI\. and morroll.th£c or hybrid, actordtng to Ca{')rica\1011. 

A linear IC is an IC that perfoTUJs 11mpli!iCH tioa or other cSsen1ii1Uy 
lineal' operations on signals. Exan'tples of lineat circuits are simp1e a-mpli­
,fiers, oper'aticma.l amplifiers; and analog communic;itions circuits.D igital clr­
cilils involve logic and me.h1ory. fornppliealio.ns in computers, calcula:torS, 
micropi;octissors, and the ltk,e, By far (he gr~atest vo)um~ 9f lCs has been in 
the dig.i'lal field, since large numbers t1f such circuit.~ are required. Be~ause 
digital c.ircuil~ generally require only lhe "on-off'' operation of transistor.,, the 
design requirements for integrated digital circuits are often less stringtmr 
than for linear circuits.Although 1111m,1swrs can be rabricated as easily i n an 
lntegrated form as in e discrete form. passive elemems ( resist-Ors and rapac­
itors) .are usUiJHY m.orc difficult to produce to close 1olerances ln lCs. 

[ nteg.rnted drcuits that arc inctu.ded en tire.ly. (m a s.ingle cl1i p of semi• 
conductor (Utiually Si) are called mon:o/ilhic cireui tb (Fig. 9-1). 1lie ward 
manolithi.c Uterally means '~one scone" and implies thaL the entire circuit is 
contained 'in a single. piece of serti iconduc\or. Any n~dltio11s lb th<" ,etni· 
conductor .sample, such as insulating layers and metallization patterns. Bi:e 

iJ1timate1y bonded to the s·ur race of the chip. A hybriil qrcuit in:Cl) toillairi 
o.il.e or more roonolit)li_c circuits or individu,i l tr-ansistort bonded to ao i.a­
s'Ulalln~ submale with resis1or;~, capacitol'!i, or other circull elements, 10-
gl!.lhe.r wi l b appr,opriate in1erconnec1iom~. Monoli.!bic cir~·ui ts h;;ve the 
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advonrnge tl1at-.all or lheir components are contained in usingle ng1d struc­
tun: that can be batch fabricated: that fs, lumdrecls of identical clrcuits tao 
be built simultaneously on a Si_ wafer. On the other hand. hybrid circuits 
offer excellent isolation.belwccn components and allow the use ol' more 
precise resistors and capacitors. Funb.ermore. b.ybrid. circuits are often 11:lSS 
expe11$1Vc to hulld in small ·numbers. 

The lC was inven.rcd in Febnrnry, 1959 by .Tack.Kilby oi1'exa~ Instruments. 
The planar version of thelG: wns developed independently by Robert Noyce 
a1 Fairchild in JUiy t9SIJ. Since then, the evolution of this tecb11alogy has b~en 
e:u.r~mily fa.st paced. One way to gauge the progress .oi the field is to toek 
Il l the complexily of !Cs as a function of time. Figure Y-2 sho,vs the. number 
di' trunsisturS used in MOS mkr,1proc:e.vb'1.1r IC l.ihipi; as a function uftime .. l t 
is ::liruYJ.ing 1.ha1 on this semilog plot, whel'e we h l:lve plotted 1he J()g or. the 
i;iomponent count as a £um:tion of rime. we get a s-ira,ight line oveT tluei;: 
(lccnde,. indicaring that. there has been an expone.nLlal growth in the cM11-
plcxit> of chip$. The eompamrnt couni has roughly doubler.I cv11r.y [$months. 
as was note(.! early on by Gordon Moore of Intel corporation.1l1is regular 
dllubli:ng has become. known a~.M..onre'.daw. 

Tbti hi-~tory of I Cs c;1n l,e descr ibed iii t.e:rms ol' differen\ eras, de­
pending on the componcot couoL Small-scale ,nt-egration (SSJ) refers to the 
Lntcg1111ibn of 1- 10' devices. mot.lium-sc::ale int~grnt.iou (MSl ) IQ Ui..: inte­
gration of 101 - 103 dcviccs. larg~scale i □ tegratioo (LSI) to the integration 
o f 1 o-' - 10~ ctcvidis. vl!ry ilirg_e-scale i:otegration (VLSI) lo I he lnt'egrat-ion of 
10'- Io~ devices, and now ultra laTge scale inlcg.[a.tion ( lJLSl) lo I he mtc­
gr,1tio11.of Hf- l(')V devices. Of course. tbe~e boun.daries arc sqmcwhat fuz;q,. 
The m.:xl generation has been du'bbed ,:1~11sc11/e 111wgr111ion ( OSI). W,igs have 
suggesrei;I that after that we will lrnve RLSI, or "'iidic\llou~ly targe-sc;ile in­
tegrati:on." 

Tue m~in fac1or U1a( hns en.ab led thL~ im:rc,ise in comple.xil.) i~ 11.te i1bil-
1ty tq shrink or scale devices. Typical dimensions or feature sizes of slntc-of-
1 hi:-atl d,w111111ic ra,1(lon 1. -(wl't'liS m¢1111orie,, (DRAM,.) 1;1t dirrercf! l times a re 
all>o shown '0.S asemilogplotinfig. <J-3. Onee agnin. we see a straight line.re­
lT<!.:Ling an exp.om·o1lal decreu~e in the cypical feature si7.es Witb Lime over 
three decades. Clearly, 0ne can p,1ck a 'larger number of compoueurs with 
gr.:ater f'unc11iona1ity on a1ilC'if th ey are ~malier.Asdiscu~~~d in Section 6.5 9, 
scali:n~ also has olhcr advantages h1 terms of fasrer IC~. which C()n:-ume less 
pl,)wer. 

While scalir:rg, represents au·opporumity. 11 £1!&0 prese11u; tremendous 
le!=hnologi<l<).l challenges, "171e rnost notilble l'lmong lhei:ti t1hnllengia$ lie in lirh­
ography ano etching. as di~ouss.ed m Section 5.L However, sin•ee scaling of 
horii.un ttt l <;lunension$ iiJso r~qul.res ~1;al ing of vert iet1 l gt!ome1rit!_. a-:; dis­
t ussed in Section <i.5.9, there ure al.so trcmendtms d1ull~nges in terms (jf d 1)p­

ing.,gate diehicLtl.CS. and mctalliv.ation, In c1ddiuoh, ~mtil l fcutures and large 
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cltipS require device l'abricatJon \.ll exlremely clean envitoon'icmts. Particles 
that may no.l .have caused yield problems ina 1.-1,1.m IC technology can have 
qitasl'tophlc effects Car n 0.25-fJ,m process. 1vhich requires purer chemicals. 
cleaner equi pment, and more 1,tringent c.lean rooms. In fact, the Jevels of 
cleanliness required i,ypas..~ed the best St1l'gical operating rooms early in ,th.c­
e.volulion shmVn in Fig. 9-3. ·J'b.e cleanliness of these .faoiliLiei. is designated 
by the cla.r~· of the Cle-Im room. Fvrinstance. a Class l cle!µ] room. \~•hlcb ii/as 
state-of:tbe-art in 2000, has less t.han I particle of size 0.2 µ.m or larger per 
cu~ic .foot. There are more of lhc s.maJler particles and fewer of the larger 
ones. Obvious1v, the lower the class. o{ a clean room, the b.etter it is. A Class 
I clean room is much cleaner than a Class lOO f:abrication faciliry, or ·'tab:· 
As 0ne might expect, such high levels of cleanliness tome with:a hefty price 
lllg:A state-of-the--aTL fab in 2000 comes equipped with a price lag of about 
2 billion dollar:;. 

Io spite of.the 9osrs, .the economic payoff for -ULS! is tternendous..lust 
for cal-ibratioli, let us examine some ec.ouomic statistiios a1 Ui.e dawn of the 
thrrd millcn:nium. The total annual economic ou_q,u1 of all the count tics in the 
world, or the so-ca11ed gross world product (GWP), is ab.out 50 trilJion US 
dollars. The US gross national product is a:hout 10 trillion dollars, or about a 
(i:ft'h of the GWP. The worldwide lC industry c::iutpu.t is abou~ 20() billion dol­
lars, and that of the enHte wol'ldwide elec1ronfos industry in 1;1rhich these 1Cs 
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Figure 9-3 
Exponenfial de-
crease in lypiCQI 
feature si:ze with 
lime For different 
gener.atioru of dy-
nomio ro.ndom-
a~memories 
(16-kb to 32-Gb 
DRAMs). For reler-
ence, siz~ of 
blood c~lls, ~ 
rio, 011d viruses 
ore shown on the 
I'm scale. The 
dashed linf3 indi-
colas projections 
based on the 
l"mS. Dimensions-
below 100 nm 
ore considered to 
be 111 the realm of 
nanotechnology. 
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9.3 
MONOUTHJC 

bEVICE ELEMENTS 

parliclpare is about 1 Lrillion doll a.rs. A~ a single industry, electronics is one 
of. the biggest in terms of the doll.ix am.ount. lt bas surpassed, for example. 
auromob'iles .~worldwide i,ales of about 50 million cars annually) and petro­
chemlcals. About J 00,..200 million personal compute.rs are sold annually 
worldwide. 

:Perhaps even more dramaLic than these raw economic numbers is the, 
,growth rnte of these markets. If one were lo plot lC sales a$ a fw;u:tion <lf 
ti'm,e, one again finds a more-or-less eiq,onenlial iocfease in sales. with time 
oYer three decades. Of s.rea:t'importance to u,e consumer. the cos1 per elec­
tronic function tu.is dropped dramatical ly over the same period. For exai;nple, 
the-coi:t per bit oI se:tniconductq1• rnemoty (DRAM) ha'! dropped from about 
I cent/bit in 1970 to abQUl 10- 1 cent perbirroday, an rn1pmvemeot of four 
orders of ma~11j1ndc in:30 year&. n,ere are no parallels in any other indL~~Lry 
for this consistent tmprovement in functionaljty with suc;b lowered cost. 

While 1Cs started with bipolar processes in the I 960s, (hey were gtad­
ua,lly supplllll'ted by MOS and then CMOS. devices, for reasons d¼cussed In 
Chaptt..'TS 6 and 7. Currently, about 88% of the IC market is MOS based 
and 11bou1 B% BIToa!led. Optoelcctrook devices Oruied on c.ompound semi­
conductors ore still a relatively small componenl of the semiconductor mar­
ket (about 4%), bur are expected l,o .grow i'n the fUiure. Of the MOS JCs. 
the bulk are digital £Cs. Of the en lire semicondacwr industry. only 11boat 
14% !\f.: analog ICs. S~.miconductor memori'es su.ch.asDRAMs, SMMs. 
and nonvolatile flash m.emaries make up approl<imarely 25% of the mar• 
ket, microprocessors about 25%, il.nd other applic~tlon-spcci'fic ICs {ASJCs) 
about 20%. 

No.w we shall consider lhe various elements LluH make up an.integrated cir­
cuit, aw:! some of the sreps in lhefr fabrication. The basic elements are ialrly 
eaS)' (o uame- ttansistocs, resistors. capacitors, and SOU}e Conn o( (µten:011-
oection. There are some elcmenrs .in integrated circuits. however; which do 
ni.')t hav,:, simple coulllerparts i'n .d:isctete devices. We sb~ cDns.irle.r one of 
these, charge transfer devices, in Section 9.4. Discussion of fabrication tech­
nology is diffic11lt in a hoo,k o f this type, .sinc.e device hibri~tion engineers 
seem. w make changes 1'11s1er .than 1ype.setLers do! Since th ls imponnnt and 
l'ascin~tin.g field is changing so rapidly, lbe reader sh1,mld Qbtain a basic un­
derstanding of device design and processing from this discussion and tbe:n 
search out new innovatfons in the current litcranm~. 

9.3. 1 CMOS PrOC1!$S lntl!grotion 

A particul.arty useful device for digital applications is a eonibination of 
n--Ohannel and p-channel MOS tt~nsistors on adjacent regions of the chip. This 
compleml!li.tary MOS (i:nmmonly caned CMOS) combination~~ illustrated in 
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the basic ioverter circuit of Fig. 9-4a. Tn lhfa circuit the dra.ins of I.he two 
transistors are,connected together andfonn the output, while the inputter­
mina! is t·be comn1on CQnnectiou to lhc transistor gates. The p-channel de­
vice bas a negative· threshold v.oltage, and then-channel transistor hall a 
.Positive threshold voltage. Therefore, a zero voltage input (Vi~= 0) giv~ 
ZP.IO gate voltage for then-channel device. but the voltage between che gaie 
and source of tlie p-channel device js - JI 0 0 . Thus tho p-channel dev.ice is 
on, tl\e 0,-channel device fa off, and the full voltage V00 is measw-ed at V0., 

(i.e., VDo appears across-tl1e noncoii.ductiog n-c!lannel •lrmsfotor). Altem,t­
tively, a positive value of V;,, turns the a-channel transistor on, and the p­
cbannel off. The Olltput volt.age measured a1=ros9c the "oq" n-cb.annel devke 
is essentia lly zero. Thus.the circuit operate~ as an bwerter-witb a binary '' l'' 
att.be input, the output is in the "0" st.ite, whereas au()" input prnduces a "l" 
output. The beauty of this circuit is that one of the devices is mrned off for 
ejther condition. Since the devices are conncc\ed in series, no drain current 
flows, except for a small charging,current during the switching proce.ss from 
one stat.e to the othe,r. Since the CMOS inverter uses ultra lltt)..e power, it is 
particularly useful in applications such as electronic watch circui.LS which de­
pend op vt1cy 'low power cons1.1p1ption. CMOS Js a lso 11dvantag_eous in ultra 
large.scale integrated circuits (Section 95), since even small power dissipa-
1 iol) in each trans is.tor becomes a ptoblem whe,n millions of them 1;tre inte­
g,ared on a chi:p: 

The device technology for ac)li~g CMOS circuits consisis mainly in ar­
ranging for both n- and p-channel devices with similar threshold voltages on 

v,JlS 
~ t 

(a) 

- I 

(bl 
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Figure 9-4 
Complemen1ory 
MOS slru<i:lure: 
(o) CMQS invert­
er; lb) formation 
of p,chonnel ond 
n-c~onnel devices 
together. 
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the same cJµp. To achieve. thls_goal, a. d.iffusi.an 6r.iroplantntion.:nm,st be pe.t:· 
fomi:ed in ce-rtai.o.areas to obtain n a.ndp-regions for theiabriratlon of each type 
of de\')Ctl. 'Il1esc cegkins ari: called lid!!., 11mks, or "'ells (Fig. 9-5}. The critical 
parameter of the tub is its net doping concentration, which must be. closely 
aontrolltd by ion ·1mpl;m1a1ion. Wi:tb the tub in place, sourc~ and drain ~ ­
plants are jlerformed to make. the o.-cb.aruiel. and p-cha.nn-e1 transistors. Ma:lcn­
ing of the tw0 tTansistons is achieved bY. conrrol Qf tbe surface dopi.ng in the tub 
ao.d by threshold adjustment of both t.ra nsislors by ion i1'1plnn tat ion, 

Including bipolar rransis1orn !n the basic CMOS 'tetjmo\ogy allows flex­
ibility in, circuit design, particularly for providing drive currents. The c0mbi­
oation ·of t)ipola:r and CMOS (talltid BiCMOS) proyid(l.S circuits with 
increased-speed .. 

AllepJioo a:w~l be paictir/ CMOS designs fo th;; fact that conrbi.a:i.ng. 
n-cbannel and p-channel devices in dose proximity can lead to iaadvcr­
tent (para.sir/c) bi.poiar structurei;. m fact, a p-n-p-n structure can be found 
in Fig. 9-4b. which can sel'Ve as an meffic1ent but troublesome thyristor (see. 
Chapter 10~. Und~ dert.ai,n °blasing conditions the p-n-i> parl of the srructure 
can sup_p.ly base current to tbe n·p:-n, structur.e, causing a .hu~c cunenL to fiow. 
This process, calleq /mllhup. cJlli be a serious problem in CMOS circ.:tlits. Sev­
eral met:h.ocls have been used to eliminat.e the latcliup problem, includiQg_ 
\Jllillg botbn-type arid p-t)'pe tulis;seµ,1rated l;ly tr-encll isQlation (Fig, 9-6).'J,he 
use of two separate tubs (wells) also allows independent control of thresh­
old vojtages in both tY,pes of tr~sisto:c, 

We can illustrate most of.the common fabrication steps for MOS inte­
grated circuits by 6tudying the Qow Qf a twio-weil Self-Aligned siUCJDE 
(SALfCID.E)° cMOS process. Thls process is particularly .important because 
1110s~ hls):1-perfc:u:.rpance digital lCs , including microproeessor., m'emoril!11; and 
appll.cat.ion-specific res (ASlCs). a;ra m;,de bas.icalJy in this way. Jn order ~o 
make enhancement-moden-c.hannel devices, we neecl a p,type.substrale, and 
vice v.ersa. Since CMOS requires both, we must start either with an 11-IJpe or 
a p-c1 ype wafer and then make seleeted regions ·or the su.bsttate have op(io­
sit.e doping by forming wells. For e,~ample.~Fig. 9Sa shows a lightly doped p­
cp.ita'Xial layer on a p• -substni~W:e C\m maken-channel device& in this layer. 
By implanting:a-weJls whereverneede..d,we,can niake p-chann~device.s.also. 
l1lri.'l.:is an ·o'°\veU CMOS process.Alternalively, if we start with an 11-substrlite 
;lild make p:wells m certain .regions. ~e .b,11v~ a p-well' ·CMOS pr.m:ess. for 
optimal device performruice, however, it is U$Ually desirable ro separately 
if11plant bol.h tbe n- and. the p-well regions. Which ,s called 1111i.r1,wtdl CMOS. 
The ratiopale for this can be appreciated IC we keep in mind thatfor as\ate­
of~tn.e,art l C, typical c;loping l!!)'e.ls are -10111 crn •3 and Jullction dep1bs are - I 
µ.min these wells. The doping 1ev-e1s have to be hig:I.I enough to prevent 
punch-t}lrough breakdown due to drain-induced ba:nier towering- (.DIBL) 
in theMOSFETs, but low enough to k~p the threshold. voltages-a,cceptably 
i-maJlH,we c;hoose lo use tbe p-$ubs1rate rot o-ch:;1rinel devices iis inFig.9-S'a, 
tbe -p-type ~itatlal layer must be doped ta 1CJ1ll cro- l, and the implanted·u­
type layer must be achieved by c:ountcr-dopfog at a level ol"- 2X 1011! cm- 3, 
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resulting in a net n-type doping of ~1X 101~ cm-\ but a 10ml doping in this 
~egion or - 3 x 1018 cm- 3

• Such ltigh levels of total doping are detrimeru:tl to 
carrier transport bee-a use they causo excessive ionized impurity scanering. 
Hence. for high perforrnf!nce ICs. the staning epit~al doping leveJ is gen­
erally v.et)' low (-101• em- 3). This layer is grown on a heavily doped substrate 
(-1.019 cm-3

) , to proV1de a highly conducting electrical .ground. plane. Tl:iis 
helps with noise problems in !Cs and helps minimize the problem of lwd111p 
by bypasslag m.ijorily carriers (in this case lrnl~). 10 the p' substnlle. 

To form the- cwin wells in a se.lf-aligned fashion, we first grow thermally.a 
''pad" mtide. (- 20um) Qn the Si substr~te. fC\lii:'wcd by l_o\v-pres$Ul'N'l1emical 
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Figure 9- 5 
Self-0li9ned twin 
well process: 
(a) on n-w~II For­
mation using P 
donar implant 
and a phoJoresist 
mask; (bl p-well 
formation using B 
occeplor implant. 
A thlck (-200 nmj 
" tonk" o~lde 
layer is grovm 
wherever the sili­
con nitride-oxide 
sleek is e1ched 
off, and the lank 
oxide Is used lo 
plock. the B im­
plant in the 
n-wall.s in o 
self-aligned marl' 
ner; le} on isola­
tion pattern for 
field transistors 
sho..ving ~i B 
channel slop Im­
plant using a pho­
toreslst mosk; 
(dj local oxidation 
of sil icon wherev­
er the nitride mask 
Is removed, lead­
in~ to thick 
LOCOS field 
oxide . 
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vapor de.position (Ll>CVD) ·of silicon nitride (-20 nm). As shown in Fig. 
9-Sa I.bis o:xide-nitrlde $Lack. is eoyered by photoresist, and; a windpw is 
opened for the n-welL Reacnive .. ion etching (RIE) is then ust1d 10 etch the 
ox-ide-oi.tru.le slack. U~ the ph.o~oresislas an implant mask, we then do an 
n-•t'}'_pe implant using phosphorus. Phosphorus is preferred to As for this pur­
pl)se bcca.us!! P i!f lighter and has a hig1ier projected rnnge; also. P diffuses 
faster. This fast diffusion isne·eded to drive t he dopants fairly deep into the 
subst.ra\e to foi;m the a-wen. After the .im,plant. the _photoresistis removed, 
~t1d the pallemed wafeds subjected to wet oxidation to grow a ·' tank" O'tjde 
(-20() nm). N9re ih Flg. 9-5b t h~t the rank o.xidation process r.:ensomes Si 
from the substrate, auci the-resulting oxide swells up,ln..fact, for every micron 
of theouaLLy grown oxide. the oxidation consu01es 0.44 µ.m of Si, resulting in 
~ 2.2-fold volume expansion. The oxide does not grow'in the regions that are· 
protected by silicon nitride. b.ecatl$e nitride block:$ the diffusion of oxygen and 
wacer molemiles (and t11ereby r,revems·oxitlation Cif 1be Si: substrate). 'The 
pad oxide.Iha.tis used unde-r th.c nitride .has twc;> role.s: It minJmizes: rb.e ther­
mal-expansion mismatch lllld cqncomitanl str~ between silicon nitride and 
tbe substrnte~ it also -prevents chemical bonding of r'he s:i:licon n.itcide l.o the. 
~ i I ioon. s u 12slnr.te. 

U;;fo.2, the tank oxide as a self-aligned implant mask (i.e., without auto.­
ally ha-ving to do a. separate·photolithographicstep), one does a p-fy[}e well 
implant using boron (B;.fig.. 9- Sb). 'the tank (:}xide must thus be.much thicker 
than the projected range or lhe B. The conc~pt of selkuignment is vary im­
portant and is a recurring theme in IC processing. lt is simpler and cheaper 
to u:;e s·etf-ali,gnmen t than -a Separate .Uthographi~ step. It a1$0 allows a tigh Ler 
1wckmg tlensity of. th.e twin wells, because itirnot reqJ.lired Lo account for litb­
ogn1ptiic ,m~'salig._11,ment during'layout. The E' and lhe B a.re .lb.en 'diffused into 
the SL!bstrate to a well depth of typically a micron by a dri.ve-in diffusion at 
very .high tern,peral.ures (- l000°C) for several. hours, Aller tltis diffusion, Ute 
sil[eon nitride-oxide stack and the tan.k oxlde are etched away. Since !he-rank 
oxidation consumes Si from the si:Jbst:ra,te, etchlngH offleads to a st~ in th:.: 
S1 substrate delino,~Ling the n-well and p·well regions. 'the step is irnpm:tant 
in 1erms of,the alignment of subsequent reticles and 'is shown rn an•ex.igger­
a ted fashion in Fig. 9-5c. The s-tep, however, is dfaadvantngeous from the 
depfh-o1'-foC1.1s point of view during lfthography. So, instead ofase)f-aligned 
twin-weU process as just described, one often uses two·separa1e lithography 
steps for the two we ll Implants, This approach le.ads to a mOI'e planar struc­
ture, but a sligtrtly larger wen geometry because I he wells are not self-aligned. 
There a-re many otiteryariations of CMOS processes u~ed, dcperrdin,g on rh.e 
application. 

Ne,xt, we fom.Hhe isolation regions or the field transistorswhlch guar­
antee that there will beno electricaJ cross tll1kbetween,adjaccnt t ransistors, 
).Ill less they ~re intenHoo:illy ,a1,e.roonnec1ed .(Fig. 9-5c). This.is achieved by 
ensuring that the threshold voltage of any parasitic ttansistor that may form 
ln !he, is_olation regions is.much high.er than the pc,wersupplyvoltage .on...thc 
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uh1p. so lh;1t the parasitic cl1111mel can never tum on under npcraling concl1-
lions-. From th\l lhre·shold voltage expression rEq. (6--38) j, we notice that V ,: 
can be raised by 1ncroasing_ su!,strate dopmg aJ\cl,increasing gale ox:itle lhick­
ne.<ss. Howe~er. a rrrohlem \l/1lb 1h111! .-1pprn.1ch rs the ~tlbthre1-hold ~li,pe S 
[Eq. (6-oli) ], wb1ch dllg.rad1:s with increasing substrate dopmz. am.I gme nxide 
tMcknes!l. O,ne n_eeds to oplimii;e both VT and S sue::l:i lha1 1hc off,state leak• 
ugc c-urrent in: th~ field between transislnrs is sufficiently low l!ll Zl!rO gaH! bia:;. 

A ~tack of ~i.licon di, 1:-.ide--~i.Ucon nitride is phvtolithographic.ally pat• 
terned :-is i n Fig. 9- 5c a:ncl subjecti;,d to Rl E. A boron ··c!wmit!l ~wp 0 implun t 
ht:iwcen rhe twin wells increases tile acceptor doping and thus increa.,cs thti 
lhrc~hokl V()lt,1ge m the p-well tiecween then-channel LTansl:!t0rs (thejid1/ 
lht'i.!~holtl). {clmvevet. -a Will compensnte che. donor dopi(1g on the u-well sil.11:. 
11nu thus reduce the threshold'ia LL1e Ii-well between p-chnnnel dE:viecs, The 
R ch;mnel stop dose n1ust Ihm; he t1plimiz-ed 10 h<1ye ll.L-Cepti1bly htgl1 rield 
thrGSlrnlds in both l)'PC~ of well«. 

AJk1 lhc channel ~top 1mpl1nu. t.he pb~1to,esis1 is removed and the 
" ':\f..ir with the pat~ernc:d 11ittidl!-ox.idc ~tnck shown ih Fig. 9-Sc (wi thout 
phqt~m~~ist) i,.s.ul,lje!-'.ted to wect oxidati-011 to ~eh:d.ively grow a field o:-idl" 
-30ll nm I hick. The nirtide layer blocks oxidst1M of the ·Si substrate lo tho;: 
r ~idon~ wbere \\it! plan to make Lt\e trnnsiswrs.'ln is p(oci;:dLire.. where Si is~):(• 
idi1cd to form Si02 in regions nm protected by nitride. Is ca1lc:d LOCnl OX­
idttlio-n or Silicon (LOCOS) (Section 6A.l). In this case. LOCOS pcovides 
clecrrit-.il fsolat10p l:)etw!)er1 Lhi;:• Lwo U'\1nsiol0r~. as sliown in f-lg, 9-5d. 

'l'h.c volume e;,;.pansion of 2.2X opon oxidation is a11 im1, urran1 issue 
t>ec:1ug e I h.- selecLive ox.jdation oc.curs in narrow. C()nfrned regions. 171e i.:0111-
prcs.~ivc stress. if excessive. c.-an cause dislm.:11tion de[e.c1s i 11 1 h.e substrate. A Ii· 
1,t11cr i~u..: ili lbe lal~HJ 11iJdn!i0J1 □ e-tir l11c nilridc musk c<lges. \\!hich cat1~c..'l; 
the nJtmle mask. LC'l hft up ncm Lha edges. lllrming whnt 1s known as ,l hinl '.~ 
!Jt,•11k and cau~jng ,i lruer11/ mnul l!111•m11tfm11•111 of - ,(J.2 ~till inln c11ch active re­
!!iOn. thereby W{lSlmg precious S1. .real cstatc.17,crc h.a vo hcun vunous mod­
i fied LOCOS ttnd other lliolation scl;leruts propos,sd IG mlnimiz..- th is l£ilt'n1l 
caeroachmcllt. A notable cxnmplc is Shal/ou• Tnmd1 Jsr,/mw.11 (ST!-) which 
in,•ol\!C.~ using RLE Lo e tch .i shtillc)w (~ I JJ.01) u·end1 br gruovt.' 111 !he Si suh-
8trate a:ft0r the isnlatinn pattern. fi ll ing. it up completely hy ckposirion nf a 
d'iclcdric.Ja)'e,r of Si01 and pnty,ilicon by l11w-pre!lS~1rc chemic!II vapor de­
p-ns11jon (LPCVD). and chcn using chemical mechanical poli·hing. ( CMP) to 
plunarize 1hi: ,Ullalure {Fit . 9- fi). lbis con~urncs lc~s_ Sl r~al c~ lar.c c11mparecl 
to LOCOS: hut gjves supcrior isolatiort hi::ot1u~c the shnrp cunu: ts at the bot-
111111 011 thi: t1•1.·111.1h_giw ri~c ln p1J\1!t1li~1l l)atrlurs 1lll\'l bl,,,ck leak,lg.e cum•r,ts 
\ the comt•r c iTcct). 

Thi: pud o,x1dt.: hclwct.'.ll the ni1cid.; and the Si ~urfm:c: mininl'i~~ th~ 
~tress due 1,, the nitri<.lt!, 1tn<.l'prevents honding,or the nil ride 10th.- Si.~ met\• 
Lipn~d 11b0Vt!. Any 1e~id11al n,i1rid.: C'm lhl' Si Wt)u lr..l reHml ~t.Jh,equenl !f<J ll' 
oxida torumriou. teut1ing Ill ww1k !.1'0IS in 1l1L' g ,1tc reg.ion 11i th~ MOSFET& 
This prc1lilcn1 I!: knnw,o II..~ the 11•/Jir,• r11ilum .:t'foct ur the 1,,,,1, ..ifk<:I. an ctr I h1: 
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Figure 9-.6 
T rench isolation: 

A trench or 
aroove Is etched 

in the sub5trote 
with the use of"RIE 
ond is celilled wilh 
oxide and polysil~ 
t .on. Trench fsolo-

tion provides 
superior olecirkal 

lsololion corrr 
·pared -wilh 

LOCOS, ood uses 
less SI real estate. 

Dutab scientist who first identified it. The pad oxide mitigates this problem. 
but cloe.s not solve ii cornpleteJy. ·n ,ere:fore. very often a "sacrificia;I" or 
"dummy" oxide iS grown to consume alayer of Si containing any residual..ni­
Lcide,and U1is oxide is wet etched prior tQ the growth of the actual gate oxide. 

Next, an uhra-t:hin ( - 5-10 nm) gate oxide is grown on the substrate. 
Sin•ce the electrical quality of this oxide and -its interface witb the Si subsu·ate 
.is of paramount importan~. to me operation of the MOSF.ETs, dry oxidation 
is ased for this step. lt,is common to inaorporate some nitrogen at the Si-SiO2 
in(ectace, forming oxy.-n1ttides 'Yhich improve the mtetfuc~ quality in terms 
of hot elecmm effects. Af1er the oJCidation. it is immediately covered with 
LPCVD poiystl.iCOJl in order lo mio.imize contamination of lb.e gate oxide. Toe 
polysiliaon gate l.ayer ls doped ve-ry heavily (typically n' using a phosphorus 
~opant source,POCh in a diffahioniurna<;e) aII the way to the polysilicon­
oxide interface in order to make. it behave electrically Jike a metal dectrode. 
Alternatively, the LPCVD polysilicon film ·may also be in situ doped during 
the deposition il'sel( by Clowing in an appropriate dopant gas such as· pbes­
·phioe or diborane. Heavy deping of ln:e gat_c material is very Important, 
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beoause otherwise-a depletion layer c1\fi oo-foaneain the polyliilioon g!lte (the 
poly d.ep,leti,on effect). This could result in a depleti-Qn ~paoit1,U1ce in series 
with the gate olcide l?apacitance, thereby reduoin,g the. overall gate_capacitanc_e 
and, therefore, the drive clm:eot (see Eq. (6-53)], The high doping (-1Q20cm➔) 
in tile pelysilfuou gate is aIBO important for reducing t11e r-esistance of tlu: 
gate and its RC time constant. Tbeou1)iformly bigh doping in the po·lysHicon 
layer ts facilitated by the _presence of tbe grain boundary defects in fh.c film, 
because di.ffusjyj\y of dopants al0nggr.am boundaries is many orders of mag­
mtude higb.e, than insmgle-crysta1 Si. 

The doped polysilicon layer is tben patterned to form the gates, 'lllld 
etched anisotropicaJly by RIE to-achleve-vertical sidewalls, That is extreme­
ly lmportontbec.a..use lb.is etched p0Lysilicon gate is tl5ed a,s a sel.f;-aligned im­
plant ma-!)k:for the source/drain implants. As mentioned above. self-aligned 
processes a;re -always.desirable in. terms otprocess s-impl:iaily aod._paalting 
denstty. IL is particularly Useful in chis case bee.a use wc- lhereby guarantee 
that there will be.some ovedap of the _gate withJ:he source/drain bui rniuirnal 
overlap. The overlap is determined lzy the lateral scattem1,g of 'the ions and 
by. the lateral diffusion of the dopants during subsequent thermal processing 
t-such as source/drain im:p)an,t anq.eals). ff there were no overlap, the chan­
nel would.have to be to.nled on in this cegio11 by the gate fringfng fields; The 
resuJ Ling-potential barrier in lbe channel would degrader.he device current. 
On the 01.ber han.d. if Lhere· is UilO m.uch ovcetlap, it leads to an. ove-rlap ca­
pat\itance be·tween the source or drain and the gate. This.is pa:r,ticulady both­
ersome near the drain end because it le-ads to the Miller overlap capacitance 
whi.ch causes UI)d~sired capacitive feedback l')etween the output dram- ter­
minal and ·the input gate tercrunal (see Section 6.5 . .8). 

Elabrication steps for the n-cbann.cJMOSFETu in U,e p-well are shown 
io fli_g.9-7. After the pocysilicon gate is etched, we Iirsl d:oca setf-a.li:gned 
n, typesourl?e- drain impla.ru.cluring which th~ tank maskioglevel ls 115ed t(I 
protect the .PMOS devices with a: I.aye[ of ph.otoresist. The NMOS source 
and dra1n imp~nts are· done in two stages. Tlie l1rsi implanl ii, aligl1tly doped 
drnin (I;DD) im.JJlant (Fig. 91.. 7a).111is is tf pically a dose of -1013-101

~ em.-1, 

correspondini to a concentration c;,r 101 - l01~-tm- 3, a.rid an ulJra-shaUow 
jl1nction dep1l1 of 50-lOOnm, When a MOSFET is.operated in rhe saturation 
regioo, the drain.-.ehannel Jol)ction is reverse biased, rcsulUng in a very high 
e·lectric field in the pinch-off region, As we saw in Section S.4 ior [evers~ 
blaserl p-n jL1nctions, reducing the doping level incre11se~ the dcplctkm widlb 
and mak.es· the peak electric 11e Id at the j unction_smaller-.As discussed in. Sec, 
tion (i.S.91 electrons tra.velirig from th.e s1.>urceto Lhe drain in t,ne channel ean 
galE1. kine tic energy and thereby beeomehotelecti:oos, which create damage. 
The-lqw doping in theLDD belps reduce hot qaniereffucts at the drain end. 
The shallow ju.acdon ,depths in the LDD ar.e also important for reducing 
:sh!)Tt c~annel eITects such µs DIBL and cha-rge sh-ar/·11.r,. (Sec:tiens 6.5-L0 and 
6.5.11). The 'Penalty that we pay wirh the use of an LDD region is that the 
~ourciHt;1-di:ail} series resi$U!Di:e goes up, wb)ch degrades the drive etJ.rnmt,. 
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Fi9ure 9- 7 
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As 1he L-eci;inology·is evolving towar.ds lower po.wer supply voltages, 
hotcari:ier effects are becom:i-ng less importanl.111is, along with the need to, 
reduce serie.s resis1ance, has drtven the tr~nd low;irds iuesreasing doping in 
the Ll)D ro levels above 1019 cn1-1.1n fain:, theusc o(thelermLDD then be­
comes a bil of a misnomer, arul is often reph,ced by the· ler:m so'urceldruin ex.• 
tension or tip. 

After theLDD reg;orrs are formed al(>ngside tpe pc,lysilicon gate, 
we ·implant deeper (~200 nm) and more heavily doped (loid cm ~-1) smJSce 
and drain junctions fan.her away from, the gale edges (Fig, 9-7d), This more 
conductive region allows ohmic coirtacts to the .source n.nd drain to be 
fotined more easily than 1hey could be directly LO Lhe 1-DD regions, end 
reduces the source/drain series resistance. Thi.,i; Implant is done using a 
self-aligned scheme by the formal.ioq of sir.lcw11ll o.ttde ,1J1acers, A(ier re• 
moving the photore,ist covering tl1e PMOS devices, we deposit et>nftmnal 
LPCVD oxide(~ 100-2.00 om thick) using an organic precm:sor called tetra• 
ethyl-ortho-silic.ite (TEOS) over the entire waler at fairly high Lempera­
tures (~ 700~C) (Fig. 9- 7f:i). The term conformal means th?.t the deposited 
film has the: same tl1ickne$s .everywhere. and foUows lhe to,pogra.pby on 
the wafer. 1'bis oxtde layer is llien sub,leded to RrE, wttioh is umsotropic 
(i.e., i,!. etches predominantly in the vertical direclion} (Sectien.S. L.7). H lhe 
RIB step is timed lo just ecch off the d"eposited o~iae on the flat swfaces. 
11 leaves oxide sidewall spacers on th!! etlges of 1.he polysilicon g.a1e, as 
shown iu Fig, 9-70. This sidewall spacl:ll' is used as a seH-allgoed .mask_ to 
protect the LDD regions very n.ear fue gare durirlg the heilvier, dee:per n ' 
!\j)UI1.:e end drain imphtnt~ (Fig. 9-7d), 

Next, the NMOS devices are masked by photoresisl, and a p· source and 
dr<1in lmplam is done for the PMOSFETs (Fig.9-8a). Jt may henoled that an 
LDD wa.~ not tiSed for the PMOS. This is due to tbefoct. that hol hole effects 
are le~'S problematic than hot eleclr.on degradation, partly due lo t.bc lower. 
hole mobiTity 1fnd parQ.y dt1e to the higher ~l-SiO2 b~rrfer l11 Lhe valen.cc bru1d 
(5 eV).than in the conduction band (3.1 eV). Aftcnhe-souroe-drain implant~ 
are done. lhe dopants are activated and the ion implant damage is healed by 
a furnace anneal. or mo(e frequently by using a.R~pid The.m:iai Anneal, (RTA). 
In 1h1s aimeal w~ use iJ1e 111hihilllm acceptat,1; temperature a11d time combi­
nalion (the thermal budget) bccaUBe it is critically imporlllnt to keep the dopant 
-profile& llS CQnip8Cl as pos~ible iri ultra•$1lll'III MOSPETs. 

We·can_ now app,reC?iate why rnosr CMOS logic devices are ma.de m1 
p-lype s ubstrates, rather than n-ly.pe. The n-cl111nneJ MOSFETs generate a 
lot more substrate current dile to bot ca.rri~r t::ffects than PMOSFETs. The 
holes, thus generated, can more ea:silyfJow 'to ground 111 a p-type substrate. 
than in an n-substrate. Also, it i:s easier lo dope subslrates p-type with B dur­
l.ng Czocbralski cry~t~I growth thau r1-1ype whl1 S\u\ntimony isUrn,preferrcd 
donor, ta:ther than A8 or. P for bulk doping of the Si melt.because Sb evapo­
rates less than lhe other species. 

1be use 0£ u- polysillcon gatt:s for both NMOS and PMOS devices 
raises some interesl.in,g. device issues. Slnce the Fermi level i.n the o't gate bi 
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Figure 9-8 
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very close to the Si conductiOIJ band, i ts wo~ t:uoction is well sUited to /l.~~v­
ing a 1ow V ,,. for NMOS (~..,--1 V), but not for PMOS (<t>..,-OV). From the 
VyexpreSSion [Eq . .(6-38)]. wel)0f.\ce that the sC-CQlld and third teaps appr.oacb 
zero as tlrin-oxidec technology evolves because C; is getting larger. Fqr high 
drive 001:reut we want Vr to be in t:he n•eignbc;,rhood of - 0.3 to - 0.1 V for 
NMOS (-0.3 to -0.7V for 'PMOS). We Lind from Eq. (6-38) that the p-well 
dopiflgcaii be Clpfimiz_1m to achiev,e the correct V-r for the NMOS-tr_ans-i_s-lo1:, 
while at the same time being high -enough to prevent punch-through break­
down betwe.en.source'and drain.For the PMOS tratisistor, on theot,her hand, 
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an n-well doping of the order oi 1018 am-J prevents punoh-.tbrough, but the 
Femµ potential, cj)p:, .is so larg-<! lllld n11gative Uiat lhe V r is too negat{ve, 0 lb1n 
foroes us to do aseparateacceplor implant to adjust Yx'for thePMOS devices 
(Fig. 9-8b }. The.a~plor ao~ js low enough_ that tl:ie p:layer is fully depleted at 
zero gate blqs. leading to enb.incement-.inode. r-ather than depletion-mode, rtan­
sistors. fu CMOS we try to make lhe negative VroI thel'MOS dev.ioe about 
the same va_lue as the positive V r of the NMOS. 

Cose examination of the b!lllo diagram in tlle channel of the PMOSEET 
along the verti!!al direction (p.etpendicllla-r 10 the g~te c;~;dtl) !;hows thiltthe 
energy minimum for the holes.in theinversl.ori layerissligl;i.t]y below (-iOO,nm) 
the. oxide--,,ilicon interf.ao~ leading lo what.is knowD as buried cha11nel oper­
ation for PMOS (Fig. 9-8c). On the other hand, for NMOS, the electron eJi­
erg,y minimum in the hwe15ion layer occurs right aLthe oxide-silie.on.interface, 
.leading to surface chaa.nel ope.aiion.1 There are good and bad aspects·oC·Utls 
butted charu:iel behavior for PMOS. Since the holes in ibe inversion layer of 
the PMOSFET travel slightly away,1:rom th.e mi.ide-silicon interface, tbey do 
not suffer a..~ much cliannel rpobility degradation_as the elec.tmns in tb.e NMOSFET 
due 10 surface roughness scattering. That is good, because bole mobilities :in.Si 
are genei:Ellly lower than ele'ctronmobilities, whlc:ll f9rces us to mak.e :?MOS de­
vices w.idenhan the NMOSFETs to get si:mllardrive curren.1.6. However, buried 
channel devi~ have ii greateq,ropell6ity t0wards DlBL and puncb-thr-0ugh 
breakdown. Hence, as the· size of MOSFETs is reduced. the DIEL problem be­
comes worse, an9 there iS a desire to bav~ surface chruµte1 o~tion for both. 
NMOS and PMOS.Tlfus, there is interest in so-€aUeddttal Eflte CMOS, where n~ 
poly~'iliron gates are used for NMOSEETs and p" gates are ~ct.for PMQS},"J;Ts. 
Su.ch du.al work.fum:tiongate:s can be achieved by depositing thepolysilicon uo­
dopea and l:hen -using,the source an.cl d!:ain implanis theI)]selves-to also dope .the 
gates appropriately. This approach exploits the high polysillcon grain boundary 
dif[usivities to degenerately dope tb.e gates, wb:ilc a,L the ~'llllle tln+e ha~ ultra­
shallow sour.re and drni:n junctions:to minimize DIBl... 

As a h.istorical footnote. .it may b.e ad.ded tbaJ MOSFETs iniJfally used 
Al gates which cou Id not withstand high temperature prncessin&, Hence, tl:rc 
source and drain regions had to be1onned first, eilher by diffusion or by im­
plant, and then the Al 'gate was depo$lte_d and patterned. Such non-self. 
aligned proceSlie~ suffep::d from ille Milleroapac.itancementioned p.re~ous1y. 
Whar made self-aligned source and drain regions v.iable was the use oipcily­
silic,on, which b::\s ;i sufflaienily high melting point to withstand subsequent 
proce.ssin,g.Rm:ent research on MOSEET teabnolog.y is golng back full cir­
cle to metal gates, but this time using r.efra.crory metal~ such as tungsten (W). 
These metals b.1we better conducti•vi.ty t)lartheavily.doped Jloly.silicon, ~ a 

'VV• ~~• 11uoli(l'Hv,,l,y tmd•rslOnd Y,hy lhn oc<eptor lfTlpl"Tlt In lhe Q~onnel le.od~IO• ,ud, burled channel 
behovfar. Auume for o momon1 lhcl Jhe,oc,:oplor clo.e Wm high •nq~h Ilia! 1he p,lll~ Wai ncf depleted 
ar iero bias, Iii sudl o cleplelloirrob<l.e devi_.,, o pa•nlv~ got~ blo• 10 lum oll 1ho ~ wou(d n«I 
~plo11: lh.e ,ur~ reg]"" of halt,,, .iill lomllog lo hole ccrwiJt11on deepo, In lhe .ub,1tata owoy from Iha 
o,«d<>-SI ,njur[cicb. 
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work function thnl is beucr suiled f01 CM'.OS. The Femri level of W is near 
lhe middle Qf the Si band gap, which rt1axes the flat band vollnge and the 
Um:shold volto.ge more s~rmmetric and belter matched between NMOS and 
PMOS,aod avoids Lire bu.Jed channel effect. 

Th.e next step ls tofonn a metal- silicon alloy or~llcide in lbesourceldra~u 
un'd g,a ie reflions of the MOSFEls in llrde:r fo reduce the series Fesffilam:e (and 
thereby the RC time tzon~tants). and in<;rease11le drive current. This involves c.le­
posi ting a thin layer 0f a refractory metal ,such as TI over the entire wafer by 
~putteciug,and reacting the 1i with Si wherever they coi;ne in riir'eG·t contact, by 
doing a two-step heanreacmenc iuan N ambi<!nl (Hg. CJ...9a).A 600°C ati.neal t1e­
;;uhs in the formation ofTi~J ((he C49 phas;; accordi11g to met.all\1!1liSts, whict 
hn:-.fuirly lli,gh re;.islivi ty),follt)wed by an S00°C aru1caJ which converts tlie'I1iSi 
ltl lhe C$4 p)1m,e.1iSi2• wl;lic.h has an exlremely loy., r,eslstivily of -J7 µfl-c(Tl, 
much lower than 1t,a1 ol' the mosI heavily doped Si. On the other hand. the n 
on top of rhe sidewal l oxide spacer,; does not fonn a silicide :mu ,;lays us un 
reacted Tl or fom1s TIN because the process is done m an N ambient. The ·n 
aJldTiN cao be-01ctied off selt:ctively by U!Sing a wee hydto_geh pcroxide-ba~ecl 
etch, which does nnl attn.ck. the· \Llanium d1Silidde, ,hereby -cleclncaUy iso• 
laLi1)g (he gates from the source/drains, Note 1.hal this process re-suits In a 
SALICTDE wilhour, a separate masking level only on the sourcel.dr,a.ins and 
lhc poly!lili cou gate. where the s'ilicide is ofter1 tem1ed a polycide. 'Oils re• 
suits m very !ugh-performance MOSFETs. 

Eimally, lhc MOSFETs hav~ to be propedy inlcrconneated according 
to the cucu1t 1.ayout. using the metall izntioa level. This mvolve;:s LP.CVD 
0f an oxide dielectric layer dopl..'d with B and P, which is known as boro­
plwspha-s,lirnm glass (BPSG) on 1.he entire-wafer, patterning LT by means-df 
l ~-o i:ontl:lc_t-levclrel:l clc; ant'.I 1.1!,i.n__g. RIE to opeo up the contact .holes to 1he 
subsi.ra.te (fig. 9- 9b). The B aodP allow the oxideJayer lo softenandrefiow 
rn<,re rendlly upon anneaOog, thereby helping plan.artze or ~'n10olh our lhc 
topt1graphy 011 lhe wafer. This shaping. of 1be mil lions of very ~mall c1U1tact 
holl!S-is crilical on a ULSI chip. be.cal\S<! olhe1-wis~ 1ru:tal deposlted on \l~ ur­
face into the co11lact holes- may not reach completely into the l101es, ltl°adfog 
lo ll mtas1r0phic ope,n circuit. In fm::t.sometimes a CVD tungs1en layer is se­
lectively deposited m th.e contact holes, to form a coat,act plug be.Fore on<:: 
procc:eds 10· tl;ie next s t.op. 1l1en _a suitablre metal layer suoh as Al (al loyed 
V1-itb. - I :percent Si :.ind - <I pt!n:eot Cu) is spuner de-posited O\ler the. wa:fe:r, 
patterned IL~ini?, thc-111e tal interconnect level. and subjet:lcd to metal RlE 
Tf1e Si is Hdtfod 10 the Al tu solve the juncti.on Spik ing proole.111, wheteby 
punt A1 can iucorpuratc the s olid solubill1y limit oi Si ·rrnm the shallow 
source/drai.o regions. Tols would allow the Al to "spike.'' or s/lox-t, lhrough th.e 
p-n jum1tiu11. The Cu Is ndded 10 enlarge the grain size in the Al intercon­
m~ct·l'iJms. which are polyc.rystal lin~ rna)dng it h1ir~~1· fort he. electrons mov­
ing during current now to nudge t.he Al atoms a long, th.ere by openlng voids 
(prQducing <lf)e.n ch1.uits) in the int:eroonnect.This is an examnle of an e/e~tro, 
migratit>1t phenomenon. A cross.sectional picture ol' an LDD MOSf<'ET wilh 
SAL'ICl'DE is show.n in Fig. 9-9c. 
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Th.i formolion of -silioided source-drain ond .gore regioRs for Jow'resistonce con1ocls: fa) a layer of rec 
ftactory melol is deposiled ond reode.d In regions of exposed Si fo form o condudtng silicide layer; 
(b) •~ unre.octed metal is remove.d ond a CVD_glo$$ Is dep.osiled ond poHerned for contact metollizo• 
Hon; (cl cross•seclionol micrograph of lDD MOSFET with 9ale le119th of 52 nm. (Photograph courtesy of 
Texas Instruments.) 

In a modem ULSl clrlp, the compleiity of the deyice layoutgeoeraJ,ly 
demands dial multiple levels of metallization be used for interconnecting 
the devices (Fig. 9-10). Hence, after the first metal is deposited, an in.tem1etal 
di.electric isolation layec su;:h as Si02 is deposited by )ow-temperature CVD. 
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Figure 9-10 
Multilevel inter• 
corinect: Cross 

section or IC 
sh0wi119 five lev­

els of Al Intercon­
nections w jth 
suitably plo­

no/ize.9 lnf!lrrrietal 
die.leclrics. The 

transistors ore al 
the very, b,ottorn 
ond qre ele~tri­

cally iJolo!ed by 
sh.dliow-rrench iso­

lolion [STI). (Pho­
tograph courtesy 

of Freescale Sem1• 
conductor.) 

Low temper.ature.s arc very importanf m U1is back-end part of the proces~ 
ing be.cause by omv-all the active d\?vices are in place c1nd ooe cannot allow 
the dopaots: to diffuse s:ignif11:antly. Also. the Al metallization cannot wilh­
st:;10.d tomperi1tures ·bigher than -500"C. The dielect.ri.c iso.lation layer musr 
be .suitably planarized prior to the deposition o( the n~t layer ot metal. and 
Ulis is generally done l)y CMP. Planarizatioo isi lilporta.nt because if metal is 
deposited on a surface with rough topography and subjected to RIB, there 
can be residual meial s.idewa11 iilaments OI' "stripge(s:• al the ste.ps for the 
same ;reason one gets sidewall oxide spacers on either side of the MOSFET 
gate in Fig. 9-7.'n1es,e met,d stringers can causesl1or1 clrcaits between adja­
cent metal lines. Plauarization i:s also importaut in mainrairring good dc:lpth 
of focus tluring pl1(:,tolilhograpl1y. A:/'ter pJana.rization of the isola-lio a layer, 
one·uses pbot<:Jlitbograpny to open up u new set of contact h.oles called vias, 
foUowed bJ dep.osition, patterning and RIE ol the nc.xt layer or metal, an.cl 
so on for omlli-Jevel meraJlization. As mentioned previously, W me1al plugs 
are sometimes selectivclydcposiLed to fill up the via holes prior lo th~metal 
deposition, and reduce lhe .likelihood of an open circuit. 

Fi.a.ally.a protective overcoat is deposited on the IC 10 pwven.t conta­
minaLi.on and failure of the devices due to the ambiea.t (Fig. 9~10). This gen­
e(ally tnvolvc.~ plasma CVD of silicon nit:dde, whi~h has the nic;e attrlbute that 
i t bl0cks the diffusion of water vapor and Na lh.r.ough iL Sodium, ils men­
tioned inSecti.on 6.4.3, causes a.mobile ion problem in the gate dielectric of 
MOS devices. Sometimes, the pro~eclive overcom is a J3PSG layer. After the 
oven.mat is deposited, OP,e.nings are etched for lbe metal .bond pad5; After 
the cltips are tested io an automated fester, tl1e known goqd dies arc paC:k­
aged and wire bonded, as discussed in Section 9.6. 
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9.3.2 Silicon·on·lnsu'lator (SOI) 

An interesting and userul eidension of. the Si MOS process can be achieved by 
growing very thin films of single,crystalSi on insula:ting_ substrates (Fig. 9-11). 
'lwo such,substt:a tes whitji ba-ve the approp.riate lherIJIB.I ~ansion match t'O 
Si are sapp.hire-and spincl (MgO-Ai20 3). Epitaxial Si films-can be gmwn on 
these substrates by chcinic11l vapor: deposition ,( e.g.., the _pyrolysis of silane), 
with ty_picat film thickness of about l .µm, Toe film can be etched by standard 
photolithographic techniques into islands for each transistor. Im pla.ntatlon oC 
p"' and n•.ar.eas -into these istands for ,source and drain regions result in the 
MOS devices. Since fhe'film Is so thin, the source and drai:n regiotis can be 
made to-extend entirely through rhe film to tbe i:o:sula:ting substrate.As a re­
sulL, fue junction capacha.oce-ls reduced to the very small capacitance asso­
ciated wi(b the sidewalls between the source/drain and the channel region. 
In addition, since int.erconnections between devices pass over the insulating 
substrate, the usual interconnection-Si substrate capaLirance is eliminated 
(along with the-pQssibility of parasilicindue)!d chHIU1els in lbe field between 
devices), 111ese capacitance reductions improve considerably the high-fre­
quencyoperatiop of circuits usi.ng such devices. 

Other u1stilators can be used for S01 devices, including 8102. Since 
oxide can easily be gt:own on Si substrates.it serves as an aur aotive.ins.ula­
tor for subsequent growth of thln-film Si. Since polycrystalline Si can be de­
posited. directly over Si On devices can be made in tb.41 poly-Si films. However, 
to avoid grain boundaries and other defects typical of·polycrystall.ine mate­
rtal, a vadety of techniques have been developed lo grow 1JiI\gJe-crystal Si 
on ox.ide. For example, the oxide layer can be formed beneath the surface of 
a Si wafer by.high-dose oxygen impla:ntation. The tbin Si Jaye.r ren;iaining on 
the surface above the implaored oxide is u~ually about 0.1 µ.m thick, and can 
oe used as the thin filln for CMOS or other device fabrfca;tion. This process 
is called separation by impl.antatio1t of oxygen (SIMOX) , lJ;i some cases a 
thicker Si film .is gr<:1w ~ltaxially on the SL\1:OX water, ,using the-ihin Si 
crystalline layer over Lhe oxide as a seed for the epitaxy. 

• An,other approach forJnaking SOT i:i to p)ace twc> oxidized Si wafers 
face to face·, and thermally bond the-oxide-· layers by high-temperature 

p clnmnel fl chnnuel 

'LOCOS n:<[de 

Figure 9-11 
Silicon on 
fnsulr.itor, Both 
n~lmnnel □nd 
p-chonnel en­
h□rcement transis­
tors me mede in 
islands of St nlm 
on the insulating 
rubstrote. These 
devices con be 
Interconnected 
for CMOS 
~pp\icolions. 
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annealing in a furnace. One nfthe wafers is then chemically etched back.al­
lll-0SL camplet~Jy. leaving 11bout a micron of ~ngle-cryst.alSi·materia.l on lop 
of the Si 0 2• This approach is known as Bona-and-Etch,bal'.k SOL(BE-SOJ). 
Since it is ohaUenging to-etc.h off abou~ 600 µ,m of. Si aiid stop controllably 
s9 as to leave·abouta micron o:[si,an initial p<: implanted layeris often used 
to ai;Lns.nn etch stop neanhe end oft be chemical·etch. Ille chemical receipe 
that is used for etching Si bas a much lower et.oh rate in a pt layer .than in 
lightly dopeclSi. 

Another recent approach l~ a modifica:tion of BE-SOI using very 
high dose B imp.lantation into one of the oxidized Si wafers, such tbanhe 
peak of the ll profile is about a miccoo below the Si surface. During.the 
.high-temperature annealin.g step, the 11 atoms coalesce lo form ti.ny H 
bubbl'ei, which 1;;ause a thin layer of Si lb cleave, off from the implanted 
wafer,1eaving the Si layer bonded to the oxidized. S.i surface. Tb.is way, oae 
i:loes l}Ot ·have to c~cmiCl\l\y ~tcb off op._e Si wafer for evecy BE-SOT water. 
l.f properly done. the cleaved-off Si wafer has-11 smooth surf.ace and can ee 
reused. 

Examining the two oevices ofEig. 9-11 more closely, one of th.em is 
unlike the lram;istors M~ have copsidered thus far. 'The Lb.in Si film is lightly 
doped p•typc, and therefore the device labeled ''p chanael'' appears jwic• 
1io11/ess. Such .a device is able tQ ope·rate in lhe enlti}ncemeni mode (oor­
mally off) because of the equilibrium e.ffects of the work function 
diffe;Fenc.e and the interface charge.W l1.h the usu1.1l <l>01s and Q1 a depletion 
rngion is ·formed in the central p material of each .device wilh zero gale 
voltage. In fact,!01: a Si film of abQul 0.1 IJ.m or l~~s.Jlii.s deple1io1negion 
can extend all I.he way through th.e Si: to the jnsulator. ~uch a devke is 
calledji,1.U:v depleied and no µram-to-source current .tlows. ln the n-channel 
devio:e a posilive.,gate voltage greater l1111:n v7 induces ru1 i:nv-erted re­
gion al 1he5t1rfa!l6,as usual for an n.-channe1 erihan.iremeni device. For the 
p-·ch11nnel case a small negative voltage V O remove~ the depletion and 
causes hole accumulation beneath fne ;gate. 'rh.e resultis 1!1w formation of 
a co:nd11cting ~annel by a small negative- gue voltage, as is the caseiot a 
cou.ventionat p-ohannel enhancern1:.1;n.f devic~. Alth-ough the folly depleted 
type ofp-channel devke opetitles by a somewhat dlffetenL mecbaniS:m. its 
cuneot-voltage.characieri~tics are similar to .the conventionaJ oe,~c·e. Since 
both p-chan.neJ a.nd n-channeJ transrstors can be m.ade on the same Insu­
lating surface, the siticon-on. insulatt>r tecltrt.iqua is qulle compatible with 
CMOS·circui t fabrico.tiOTI. 

The SOT approach doe.s, not suffer from the larobup problem of bulk 
CMOS because there is no'p-Tl-p-n thyristor from the powet supply to ground . 
. for circuits requiring high.speeds, low SI and by power ( due to the elimination of 
j undiQ~ leakiigc- LQ the substrate), and.nldiation tQlerancc (du~ Lo the elimina­
tion .of the Si substrate). the extra expense of preparing sapphir.e substrates -or 
•gmwlng cryst1tlline Si,films on oxide is compeiis_ated by'Jncn.iasedperloarum.ce. 
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9.3.3 lntegraliorr cf Other-Circuit Elements 

One 0f the most revolutionary developments of integrated circuit technolo­
gy is the fact that Integrated transistofs w:e cheaper to make than are more 
mundane elements·such as resistors and capacitors. There are., b-0wever, nu­
merous appliC,1tioll$ ca).lmg fo.r cliodes, res.isto~s. capacitors, andinductors Jn 
integrated form.Th this section we d.iscuss briefly how these oinmit elements 
can·be imp'lemented on the chip. We will ~so discuss a vecy important circu.j l 
element-the interconneation pattem which ties all of the mtegrated·devices 
togeth~ in a. wo.rk'.m!I system. 

Dlo_des. lt is :simple to build p•n junctial) dfodes . .in. a monolithic circuit. It is 
also common practice to use transistors to perform diode fu.ru::tions. SJnoe many 
transistors ~ included in a monolithic oircuil, no speci.al diffusiq_n step .is fe­

quited to fabricate the diode el.ement There are a number of ways in whkh a 
transibtor ca,n be ci:mnecied as a diode. Perhaps the most common method is 
to U$e the emitter junction a.~ the diode, with the eollector and base shorted. ·fhis 
configuration is· essentially the narrow base diode strnct:ure; whil;h_has high 
switching speed wjth little chtu:ge star.age (Pr(lh. 5.35), Siru:e an the transistors 
can be ~de simultaneo"tJSly, .the ptoper connections can· be included i.n the 
metallitarloo pattern to convert some of the transistors• into diode.~. 

Resistors. Diffused orinlplanlecl resistors can be ebta:ined in monolithic cir­
cuits by using the sh.allow junctjons used. in forming the transistor regions 
(Fig. 9..,12a). For ~plc, during tile base fmplant. a resistor can be jmplanted 
which is made up of a thin p-type layer within one or the n,.type.isiand&.Al• 
tematively a p region can be made dun'ng Ute \)ase implant, and an n-lype 
resistor chrumel can be included within the resuJting p region during th.e eroit­
terimplant ~ep, Tn either case, tbe re_sista:nc~ cha,Ii\lel can be isolated from the 
rest ofthecircuil by proper biasing of the surrounding material.For example, 
if the resistor is a p-type· channel obtaineo during tbe base Jmplanl, Lhe sur­
rounding n material can beconnec1ed to the m0st positive potential i.n the cir­
cuit to providJ:. reverse-bias junction isolation. Toe rc~istance of the chaoo·e1 
depends on its length, widtb, depth of the implant, and resistivity of the 

11· 

I 

(a) (b) 
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Figure 9-12 
Monolithic resis­
tors: (a) cross sec­
tion s~owlng use 
of base 013d emit• 
ter dillvsions for 
resistors; lb) lop 
yiew of two (.e&i$­

lor polmms. 
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implanted material, Sinre the depth ancire.sistivity are /,l_etermlned by th.ere­
quire.ments of the ·base or emitter implant, the variabie pararneten; are lhe 
length and width. 'Two tfl)ical res.is\or geometries a-re shown in.Fig. 9 .... L2.b,Jn 
eacb ~ase. the resist-or is long cqmp.ared with. its width, and a provision ,is made 
on eacl1 end for.makmg contACt to themeta:llization pattel'n. 

D eJ;ign of oiffu.sed resistors begins \\ith a quantity called the sheer: resis­
tance of the diffused layer. ll the average resistivity of a diffllsed region ,is p, the 
resistanc,e of a. give.u length Lis R = pl,.lwt.. ·where w is the wldlb anq_ st js the 
thfckn!lSS of the layer. Now Jfwe considcrone.squa:re.of the marerial,$udl tha t 
L = w. we have the sheet resistance R, == pit tn unrts Of ot.rrns per square We 

DOtice l11a1 R, meas.ureti for a given layer L~ numerically the same, f©t any size 
squMe. This quantity is simple 10 measure for a• ihin dlliused \ayer by a four­
po.intprobe recbnlque.2Therefore;fora given diffusion, tbe sheet resistance is 
generally known wi:th good accuracy. 'The resistance then <;an be calculated 
from the lrn0wn vruue of R, and the ratio Llw (the aspea1 rado) fonhe Tesis. 
tor. We can make the widtlt was ffll!lll as.possible wilh.in tlie 1;equirerrumts of 
hear dissipation and photcilithographio limitatiuns and th.en calculate the re­
quired longlh from w andR,.Design orit~aior dil'fused resistqi:s .include geo­
metrical facton;, such as !he presenee of:high current density al the inside eomer 
of a.shaw tum. Cn 50,lne case~ iLis-1)eccssary to round corners sJjghJ.ly in II fold­
ed or zigz.ag.res'istor (Fig .. 9-12b-) 10,reduce this-problem. 

To reducetbc f\![loun1 of.space used for resistors or to ob tain la.rgerre­
sisrance valu~ it is· often necessary to obtain surface layer.s havlng: larger 
s:heel resistance than is available during the standard bMe or emitter im­
plants.. We can use a differnnlimplant; such as the Vr adjust implant, to foru.u 
shallow regions having very hlgh sheet resist_aµce. ( - 1Q5 fl/11quare). 1hls pro­
cedure can provide a considerable saving of spaee on the chip. m integrated 
FE'"r circuits it is common to replace laad tesistots with dcp!eUon-i;node trun­
sisiorn, as mentioned in Section 6.55. 

CapMirory, One of iliemos1 important eJemen~ of an integrated circuit i.s the 
capacitor. Tlfur.is particularly.true in the case of memorycircuits, where charge 
is stored in a capacitor for each bit of jnfornfation. Figure9-13 illustrfl,tr,:s ~ 
one-transistor DRAM cell, in wb.ic.b the n--chan.oel MOS transistor provides 
acces~ to the adja.oen:t MOS cap:icifo.1•. The top p.la te of the capacitor is poly­
stlicon, and the bottom pla:te rs an inversion charge contacled by an n .. re­
gion oft:be transistor. I he terms. bi/ l ihf! anci i11or'd line Tefer to the row and 
column organlzat:io.n of the rneino.r:y (Section 9.5.2). One ean. also make use 
of tho,capacitanc,nissociared with_ -p-n jun,otion,s. ~ discussed in S~i;lion 5.5.5. 

Inductors. Inductors have not been..ine6rporated intoJCs .in the past,beClluse 
it is much harder to integrate inductors than the other c:4"c\l1l elements. Also. 

'Tli,, f• a ~6'V vs.SUI ,.,. d,od ,n which-cureon) i, 1111,aj11c:,,,j inlo o w<1for -c,f 0.111,prob<t and ,, c;olloot•d ot 
another probe. 9n~ I~,. voltoge I, rn~ •d PY' ,Wo p1,;,b,,, in botw-. ~ of forniulos,an,.reqqir~ lo 
calculo!e ,,.i.11vi,y,pr ,~...,, rf'lbiotlc• frt1m il!t'<C mea,uremenh 
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lhere J,as ·not been a gte~t needier integr·ating inductors. Recently, that has 
changed be¢ause of the growing nee;lfur r.f analog I& for portable communi­
cation electronics. Inductors ate v~cy importanrJor such applicarlons,and ean be 
made with-re.asonable Q factors. using sph-ai wound thiri metal films on an lC. 
Such spiral pattems can be-defined byphi:)tolitbogtal)hY and etching tecliniqu~ 
compatible with IC processing, Ol' !hey-can_ be incorporated in a hybrid IC 

Contacrs and Interconnec.tions. During tli.e metallizatioiicsl'ep, 'lhe various 
regions of each-circui t element are contacted and _proper interconnection of 
th<! circuit elements is ~ade. Aluininunj is comm611ly used for the top met­
allization, since it adheres well to Si and to SiO1 if !he temperature is raised 
briefly to abo.at 55'0°C after depo~tion. Gold ls used op GaAs ~evices, but 
the adherence properties of An to Si and SiO2 are poor. Gold also.ct'.eares 
deep traps-in Si. 

As mentioned throi:ighout this chapter, silicide contaors and doped poly.­
silicon condu,c~ors are commonly used in i,11teg,rated circuits. By opimlng win­
dows through the-oxide layers to these conducto1-s,AI metalli7.ation can be 
used to <;ontacl them an.d connec~ them to other parts of lbe oircuit-. Jp cas~ 
where Al Is used to contact the Sisurfaoo, it is usually necessary to use Al con­
taining about j percent Si to prevent the metaHromincorporating Si from the 
layer being contacted, therel,y causing"spikes" in the surf.aee. Thin c\iffusioo bar­
riers are st1so used between the Al and Si layers, to-prevent migriition.between 
the two. The refractory silicides mentioaed in Sectloo 93.l serve this purpose.. 

Increased comple.xity and pa~ing density ini1;1iegrated circuitsineVlli!bly 
leads to a:need for multilayer mernllization. Multiple levels o(Cu metalli2ation 
can ·be ipcorporated with interspersing.dielectrics. In general, t:lie metals may 
all beAI, Ca or they may be different conductors such as polysilicon or re­
!raclory rp~als ( depel!ding on the heal each is subjected to in subseq ucent pro­
cessing). Also, tb_e i:)ielectrics IIlllY be deposited oxides, boro-phl'>Spfl~ilicate 
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Figure 9-13 
lhtegraled copoci­
lor for DRAM 
c-ells. A one, 
t~onslstor memqry 
cell in which the 
lron$l&tor ~tore, 
""d accesses 
charge in ~n od­
ja&eAI planar 
MOS oopccitor. 

Petitioner Runergy USA Inc., Ex. 1030, p. 463



46~ Chopler 9 

glass for reflow planarization, oitrides, etc. The planarization of the! swface is 
extremery .important to preve.at breaks in the .metallization, wl1ich c~o occur 
in traversing a step on the surl'ace-. Various approaches,using reflow glass,poly­
imi'.de; and cit hey materials to achieve planarizarion nave bee.n used, along-with 
chen1ico I mechanical polishing: 

Jlie mos:L ittwortant challenge in d.e~igning interconnects is the RC time 
constant, wb.ich affects the speed and active .power dissipation of the chip.A 
v,ery simplistic model of two layers of interconncc.ts with an lnter-metal di­
electric (Fig. 9-14b) shows tharit can be regarded a~ a parallel plate capacitor. 
Regtrrcling U\e interconnect as a recJa,J.1J1,Ulanesistor,i1Sresistance is given by 

µL l 
R =-..,, R -

tw rw (9-la) 

where R,rs the sheet r~istance,and the other symbols are defined iu Flg. 9-1-'l b. 
The capacitance IS given by 

The RC time-constant is.1hen 

C=ELw 
d 

(9-Jh} 

(9-2) 

lnter.estingly, for this simple one-dime.nSlonal model, tb.c width of the lnter­
coanec1· w cancels o·ut. Therefore, it does.not make sense to use wider con­
ductors for high-speed operati~n. It is also ·impractical to. do s·o in terms of 
pai;:king density. Of coarse. 111 reality we must a·coouol fpr Ute fcln_ging e\ec­
tcidie]ds, and therefore accouotforwidth dependcm;e.From Eq. (9-2),lt ls 
clear we need as thick a meta.I layer (witbin practical limits of deposition 
times and etching times) and as low a resistivity as possible. Lowresistivities 
ar.e·ttlso Important in minimizing ohmic vo\tage drops in metal bus lines that 
carry power from •one-end of a chip to the other. Aluminum is very good in 
this regard, aod thus was a mainstay for Si tric:hnology for man;Y years. Alu­
min:um also has other nice attributes su.ch as good ohmic contacts to ho(h n 
and p-type Sl, and g9od adhe-sion to oxides. 

Copper has even lower resistivity (1.7 µfl-cm) than Al (3 µ.fi-cm) and 
IB abt')UL two orders of ma.,,onitu.de 1·esssusceplible to eleclromi.gratibn. Henc.e. 
it ls an exccll'ent alternative to Al for very high spe.ed ICs (Fig,. 9~14a). Th.e 
pro~ess b.reaktbro.ugbs U1at llave made Cu via.bleJor caeta.l.lization include 
new electrodepoai:tionandeleetroplating techniques because CVD or sput• 
ter cleposition is n ot very-practica.l for Cu. 1t js also ·vmy clilli1mJt to l,1$e re­
active ion etching (RlE) for Cu because the etch byproduetsfor Cu are not 
very volatile. Hence, instead qf RlE, Cu.paueming_is based on the so-called 
Damascene process where groo,v.es are first etched in a dielectric layer, Cu is 
deposited on il , and the meial layer is ohemically-mechani.c.ally polished 
down, leaving inlaid metal Hnes in the oxide grooves. In this method, the 
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Channel !top 
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metal does .rtot have to be etched directly.,using Rl.B, whi~ is always a diffi­
cult process. The name "damascene'' is.derived from a metallurgical tech­
niqire in ancient Turkey where metal artwork was inlaid into swords· and 
othe.r artifacts.using this lypeof prncess. Copper can create traps deep in the 
band gap of Si: hcnte, a \lui1able barrier layer such as Ti is needed between 
the Cu layer and the Si substrate. 
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Figure 9~14 
Muhi-level inter­
connects1 (o) Mi­
crograph of 
multi~evel in1er­
c.q_nnec.ts in 011 IC. 
The inter-level di­
ehx:tr1cs hove 
been etched off lo 
reveal the copper 
interconneci line.s; 
lb) liquivrilent oir­
c.uit illusJra!ing the 
various porositio 
copocillye ele­
ments os~ocioted 
with o multi-level 
interconnect. On 
the top right hand 
comer of the-!;~ 
ure-, we focus on 
the parallel plote 
copocilor model 
referred to in Eqs. 
{9-1) and (9-2). 
(Ph,otogr~ph cour­
lesy of IBM,) 
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9.4 
<i:t:IARGE 

TRANSFER 
DEVICES 

Other p_~ame.tersin_Eq. (9-2) thal oacun1nim.i.ze the RG time constant 
are clearly the use of a thlck inter-metal dielectric Jayer(onc~ again within 
the.limits of p,rt'\oti'cality in lem:Js 6f deposition tim~s), 11nd.as low a dielectric 
constant material as possible. Silicon dioxide has• a rel.ative dielectric con­
stant ot 3.9. There i,s active .fcseiµ;ch.),11 low q.ielectri~ canst-ant materials 
(sometimes referred to as low-K material~)-Tl:\.ese include organic materials 
such as polyimides, or xerogols/aei:oge)s which .h11ve a1r poc)i:ets or porosity 
purposely built in to minimize the dielectric constant. 

[n qesigning the •ayo-ut of elem~ti;fQr a mQllO\i.thic circui\.., topological 
problems muse be. solved to provide efficient interc·o11nection -without 
crossovers- points at whi_ch one cooductorcrosses anolhe'r condacloc. lf 
crossovers must be made on the Si.surface, ,hey can be acc.-omplished easily at 
a.r.esl$tor. $ioce (he lrpplanted or dlffused cesi,<itor is covered by .Si 0 1, a t.'Oa• 

• doctor can be deposited crossing the insulated resistor. In cases requiring 
ar.0sso.vers where Q.O resistor is avaUabJe, a low.yalue implanted resistor ca,n be 
inserted in one of the conductor paths. For example, a short n+ region can be 
imp1anted during the smrrce/ch:a.in 5lep 11nd oo~tac~d at ea.ch e1.1.d by i;,ne of the 
conductors. The other conductor can then cross over the ol{jde-layer above the 
n+-region. U~"Ually, this can be acco111plisl)ed withoutapprecia)Jle lJJ.Cre;ise m re­
sistance, since then' region is heavily doped and its length can bemade·small. 

During fhe ,metal.lization step, appropriate points in lhecircuit are con­
nected to re1ati:vety large· paru l'O provi de-for extemal contacts. These metal 
pads !.\'I! visible in photographs of mo110J'itbic c_i.rcuits as rectang11la:r areas 
spaced around the periphery of the device. In the mollUting and packaging 
proce$s. tliese pad& are contacted by smaTl All o.r Al w.ite.~ or by sp,ecial tech­
niques such as those discussed in Section 9.6. 

Oae of the most interesting ru1d broadly useful fotegr:i:led dev.ices 1s the 
cJinrgvccnipfed device (GCD_)t"Dte CCD is parl O.f a broader cla~s of struc­
tures.known generally as charge.tr11n.sfer devices. These.are dynamic de:vices 
lb.al move charge alorlg a predetermined path under lhe control of clock 
pulses. These devices find applicatlo.us in memorie.s, various logic functions, 
signal -processing, and imaging. rn t his section we lay tlle gr lmndwo~k for llii­
derstaru:ling these devices, b.ut their present forms and variety of applications 
must 11e found in the l!4.irreot literature. 

9.4.'l Dynamic Effects in MOS Capacitors 

The basis o·f tlle CCD is fue -dynamic storage aitd with.drawtill ·of charge in a 
series of MOS capacitors.1lrus we must begin by extendiog 1'he MOS dis­
cus.sion of Chapter 6 to include the basics <:>f dynamic -effect.s. Figure 9-15 
shows an MOS capacitor on a p-type substrate wHh a Large positive gale pulse 

Petitioner Runergy USA Inc., Ex. 1030, p. 466



lniegrpleq Cir~-uit, 

{b) 

applied. A depletion region exists under the gate, and the surfa.ce potentl11l in­
creases coo,sid(}rably under lhe gate electrode. In effect, the surface potential 
forms a potential well, which can be exploited for the.storage of char&e· 

If the. positi ve gate bias has been applied for a sufficiently long time. 
electrons accumulate at the surlace and the steady state inversion condition 
is established. The source of llie~e carriers is Che iliennal g-eneratlon of elec-­
lrons a·1 or neat the surface. rn effect, t.he-ln,version charge tells us the ca. 
pacity of the well for storage ch.arge. The time required lo fill the well 
thettnally is called lhe the.rm<1l relaxation rime, and it depends on the queli• 
ty of the semiconductor materiaJ and its interface wiili the insulatol'. For good 
r'na,lerials tl1e thennal relaxation time- can_ b.e much longer th,\Il the charge 
-storage times involved in CCD operation. 

If instead of a steady state bias we apply a large pesitiw pulse Lo tht! 
MOS gate el.ectr.ode, a deep potential well is first created. Before inve~on 
has occurred by thermal gene.ration. the deplellorl width is greater than it 
would be al equilibrium (W > W,,.). This transient condition is sometimes 
called deep depletion. 1f w~ can. injec·1 eleat11ons into this potential well elec­
tricaily or optically, 1hey will be stored there. 3 The storage is temporary, how­
ever, because we must move the electrons out to an1,ther storage location 
before,tb.ermal generation·becomes appreciable. 

Wha,t i.~ neede.d is a,simple method for allowing charge to:flow fram one 
potential well to ru1 adjaecnt one quickly and withoutlosing much charge in 
t.heprocess. 1f this is accompli,shed, we can iojecL, move, a.nd collect packets 
of charge dynamically to do a variety o.f. electronic ftmctlons. 

'Th• pcner,fiol wall ,houtd 001 be-·"'nfu,.,d wilh lhe d•pl•lion lB!Jio~, which o,<1endJ into lhe but~ of loo 
l!l"lloonc:luctor. Tho "di,pth' c.f lhe wi,11 la moa,ured In elu~troslnlic poroot!al, no, .dhron= EleQ!rQp1 , lored 
i" Iii• pc,1cntiol wcU aro. in fact locoted ¥•'Y ne_qr lho , omi~CH1duc1or surlo.Cll. 
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Figure 9-15 
Ari MOS copoci• 
tor with o positive 
gate pulse: (a) de-­
pletion reg ion and 
surface charge; 
lb) potential well 
ot the intl;)rfoce, 
partially filled 
with a loc1rpi,• .;,or­

respond.Ing to the 
~urfoce charge 
sh'own ih {o). 
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Figure 9-16 
The basic CCD, 

compesed of-o lin­
, aor orro,y of MOS 

copocifo~s. At 
Hme r11 the G1 
electrod11~ are 

positive, ond the 
charge potkel b 
stated l'o !he G1 

potenliol well. Al 
'2 b.oth Gr ond Gz 
are posilive, ond 
the olior'ge' ls dis· 
lributed beiwee·n 
lne lwo wells. Al 

13 the polen11ol on 
G1 ls reduced, 

and the charge 
Rows lo the ~~ 

ond well. At 14 ihe 
transfer of charge 

to the G2 w1ell ls 
completed. 

9.4.2 lhe Basic CCD 

The originalCCD str_uctu:re propo~d in 15169 by Bqyle and Smith of Bell 
Laborawries consisted of a series of metal electrodes forming an array of 
MOS capac;i.t9rs as shQwn in_Eig. 9-16. Vo1lage pulses are supplied in lhree lines 
·(Li,L'l> L ; ), each connected to every thlrd elecu:ode in the row (01, G2, G3). 

Thesevollag~s nre clocked to pro,-ide potentiahyells, whicn vary with time 
as in Fig. 9-16. At time ti a potential well exists under each G! electrnde, and 
we assU111e t\'lis well c.-on rains a packet or cleotronsJ110m .a previous opera lion. 
Al ~iine 11 a potential is.applied aJso to the adjaeent electrode G1, and the 
ch;arge e,1ualizes acro$S I.he common. 0 1- G2 well. rt Is easy to visualize this 
process by thinki:ngof' the mobile charge-:in analogy with a fluid, w.hfoh flows 
1.0 equalize its level in the expan.djng container. This t1uid m,Qdel continues 
at r3 when V. is reduced, thus decreasing lhe potential well under G1. Now th.e 
cl~arg_e ilows into the G2 well, and th is process is completed at r, whe.n V1 is 
zcro.13y chis process the.packet of charge has been moved from under 0 1 to 
0 2• As the procedw·e is qontinued, the c,har~ is ne>,.-t passed to tbe G3 posi­
tion, and continues down the line as time proceeds. In·tllis wa~ chaTge can be 
injected using an input diode, transpor,tcd tlo\\'n Lhe line, and detected at tt1e 
other end. 

G1 Ga ]< .. ,, u, G '! Io:, --I I I l I -Si0 2. 

• I I l ' 
I 

p$1 
r 1 I 

I I I 
J I . 1 t I 

' ' I I 

I I 

/ 1 <h, r I 

\i.11 a v, ( +) 

I 
I I 

\ r 
~ 11 V1.V1(➔ l 12. /, 

t ~,, 
·' " w: 

\ 

I 
"7 LJ: w V1< l'1 

IJ 
t· ~ : I 

I I 

t. 

I 
\ ' 'CJ: ! ~ -c.,, li'a ( +) 

Petitioner Runergy USA Inc., Ex. 1030, p. 468



Integrated Circuits 

·9 A.3 Improvements on the Bosif Strudure 

Several problems arfae in the implementation of the CCD strUcture of Fig. 
9-1.6.For Cl\ample, the separntlon betw.een electrodes must be very small to 
allow coupling between the wells. An improvement can.be made by·using an 
overlapping gate structure such as that shown in Fig. 9-cl 7. This can be done, 
for exam,p]e, with poly-Si electi'od'es s"l:parated oy SiO2 or ,vith alternating 
poly-Si and metal electrodes. 

One of t1te problems .inherent io the charge transfer process is that 
some charge is inevitably losl dux.ing the many transfer-s along the CCD. If 
the cbar.ges are stored at the Si~SiO..2 interfa_ce, surface states trap a certain 
amount of charge. Thus if the "0" logic condition is an empty well, the lead­
Int edge of a tral.n of pulses is c;!egraded by the lo&~ of chatge require-0 in fill­
ing the traps which were empty iu the "0" eondition. One way of improving 
this situation is to provide enough oias i11 the ''0" state tp accommodate the 
mterface and bulk trap~ Th.is procedure is colorfully refened to as using a fm 
zero .Even w.ith the use of fa.t zeros, the ~ignal is degraded after a 1'-UJ).lber of 
-transfers. by inherent inefficiencies in th1nransfcr proeess. 

Tran.sfer efficiency can be·impi'oved:by moving the cl1arge transfer layer 
below the &errricondu.ctor-insulator interface. This can be accomplished by 
using ion implantation or epitaxial growth to create.a fayer qf opposi,le lyp~ 
than the s-ubsirate. This shifts. 1he maximum potential under each electrode 
into the semiconductor bulk, rbus avoiding the semieouduc!o,r- insula,tor ii;t­
Lerlaoe. This Lypc of device is.refe.rred to as a buried ehan11e] CCD. 

'The· three-phase CCD shown in E?"ig. 9-16 fa only one exam_ple of a va­
riety of CCD ~tructures. Figure 9-18 Illustrates one method for achieving a 
two-phase system, in which volt.ages are sequentially applied to aUe.matin:g 
gate electrodes [r.om tw,o lin·es, A two-1_;:vel poly-Si gate structure is used, in 
which the gat~ electrodes overlap, and a donor implant ne.1r the Si surfalle·cre­
ates ·a built-in well undel' half of each electrode When both gates are tnroed 
off°(b ). potential wells exist only under the implanted regions, and charge can 
be stcmidio'-aoy of thcso WeJ.4;. With electrode G._pulsed positively, t\:te charge 
packet shown. in (b) is transferred to th.e deepest weU un.deT Ga, which is its 
implanted regfon as (c) indicales.rllien with both.gales off, the wells appear 
as in (b) again, except that the charge is now under t:hc.G2 eJectrode. TI1enext 
step in Lhe trans·fer process .is ohviollfily to _:pulse G1 posi_llve1y', so that tlte 
charge moves to the-implanted region under the G1 electrode 10 the right. 

p5i 
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figure 9-17 
An everlopplng 
gcite CCD struc• 
lure. One set of 
electrodes is poly­
cryslolllne Si, end 
the overlapping 
gales ore Al in 
this case. Si02 
seperol/ts the od­
jo-cent electrodes. 
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Figure 9-18 
A two-ph.ose CCD 
with an extra po­

lentlol well bullt in 
un.der the right 

half of each elec­
trode by donor 

lmplaritotion. 

9.5 
ULTRA LARGE­

SCALE 
INTcGRATION 

(ULSII 

POlv-SI . 

(a) 

P11ly-S.1 

!on 
lmplbnl 
(dnnnrs) 

Other improvemenls to the bask structure ru:e important in various 
applicati.or.ts. These include channel stops o~ other methods for achieving lat­
eral continementlor Lhe stored charge. Regenern.tion points must be inclurlcd 
in t lie array to refresh the signal after it bas been degraded. 

9.4.4 Applications of CCOs 

CCDs &re used in a number of ways, including signal processmgJunctio.nssuclt 
as delay, filtering, and mull iplexing several signals..Anotheriareresting applica­
fion of CCDs is in imaging for asrro1io.my or in solid state TV cameras, in which 
an array of photosensors is u~ed to form charge ·packets proportional to light in­
tensity, and tbese packets are shifted to a det~ror polntfor readout. There are 
numerous ways of accomplishing this in CG'Ds, including the linear auay line 
scanner, in which tbe S!;lcond di-01em;ion is oblain.ed by moving the scanner rel­
ative to tJ1eimage. Alternatively, an area imagesen!\Of C.'III be made wbicb scans 
the image electTl;inically in both dimensions. The latter device can be used as an. 
alternative to lhe-eleclron beam-addressed televisionimaging tube (Fig. 9-19). 

In the early development of integrated ·tjrcuiis ii was felt that the i11evitable 
defects that ocourin processing would prevent the fabrication of dev.ices con­
taining more than a few dozen logic gates. One approach to intcgratior.1 on a 
larger scale tried in fbe lace 1960s involved fabricating many identical logic 
gates o□ a wafer, testing them, and interconnecting the good ones (a pro~ss 
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called dt.rcretionary wiring) . While this approaoh was b~ing developed,_ how­
ever, radical improvements were ruadelo devi.ce _proc.essingwhl<:h increased 
the yield of.good chips on a wafer dramatjcaJly. By the el\rly 1970s it was 
possible to build circuits with many bu.odreds of componenu per chip, with 
reasonable yield. Tlrns,~ improvements made distretiona,-y wiling obsolete al­
most as soon as it was developecl.13y J'eduoing the number of processing de· 
fe<lt s, improving the packing den.~ty of con1ponents, and inoreaslrrg the war er 
size. 1t i5; now possible to place 1nillion~ or device elem{!Tlts lTtl a ~ingle chip 
of sillcon 11.11d to obtain many perfect chips per wafer, 

A major factor fo 1he cl.evelopmem Qf integrated cirouits has heeu the 
continual reduction in me of the individual elements (transist<>rs. capacito.l'S) 
within each circuit Through improved design and betterli1hograpby, 1here bas 
been a dramatic.shnoking of the-minimum featur(!size (e.g .. a Lransiswr 1,1a1e-) 
used in these deviccs.'Tbe rESJJlts ofSbrinkb,g Lhe elements in a 256-Mb-DRAM 
are shown in Fig. 9-20, By !'educing the minimum feature size in &UllCe$SiVe 

steps ,from 0.13 to 0.11 µm, lhe die area was reduced from about 135 mm' in 
the fi:rst-g_eoerati.on design lo less than 42 mm1 in the fifth-generation device. 
Obvim1sly, more of the smaller chif1S ca11 be made by batoh fabr,ication on i:he 
wafer, and the effort in shrin.ki.n.g the design i.s rewarded in a more profitable 
devic•e. 

S-uecessive designs·using reduced feature sizes have made dramatical­
ly increased.circttil complcxily possible.DRAM dcsig11· lias set the pace over 
the past two decades, in which successive l -Mb, 4-Mb, and 16"Mb memories 
led to simil:µ- powers of twq increase to the 12S-Mb range.Eigure 9-21 illus­
trates the size comparison of a 128-Mb memory wi.tb .an equivalent amount 
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Figure9-19 
A c.harge-covpled 
devim, i111age sen• 
spr shown o.s 
large wh,te rec• 
tongylor o reds1 
wilh peripheral 
signol processing 
i;ircuilry. (Photo-
9 roph co"1'1=y of 
Texos lnstrumenls,) 
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Figure 9-20 
Size- red~dion of 
o 256-Mb DRAM 

die os the mlrii­
mym lecture si;ze 

is reduced from 
O. l3 1-'m for the 

flrslogenerotion de-
~ign \die rm the 
lefll to 0. I l JJm 

for i ke die on 11,e 
righl. (® 200'1 

Micron.1e..hnol­
ogy, Inc. All Rlgh1s 

Reserved. Usecl 
w1th permluion,) 

F;gul'!! 9-21 
Three ways of ob­

lo l ning 128 mil­
lion bi~• of DRAM: 

(o) one J 28-Mb 
J:h1p; {b) two 64-

Mb chips; (cl 
el_ghl )6-Mb 

chips. The 128-
Mb ,die meo$ures 

almost 1 by 1 
inch. j© 200.4 

Micron Technol-
ogy, Inc . . All Rights 

Re;erved. Used 
with permlS:sion.l 

METRIC 

t 

(c) 

of memory io the form of 1wo 64--Mb and eight 16-Mb chips. These are ex­
amples of ultra large-scale integration (ULSJ.). 

Although 1 he achievem.e11l. of many powers of two .in memory is im­
pressive an_d import.artl, oth~t ULSI chips a.re impot.laol for t:he.ll).tegration 
of many different sys1em funcrion.s. A micropr.oa.essar Includes functions 
for a COJllpUter central processtng uniL (CPU), along with mem0r.y, con­
trol, timing, and interface circuits re.quired to perform very complex com­
puting functions. The C{)mplexily o f s uch i:Jevices is shown in Fig. 9 -22, 
which illus.trates a .micropPocessor cbip with vario.us areas outlined by 
function. 

Befo_re leaving this section lr miglu be useM to provide some.callbi:a­
tkm regarding the ·dim~nsion.s we have been discussing. Figure 9-23 compares 
the size of '64-MbDRAM circuit interconnect element'II with a ):nunan hair, on 
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the same scale. We can see that the densely pa~cd ().18 µ.m lines on this ULSI 
memory chip are dwarled by th-e scanning electmo..rnicrograph of a human 
hair whic.h has Lhe diameter ot about 50 .microns. This makes it dramatically 
clear why ULSf ch.ips·must be fabricated in ultra-clean environments. 

Although the focus of this book is devi~s and not circuits, IL is:impor:­
tant to look at some typical. applications of MOS capacitors and FETs in 
semiconductor logic and memory ULST, which c·tmstitute about 90 p.ercent 
of all ICs.1his should give the reader a better feel for why we have studied 
the-physics of MOS devices m Chapter. 6. This is clearly not a comprehensive 
discussion, because the design.and analysis af circuits is a-large subject cov­
ered in of.her book,s and courses. We will first look at some digital logic ap­
plicatiorudrillowed by some typical memory devices. 
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Figure 9-22 
An ~ornple of 
ULSI, lhe·PowerPC 
G4MPC7447A 
rnicroprocessor 
employing 90-f!m 
CMOS technolo­
gy, and running cl 
1.5 GHz. (Photo­
graph courtesy of 
Freescale Semi• 
conductor.) 
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Figure 9- 23' 
Si:i:e comparison 

of ULSI tlrcult el,;;. 
me11l1 wllh human 
hair: (a) densely 
pockae 0.1:8-µ,m 
inferconnecf hi:ies 
ln H,'e array, of a 

.64-MbDRAM 
chfp; (b) scanning 

• t!llectron micro-­
graph of a 

human hair. Both 
micro.graphs ore 

~own lo.Iha 
some scole. (© 

2004 Micron 
Technology, Inc 

Ail Rights Re­
oerved, Used with 

permiss1on,) 

(h) 

9.5. l Logic Deyke5 

A very simple l)ml basic circuit elemenri, the inverter, whic:b serves tl'l tlip1he 
!ogre state. When iL~mpurvc>lt~g_e is high (eorresponclingto logic ·'J "), its out­
put vott&ge i~ low (logic''()"), and vice versa. Let us start the ~ lysis with a 
resistor-loaded n-channel MOSFET invener to iUustrare the primfrples in the 
simplest. possible manner (Fig. 9-24a). Then, we will extend th.e treatmem to 
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R,_ 
lo~VDo 

D - You, 

--~'i r 
Von Vn 
~vnD =V,,., 

(u) ln-.'Crter 
(b) Dram charac1emiic$ 

and load line 

Vo11= Voo ,-~ ,._;·~- - - - dV0.,. 
-=- 1 ,,v,. .. 

Vol V 

Yi· VIL ir,n Y'oo Vin 

(c) Voltage lran!lfur chttrncttirisUc 

the slightly more complica1ed CMOS inverters wbich are much more Use{ul 
and more common today. 

A key conceptfo,r inverters is the·voluzge tM,isfer cl1aracteri.vt1a (VTC)·, 
whioh is a plor of the output voltage a'l a function. of the inpur bias (Fig. 9'-24c). 
The vrc gives us information.for .:xample, about bc,w much aoise Ule dig, 
ital cm:mt can band le. and the speed of switching of I he logic gates. Then!-are 
five key operating 11oints (marked r through V) on the VTC. They include 
V 0n, corresponding to tl1e logic high or " l ", V 01 . corresponding to the logic 
low ·or "0" . and V ,,,, correspondip.g to the inte,rsection of a line wlili unily 
slope (where v.,.,: V1r1) with the VTC. V,n, known as tl1e logic threshold ( JJOI 

to be confused with the V rot the MOSPETs)., is important when two in­
verters arc cross-coupled ma flip-flop circuit because the output ,of one is fed 
to lhe input of the Qthtr, and vice versa. Two other key points ate the ufiity 
gain points, V,i and V,fl. 'I11e significance of these points is that if the input 
vol tage is-bt:,tweeIJ U1em, lhe ch.mge of the input is amplitief.i and we gel a 
larger cbaage of the outpul voltage. Outside of this operating range, the 
change of !he input voltage is attenuated. Oearly, any noise voltage whk h 
puts lhe mput voltage between V11. and V m would be amplified, and lead to 
11 potential -problem with the ciEcuit operation. 

Let us see how to go about detennininj!; ilie VTC. From lhe circuit io 
Fig. 9-24a, we see tha t in th.e output loop fTom the power supply to groL1Ild, 
the current through the -resistor load is the same as the drain cunent of the 
MO~'FET. Toe power supply volr~ is eg1,1a.l 10 the voltage drop across the 
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figure 9- 24 
Re;lslor load ir1-
ver!er voho.ge 
tronsfer chcirocler-
1sttcs (VTC): (a) 
NMOSFET With 
load res1slor Ri. 
ond lood parasitic 
copodtooce C; (b) 
determlnal!on of 
VTC by su,per,m• 
posing the food 
lir..e pineor 1-V 
ohmic chomoleris­
tics of the ces[slorJ 
on NMOSFET otJt· 
put chorocteristlcs; 
(c) VTC shoWing 
oulpul vollnge •as 
a funclion of 11,puf 
voltdge. The five 
key poinls on ·the 
VTC ore fog le •high 
(YOH!, ioglc low 
(V,;ll), unity goin 
poinl:-. M and 
V,,.;) , and loglc 
thre.sbold where 
input equal~ ou~ 
put (V,.I, 
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re~istor plus the d{ain-l~•source volfi1ge. To,determiile Lhe vrc_ we~uper­
impose the load line of the load element (in this case-a straight line for an 
ohinic resistor) on Uie output obaracteristics of the MOSFET (Fig. 9-24b). 
'This is similar to our load line discussion In Sectio1J 6.1.1. Tue load li.oe goes 
through VvD on the voltage a,<is because when lhe Curre(ltin th-e output loop 
is zero. there is no voltage drop across the resistor and all the voltage ap­
p~ar_s across the MOSFET, On llie current axis, t,he load Line ,goes (hrougb 
V m,IR.L beta.use when the voltage across the MOSFBT is zero, the voltage 
acres$ the resistor must bi! v,,0 . As we cJlllnge the input b(as, V 1n, we ohange 
the gate bias on the MOSFET, and 'thus in Fig, 9-24b, we ~o from one con­
Slfill\' Va cui-ve to the next.At cacb input bias (and II correspon.dlug constant 
Va cmrv.e) the interse~tio:o of the load line •,v:ith thaL ,curve teUs us what I.be drain 
bi8.$ V.D b, Whicit is the same ~ I.he output voltage. This is because at the 
point of intersection. we satisfy the condition that for the cl-c case where the 
capacitor does .(lO~ play any role, \be current tttrougll the resistor is the same 
as the MOSFET current, (Lacer 011, we shall see that.in the a-c case wben the 
logic gates are switclled, 1>1e need to wouy abour lhe displac-ement cur-rent 
through the capacitor when jt is ollarged or discharged.) I t crnn be clearly 
seen frocµ Fig. 9-211c that as the input voltage (or Vo) ch&nges from low 10 

high, the output voltage decreases from a high of V0:otoalow of Vol• We can 
solve for imy ptlint on lhis YTC cu-i;ve anal~lcally simply ~y recognizing 
whether the MOSFET is in the Unear region or in saturation, using the cor­
i:esp-0nding drnio ourrcttl expre~·slon [Eq. (6-49) or (6r-53)l and seHrng Lt 
equal'lo the resi-s1or current.As an illustration,suppose we want to detennine 
the log.ic "O'" level. Yr1L.1his occurs wbe11 th~ input y9 is high an_d the output 
V() ls low, putring the transistor in the linear region. t:Jsing Eq. (6-49), we ean 
write 

[ Vo ] [ You ] 10 .= k Vo - Vr - T Vr, = k Yoo - v.,, - 2 VoL (9-Ja) 

Since in the d-·c case the ·current through the MOSPET ill Lhe same as that 
through the resistor, 

J .. = IL = Voo -VpL 
LI Ri (9-3b) 

We c:m solve for VoL if we know RL and the MOSFET parameters. Alt-et­
natively, we can design the value.of Rt to achieve a certain VoL• Wha1 might 
dict;ate the choi'c.e of R1) WI} ~hall see lah:dn this section lbat for mtLITY ap­
·plications we use two of these inverters in II cross-coupled manner to fonu 
11 bistable flip-flop. The output of one flip-flop is fed 'ba,ck. to the inp11t of 
tbe other. and "ice ver.sa. Clearly. the Ven n:rnst be designed to, be signil'i­
cantly Jess than the VT of the M0SFET. Otnerwise~nelther MOSFET wi ll be 
folly turned off, and the flip-flop will not function properly. Similru:1.y, all 
the oth~ poiot,s on the VTC can be determined atialyticaUy by using the 
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appropriate MO$PET drain curre.1H expressto:o, and selling-it equal to the 
current through tlie . .rcsistor. 

We aqi make some geqeraJ observa1ions from this analysis. We wan1 
the transitioo region or tbe vrc (between Vii, and V,11) 10 be as steep (i.e., high 
g\Ull) as possible,;md the ti:ansition.sb:ould be around %012. Hi_g~ gain gua~­
aniees a high-speed transition from one logic state to the other . .11 is l'lece!lSMy 
lo increase (he lqad resistance to increase this gain in d1e trans.ition region. 

'Ihc rrart~tion aroll!1d V,1,JZ guarantees high nnise immunity or iriargin. 'for 
botb logic. "l" and logili: "0'' level~ l b app.reci1uc the imp6rtanci: ·of uoisc lmmu­
nity, we m.u.~t recognize ll1atl1t combinatorial or st-quential di!!,ll81.drcui1:S, the 
output of one invi:rler or logic gnteJs often.fed in.lo. lheinput of the next stage. 
Noise lmmunityis a mea..'l!rre of bow much noise voltage the-circuit can tolerate 
at the inpm, and still.have the digiialoutputs be .il the correct logic leve'lin the 
$Ubl!Cquent-stagt$. Fqrex.ampleln Fig. 9- 24c, if the mput ili nomh:lally at zero, tlw 
outp.utshouirl be~gli(logic''l ").lf this is fed into anotherinverterstage, its out­
put should be low. and so on. Tf anoise spike _cat.tses.theJnp.111 of I.he .flnit..c;tag~i:i;> 
go above V;."' the output voltage decreases sufficiently to potentially create er­
rors in tl1e dig11:al level~ ifi subsequentstage..'i.Having a·~i:i:mJel;rlc transilloa of tlie 
v:rc around Vni/2 ensures 1.hat the noise margin i s high for bofh logic levels. 

One problem wiU1 the resistor load in.ve-rter is lhat tlie foi. .isJow, bUi 
not zero. Th is, coupled, with t he fact th.at tb.e load element is a passive resis• 
IQr lb.al cannot be turned off, aall/les h~gb stru)dby power.dissipa.tiop in thls 
dtcuit. 'l11ese-problems are addressed bylhe CMOS structure described o.e:xt. 

We can de1.etmine t'he V'fCfur the CMOS case exactly as for the;e~j~or 
load,although the math is somewhat more messy (Fig. 9-25).Asmen.tioned pre­
viousby,for.w input veltege V.,. the V0 of theNMOSFET is V.,, buMhatof-the 
-Pfy!OSFET is V,.-V 0 0 , Similarly, if the output voltage is Vonh the V_n of the 
NMOSFET is V ouo but that of the PMOS ls V oui- Y,00 , The loadelement now is 
notasimple:rcmstorwith a linear current-voltage:relationship, bur i.nsread i~lhe 
PMOSPE'T' devioo whose ")oad line" is a setoO 0 -Vn outpuLonaracteristies (Fig. 
9-25b). The Vllllt can be determined as a fl!!)clion of the V tn by recognizfn~ 
whether the NMOSFET and [be PMOSFET a.rem the Ji.near or satUQt iruLCe­
gjon .of their charaoterisiics. and using the ap_propriale cttrrent _-ex--pressious. At 
e:aeb poinl, we would set Lhe]~MOSF.ETJJJ equalto the'.PMOSFE'T' 10 . 

As-in the case of the resi~tive load, there are five -key point~ on u,e VTC 
(Fig: 9-25c). 'Il1ey ·are logic "1" cqua] to V DD: logic ~(y· equal to ·o,Jogic thresh­
old V,,. wher-c v ... = V011., antl1he t\Vo uni.ly gain poipt.s, v;,, and Vu,· In region I 
in Fig. 9-251,', Lhe NMOSFET is OFF, and V00,"" V 00. Similarly, in region -V, the 
PMOSFETis OFF~and V.,.11 : 0. We can illustrate the co.lculat.ioJLin region 11, 
whe~ the NMOSF'ET is in saturation and th.e 'PMOSFEr·is in I.he linear region. 
l n this c.ase, we must use· Eq. (6-~) for the satuiati.pn dr2in cnrfent of, the 
'IDl!OSFET. 
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j lvp 0 1.t,,, 

-~-v.111, 

(b) 

NMOS off I 
V0 _.,, Sktpe = - 1 

Vou t-'~-.... / 
= Vt,D. - NMOS,a1 II 

I PMOSlln. 
I 

V __.... l301h Ill 
I li1 .Sell .. 

Slope= •1,l , . K . _..,.---NMO$ Im. IV 

'--_j'--1...l -...<...:"-!-1 _:r..L.1,·.::_
1.=0~s~~~1._-..::..:::---PMos orr v 

V-nv Vii V111 \ Yoo V;n 

VoTJ - Vii• 

(c) 

(d) 

Figvre 9-25 
CMOS inverter voltage transfer chorocter-istlcs: (a) NMOSFET with PMOSffi -load.and lood parasitic 
copacilance, C; (bJ determlnation of VfC by superimposing load line (output choracterisitics of PMOS!cET 
shown as potted. line} on NMOSFET output aho(octerlstics; (cl VTC showing output voltage as a functlOT) 
of input vl'>ltoge. The five key points an the VTC are logic high (Voo), logic low (Vbl), unity gain paints 
(½1 and V11,), .ond logic threshold where input eq.uols output (V,,J; (d) swilchlng current from V~D 10 ground 
when lhe Input voltage is In o range where both the NMOSFET and the PMOSfET ore on. 
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On the otbe'r band, w:e must use Eq. (6-49) for the PMOSFET in the 1Jri0 

ear region. 

(9-4b) 

Here VrN and Vrn are the n-·and _p-:ohannel threshold voltages. In the d-c 
case, since the output le~d capacitor does not play a role, the draiD current 
through the PMOSFET dev.ice must be equal in roa.gnitucie to that through 
tl,1e NMOSFET. (flaw~vec, for the a-c case, we n~~d to consider the dis­
placement current through. the capacitor. ) 

(9- 5a) , 

UsingEg. (6-53) for the NMOSFET in saturali0n, and Eq. (6-49) for the 
P MOSPET in the lil)ear region. 

(9-51?) 

Prom Eq. (9-5b), we can gel an analytical relation between the input and 
output v0ltag~ valid in region II. We can getsi1nihlq-e!atloriships•in the other 
regions of the v;rc. 

Region IV is very s_imilar to regi0ll II ip Elg. 9-250, except thatnow the 
N'.MOS is in fbe linel!I regi,me; while the PMOSFET is ln saturation . .fn re­
.gion Ill, both the NMOSF.BT and I.he PMOSFET are in saturation. Since the 
outpm impedance of a MOSFET is very high. this is tantamount to a semi­
infirute load.resistor, thereby resulting in a vecy steep trao~ition region. TI1al 
is why a CMOS inverter switches faster than the resistor load case. The 
CMOS inverteds also preferable becausej_o either logic state (regions I or 
V), either the NMOSEET or the PMOSFET is OFF, and the-$taudby pow.er 
dissipation is very low. In fact; the cu.rrem in eith~r logi9 state corr'espond~ 
to the (very low) source/drain diode leakage. 

We want the transiti9n-region (re,gion Ill) to be al V 0 c,12 from the_poinl 
of view of symmetry-and noiselmmunity. Onoe again, by setting theNMOSFET 
l»eqtial t.o that of the PMOSFET, it Ci\.11 be shown ~hat the tr.ansillQn occu.r.s 
at 

(9-6a) 

479 

Petitioner Runergy USA Inc., Ex. 1030, p. 479



480 Chopler 9 

f igure9-26 
togio gales and 

CMOS fmplemen• 
loliQn of lo) NOR 

gote lb) NAND 
,gale. 

where 

We can. design V m to be a.t V 0 of2 by choosing V1'/<I = - Vrp .and x = l . Since 
the ·effective electron mobility in the channel of a Si MOSFE.T is roug\lly 
twice that ot the hole mobility, we must desigli CMOS circuits te have a 
(ZIL.)p = 2(Z/L)N. to acbieve the condition x = J. 

We c.an aombioe sucb CMOS inverters to form o.ther logic gates for 
cmmbinatotial circuits such as NOR gates and NAND zates.(Eig. 9-26). TI1e 
truth tables for these gates are shown.ill Fig. 9-27. By applying combinations 

A-- - --< 

/J-----f 
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,4 ~ 
B ~ y 

OR 

A~ - - 1, 
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0 0 
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A B 
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1 0 
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A.ND NA1'1D 

0 1 
0 I 

0 I 
1 0 

Output Y 
OR NOR 

0 l 

l 0 
1 0 
] 0 

Ou1pw Y 

0 

0 

of logic "high" orlogic ''low" 10 inputsA and B, we get the.oatpul state.<r cor­
responding to the truth ,tables. Toe synU1esis of logic circuits correspondlng 
to these truth tables can be done using Boolean algebra and De Morgan's 
laws. 111¢ upsho1 of these lawsjs thal any logic circuit can be made using ln­
verte ,:s in conjunction ·with either NANO· gates or NOR .gates. Whicil would 
be preferable from a device pl1ysics poin1 of view?Wesee from Eig. 9-26, that 
in the NOR gate the PMOSFET devices T.1 and T .. are in series, while for the 
NAND it is the NMOSPETs (Tl and T z), Smee the electron channel mobil­
ities are twice bole mobili:ties, we would obviously prefer Nl\10SFETs. There­
fore, tl1e preferred choice is NANO, along with inverters. 

We -can.also estimate the power dissipation in the inverter circuit. We 
already know that the standby p_ower clissipatii:m: is very small, being gov­
erned by the OFF state leakage current of either the NMOSFET or the 
PMOSFET.'depending on the logic state. 'This leakage cutreo l depends on tlie 
source and cir.a.in. diode leakage.- currents, or if the Yr is low, on the sub­
threshold lea!<;age of the MOSFET lhatis turned OFF (see Section.6.5.7). 

While the inverter is swi:tchin& there is also a.transient current from the 
power supply to ground when.both U1e transistors•are ON (see "Fig. 9-'25d). This 
is known as the switching cuFrem or the commwa1or C11rr.ent. The magnitude of 
this curient will clearly depend ·011 tlfe value~ of V ffl and V ,rP• Toe hl,gher I.be 
magnitudes of the thr.e.sholds, the less is the input voltage swing fotwltich both 
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the PMOSFET and lhe NMOSFET will be ON while tbe input voltage.is.being 
changed.11,e c,ommmator cµrren1 is tllen less during swlrching, which js desir­
able from a reduced power dissipation point of view. Ffowever, this reduction 
of power dissipation by incrc.asing th.res.bold voll ages is oblJ!lined at the expense 
of .reduced drive curre1rc and, chcrd'0re. overall speed of the ci:nmit. 

The ~peed penalty du.e LO repuetion of drive current is because in a digital 
circuit, while switching between logic sta tes, Ille MOSFET drive curren ts must 
cru1rge aiid discbarge tbe parasilic capacitors-Uiai are inevitably associated with. 
the output node (Fig, 9-25a). There is also some power dissipation involved in 
charging an.d cli.'iclun;ging Load cap_acitol'li attached to the outpl,\t of the invert.er. 
This load capacitance depends mostly on the .inpm gate oxide capacitance of 
the MOSFETs of lhe next inverter stnge (or logic g_ate) that_ this inverter (or 
logic gate) may be driving, along with some small parasi.tic capacifam:es. Th.e 
input'Joad.capacit'ance of-a single inverter.is given by gate oxide capacitance per 
un [i area C; times the device areas. 

(9- 7) 

·n,-e total load capl\Cilance is U1en multtplied by a fac1.or that depends·on the 
/ cur-ow of the circuiL which is 1.he number o:f gates that_ a J"e being. driven in 
parallel by the invert!,\r ( or logic gate). I~ is. necessary_ fo add Ii[) the load ca­
pacitances forall t.he lnverters or logic gates that are being driven by this in­
verter stage. The energy e,,cpe11ded in ch'<1tging up the eq_uivale11t toad 

• capacitor, C, is the integral of the p roduct or ti~ time-d~pendeat voltage 
times the rime0dependc.nt displacemc.nt cur.rent through the capacitor dur­
ing the charging cycle. 

Be = Ji;,(l) rvDD - v(r)Jdr 

= v
1
) 1) / lµl1)d1 - lip(t)v(r)dt 

The energy stored in C is then obtained by considering the dlsplacement cur• 
rtmt (ip(t) = C dvfdr) thrnugll the capacitor. 

. . dv dv 1v.. i v,,, l 
E., "" Vi,0JC - d1 - jCv-"- dr = CV0r, tlv - C vdv = CVl:,0 - - C\lg0 d1 dJ 

O O 
2 

(9-8b) 

Similarly, during one discharging cycle we get 

f.
o l 

Ed = /1,.(1)v(1)dr = - . Cvdv = ~ CVh, 
V -llD 

(9- 9) 

IT t he inverter (or gate) is being charged and discharged al a freque-ncy f, we 
get an active power dis.,;patiO)'l 

P = cVAnJ' (9-10) 

1 n addition to f?0\ver dissipa1ion, we are also concerocd with the speed of 
logic clrcuiLS. The-speed of agate,such a$. the one.~hown in Fig, 9-25,is determined 
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~y the propagation delay time i P· we· define Lhe lirne required for lhe output to 
go from the logic high V 0 11 to Vm/2 .as t p1fL. The converse (to go from logic low 
V 0L(=O) to V 0af2-) is defined as lpuf• Wr; c;tn write down approximate <;Stimatcs 
for Lhese times by recognizing that for the outpul to ·go from high to low ( or 
logic "l" to ''0"), lhe- NMOSFET has to dis.charge the output node tow,irds 
ground. During this period, the NMOSFET will be in saruration. Assumin~ a 
constant sau.ir-<llion curtcn t as an c!pproxunatl'oli, wc obtain from Eq. (5-53) 

l 
?l)D 

(9~1la) 

This is the decrease of charge on the capaeitor divided by tile discharging 
eurrent. Conversely, • 

(9- llb) 

Knowing U:iese tiineshelps us coµsiderably in designing c;i:rcui ts tha1 meet the 
speed requirements of a design. Of cours.e, for accurate numerical es1imates 
if lli.;se propagation time deJa,ys or of the-power dissipation we need to use 
computers. A very popular program LO do so is the Simulation Program with 
Integrated Cirouit Einpha~is (S'.PlCE). This dis.cussion illust:ra,te.s fhat the de­
vicephysfos plays an important role in the design and analysis of such circuits. 

9.5.2 Semkonduc-tor. M,mories 

In addition to logic devices such as mic:roprooessors,lnrt:grated.citouits depend 
oo. semiconductor memo;ies..We cap illustrate many key MOS dev.ioe.pbysics 
jssues by loo)dng at three of Lhemost impor.tant types 'of s.em.iconduc.tor mem­
ory cells: U1e suuta random-acces-y me111ory (SRAM), the.,dymunic ran.d9m­
acce.~.t menwry (!)RAM). and the non-volalileJ7ashme11wry cell SRAMs an:d 
DRAMs are volafile in the,sense that the information is lostjj; the power. !iQp­

ply isicmoved. For Dash memories, however,inCormation is stored indefinite­
ly. For SRAMs, the information is 5tafic, meaning u,at as long as the p0wer 
supJily is on, lhe lnformatLOn is retained. On I.he othe.r h110d, the information 
stored in the c;clls of a DRAM musi petiodically be· refreshed be.aause stored 
charge represootin.g one of the logic states leaks away rapidly. The refresh time­
must be sbnrl compared with the time needed £or -Stored charge to degrade. 

Toe overall org8Jlization of all lhe.se ty~ of memories is raLbersjmi­
lar, and is shown in Fig, 9-28. We-will not describe the memory organiza1ion 
in great detail here. but-will instead focus on. lhe devic,e physics. We need to 
know the type o'f cell that is used at the intersecti.o.n. of the. rows or.word­
lincs, ·and the columns -or bitlines. These 111cmori~ are all nindom access in 
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OrganiZQlion of o rondom o_ccess.rnemory (~): The me1T>ory orroy conshts of memory cells orronged 
In or, ortho,gonal array. There is one m!i!mory cell or the intenection of one row (wordline) and one col• 
umn (biHinel. To·oddreSS-o porficulor memory cell, Ina N ro:w addresses.ore latched in from the N ad. 
qress _pins, and decoded by the 2N row decc:iders. All the memory cells on lhEMelected row arf!c read by 
the 2 sense dmplifiers . Of lhose, a cell {one git) or group of cells (byte or word) I:. selecred for trdns(er 
lo lhe polo 011lpul puffers depending on lhe ~.olul'f'p address~ jhol ore pecoded by \tie 2N• column de­
coders. 'Generally, to save pin count on rhe pm:koge, the N column addresses ore provided In a multl• 
plexetj fashion lo the some N address pins □$ lhe row addresses, ofter the row addresses hove already 
been latched im 

1be sense lhat .tlle celfs cnu be ~ddressed for write or read opera lions i.n any 
Qtder, depending on the row and column addresses provided to the l;\ddress 
p in$, unlike memor.ies sucl1·as h.ard disks er _flop_py disk;s ou a computer which 
can only be addressed sequentially. Geuerally, the same set ofpfos is U!led for 
both thc:TOW'and theco'lomn addresses, in or;der to save pin count This forces 
t.JS to use what is known as ad.dress multiplexing.First, !he row addr~_es are 
provided at the address pin, and decoded using ·rowdecoders;Fer N row a'd­
d:resses, we can. bave 2i, rows ~ \1/Qrdlines. The row. decoders then calll>e the 
selected wordline to go high, so t:rult all the zN•eeUs (corresponding to N coJ­
umn addres~e.q) OrJ !.his word)loe are accessed for either read or write, tbtou_gh 
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sense amplifiers at lbe end of the 2N columns or bitlines. After the appro­
priate row bas been decoded, tbe appropriate column addresses are provid­
ed t.o the s·ame address pins, and the-colm;nn decoders are used to select the 
bit or group of bits (known as byte or word) out of all the zN bits on these­
lected wordline. We can either write into or read from the selected blt (or 
group of bits) using the sense amplifiers, which are basica:Uy flip-flops used 
as di(fereni.ial amplifiers. 

SRAMs. A grou,p of four 6-transistor 'CMOS SRAM cells is shown in 
Hg. 9-29, Each cell is foWld in this case at the interseetion of 1rrow or word line, 
and a column or bltlihe (a1Qngwithits logical complement k.nownas bitlioe-bar). 
The ceU is a flip-flop, consisting of two cross-coupled CMOSinverters. dearly, 
it is bistable: if the output of one invert~ is high (corresponding to th.e 
NMOSFET being OFF, and the l'MOSFET ON), that high voltage is fed to 
the input of the other a;oss-coupled, inverter, and.the output ofthe other inverter 
will be l<;>w:Tois is one logic state (say"l") of the SRA¥.Converse1y, th.e olher 
stable state of the flip-flop can be considered to be the et~er logic stal:J:) (s~y "0"). 
Many of lhe device issues are identical to those.described in Section 9.5.1 in 
conneetion with the VTC of inverters. We aim for a symmetpouansitlpn.irom 
V 0,l(tO V0 ,_ at -lt'nd'i with a high, gain in theiransition region. to improve noise 

Billlne Billfue 
0 m 

Eltllne 
m 
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Figure 9-29 
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Figure 9-30 
One ln;msistor; one 

copocitor DRAM 
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oiltine through the 

po~s lronslstor 
(MOSFET -switch) 

w~e gdte Is con­
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wordline. 

immunity and speed of convergence of the SRAM cell. The s_peed of oonver­
gence de'temunes uow fast lhe SRAM flip-0op latch.es into one stable logic 
state or theotb.er. n,e cells a:i:e accessed through two a.ccess transistors whose 
gates are coo trolled by the wordline.That is why this i~ called a 6-transfatorccll 
Other SR:AM cells use load resistors in the inverters,mther than PMOSFETs, 
1eading to a 4-tr.ans,istor,2-resistor cell.As q.iscussed_i,11. Section 95.1, the CMOS 
ceU b.as-superiorperfo.rmanoe, but at U1eexpense of oooupying-more.aren. 

Unless tne row dee.ode.rs cause a particular wo,rdline to go high, the 
SRAM cells on tbat wordli.oe are-elect:J'ically isolated. By selecting a partic­
ula.T wordline, the access transistors on that row are turned ON and act as 
logic transmission gates between the output nodes of the SRAM cell and 
the bltline and irs compleme;nt. lhe bitliue-bar. Dµring a read operation, the 
bitliae and its.complement are both _precbarged to the-same voltage. Once the 
access transistors are turned ON, a small voltage diffe.rentjal deV!,',lops be­
tween biUi:ne and bitline-bar because the output nodes of the-SRAM arc at 
different voltages (0 and V o;:,).Toe vbltage di.fferenUal .that is established is 
due to a charge redistribution that occurs between the parasitic capacitance 
associated with tbe output nodes of tbe SRA.\1 and tbe brUine capacitance. 
This voltage difference is amplified by 1he sense amplifiers; As mentioned 
previously, the sense limplifif;\rs are dj'fferential amplifiers, very similar in 
configuration to the SRAM nip-flop cell lt&el:f. The bidine and bi.tllne-bar 
(complement o·r tl\e billliJe) aTe ~d to lhe two inputs of the sense ain-pl.ifie$', 
and the voltage differential is amplified until the voltage separa1ionfa VD.I}• 

D.RAMs. The DRAM cell ':!tn.1ct1.rr.e Is shown in 'Fig. 9-30. The information 
is store9 as charge Oil! an. ~1OS cap_aciLo.r, which is coi.µiected to the bitline 
through a switch wbich is an MOS pass rransisror, the gate of wl1iob is con­
troJJed by the wordline-. There iS one such ceU at e11ch i11tersection9f·the or­
thogonal array of wordlines and bitlioes, exactly as for S'RAMs. When the. 

Wore! line - ----+--- ---<>--- ----

I I 
I 

Bil line T 
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wordllne voltage becomes lri_gber than the Vr of the.pass transistor (MOS· 
FET belween tb.e ~it.lille and I.he storag_e capacitor), the channel hi turned 
ON, and connects the. bitJ.i.a.e to tl1e MOS s-to.rage capacitor. The g-ate of this 
capacitor (or capacitor plate) is p~ancntly connected Lo the power supply 
voltage 1'nn, thereby crearing a potential well under it wltich tends to• be full 
ol' inversion elettrons for a p-type su'b,strate (13'ig. 9-3la). We apply e.ilher 
0 V to Ute bWrne (geuerally cm:re..<rponding to logi.c .. 0''), or Vm, (corre­
sponding to logic "l"), and the appropriate voltage appears as tbe·su.bstrate 
potential o( the MOS Cl'lpaaitor.Ft>r a stored "0" i:n the oeU, t'be pote:ntlaJ welJ 
that is created under the MOS capacitor by the pl.ate voltage is fu,U of in­
version charge (Fig. 9-31 b,c). Wb.en the word line voltage is turned low suah 
tha1 the MOS pass trn,nsis\Or is mrned off, t~ inversion charge 1,inde.r the 
storage capaciwr stays the same; this ls i he st.able state of the capacitor. On 
1be othet hanc1,if 11 pL>sitive vo~ge (V00) is applied to lhe bitline, it draw.; 
om the inversion eJectToos tl:uough the pass transistor (Fig. 9-31 d,c). When. 
tbe pass tta.n~i;lor is cut ofl; we end up with an emply potenti~l well under 
the MOS capacitor plate. Over a period of time, the potential wen tends 1.0 

be firted up by minority carr.ier electrons lhat are corn.taotly created by ther­
mal genetation-recombl.nation.in. ihe substrate-and are oo11eeted under tbe 
charged MOS capqci!Or pla~e. Hence, Lhe- logic '"1" degrades Iowa rcls, the 
logic "0 ... That is why a DRAM is cons'idered to be udynamic" unlike an 
SRAM. fl l.s n~ary' 10 periodfC:ally restore the logic level~ or"refresh" the 
stored infonnation. 

There are interesling ~evicephysics issues regai-din!! tne pass Lransis­
tor. This is like me access transistor in the. SRAM, or R logic transmission 
g.;ite. W.s see Um, in this MOSFET,.iei1ber the sonrce ryor tbe drain is per­
manently grounded. lo fact, whkll side acts as the source and whfoh as the 
c.Jraindepends 0 11 u,e circuf1 operatit)n. \1/he11 we ate writing a logic ••1" lnto 
tbe cell, 1he bh\ine voltage is Held h.igh (=VD0). As this voltage-is written 
into the cell, it isas if the si;>u,tc~ of the puss tran~istor:gets cliarged np Lo V rw, 
Another wa,y of looking at rlris is that with respect to the source, the substrate 
bi•as of I.he pa~ t;an~istor is -V0 r,-Th~ body erreut of the MOSFET (S.:c­
tion 6.5.6) ca.uses its Vr t.o increa~e. Th.is is very rmponant because for: rhe 
pass trall!>istor lo uperate as a transmissi<m ga(e it is nc.iess!IT)'- that it bein 
the linear .regime throughout, and. not gel i.uto sriturati.o:n (with a concomi.­
tant voltage drop atITTJs,s tl\e pin,cn-,,)ff re~on).Hem:e. the gate or the wo.rd­
l i.11e voltage must be held at vim (which is the finaJ vo.ltage of the 
source/drams) pll"-f the 'Vr of the MOSFET, taking borly e.ffect in.lo .iccoun:L 
It is also import-ant to make sure th-at 1be leakage of t'be pass 'transistor IS 

10,v en0ugtl to satis[y retresh requirement~ of the DRAM. No! only must 
Lhe souree/drain diodes be low leakage, but the V.r and the subthreshdl,d slope 
must lle optimized such th:a.t subthreshold leakage for the grounded word• 
litte case is low enough. 

The .:iloretl charge 'differeflce:-bet\-Veen the !wo logic st'!l'l.e.S can be di!• 
tcrmined by looking.at the c,tpac~tance- vol tagc (C-V) characteristics of the 
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Figure 9- 31 
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MOS cap,tqtnr (Fig. 9-32).For a stored "1 '', essentially tbere is a substrate bias 
applied to the MOS capacitor, which rais~s its V7 due-to the body effect (Sec­
tion 6.5.6). Hence. the C-V cbaraclt:ristics shift to 1herigb l for a s tored '•1 ''. 
Since the MOS capacitance is not a fixed r,apaci:tl!nce, but is voltage depen• 
dent, we saw eadler that it must be de'tlnedin a differential,form:LEq.( 6-34a)J. 
Alternatively, we can write down the stored charge under the e-apacitor as 

Q:: fC(V).dV (9- 12) 

This is simp.ly the area under the C-V eurve.i11e charge differential that dis­
tir).gui$es the logic "1 ".an_d the loiic "0" is the: differenct of areas under t.he 
capacitance-voltage curves in the two .cases (:Fig. 9-32). 

When reading the cell. lbe pass t.ransisror. is Wtnecl on, and the MOS 
storage capacitor charge.is dumped on the bitlme capacitance C8 , precliarged 
Lei V8 (typically= Vvp), The swing Mthe bitllne voltage Will clearly depend 
on the v.olta.ge V c stored in the storage cell capacitance CC'--As in the case of 
the SRA.M., the change of l,b,e bi(line voltage depends on the capacitance 
ratio between the bitli.ne and th.e cell To a o differential sensing in the ca.se 
of DRAMs, we do uot use two bitlines per ce\l l).S for SRAMs. Jristead, we 
compare the bhlinevol1age for the selectedcell 1>,i th a Teference bitlin.e 'l(olt­
age TO whicb is cqnnected a du rnm.y ce.11 whose MO~ capacitance, C0 , is 
roughly half that of the actual Gell capncilam:e, Cc. Typical values of C8 , Cc, 

C 

Strlmg acwmumrion 

.c, _ _ _ _____ _ _,,__ 
I 
I 

C-R ___ _1 
r j 

l ·o 
I 

l I 
I I 

I I 
I I 

I I 
o,1)1., -- r- - J--

' I I I 

I l 

Strong inversion 

o.._ __________ _,_ _ _.____....__..__,_ __ _,__.,__ ___ _ vo 

VFB O VT.o V11 V11l&1r 

489 

Figure 9-32 
C- V c:horocreristic~ of DRAM MOS oopocitor in stored. "0" and stored • (• slates . The difference of oreo 
under the C-V ourves shown by hotch•morked po!tem reRects the chmge •differential between the two 
slates. 
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Figure 9-33 

and C'D in a DRAM are 800 fF. 50 fF, and 20 JF, respectively. The voltage dlf­
fere11-tial Lbat is applied to the sense amplifier then becom,es (Fig. 9-33) 

C cVc + CaV8 Cr.Yo+ Cu Vu 

~17 = . - . 
Ci1 + Cc Cs+ Co 

CVs - Vo)CnCo - (V8 - Vc)C11C.o - (Ve - VLi)Cc;C0 

(C8 + Cc)(C8 + C,,) 

!f VO issetto zero. the expression simplifies to: 

All = (VuCs + VcCc)C0 -(V8 - 17c)C11Cr. 
• (C11 + Cc)(Cµ-+ CD) 

(9--IJb) 

Putungthe cell v.oltage V c equal to O V or 5 V,m1d typical. ac~pl'able bitline-to­
cell capacitance ratios Cn/Cc (= L"i-20) in Eq. (9-13b), we gerdifferenr po­
larities of the differential voltage of the ord¢r of :t:H>OmY for logic "l" and 
logic ''O", re~pecrively, which cari be detected by sense amplifiers.From Eq. 
(9-Bb), it can be seen tnai Ior m,uch hi;gber bitli,ne-to-cell capacitance ra­
tios, the swing of tbe ·bitline voltage will be negligihle,Ie&"acdlesir-of the cell 
voltage. The minimum required cell capacitance Cc is about50 fF, governed 
by so-called soft e.rrOIS. DRAMs; like cv·e.rylhing else oil Earth. are con ­
stantly being bomb<1cded by cosmic ray~. and bigli-energy ;alpha p~oles 
can create electron-hol!:: pairs in semicenductors. A typical-collected charge 
due to one of ttiese-cv~ts is. about 100 fC. 'Tliis spurioQS charge can be ne­
glected if I.he cell capaeitanee is 50fF and 5 V ts applied to I.he cell,ior which 
the stored charge isrolighly250 fC. The DRAM ceJ.1 then becomes immune 
'te typical alpha ]?article hits, 

Equivol~nt circuit sh0wing charge redistribution between cell copocllonce {Cd end bitllne Gopo,citonce 
(Cs) on one &ide, versus dummy cell (C~ and bi tline. copocitance (C~ on other. 
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Mainrafoing a cell capacitance of 50 fF as the cell dimensions ·are re­
au·ced from on.egener.atiorl of DRAM to the !!ext is ,1 tremendous techno­
logical challenge. One way LO leok at lhis-,problem is shov..:n in Hg. 9-34. The 
cl:ia:llenge is to store more <;liarge per unit area on the planar surface (A,) of­
Lhe Si substrate. Approximating the MOS capacitance as a fixed, voltage­
lndepe11.dent capacitor, we ean write the stor&I ch&rge Q 11s 

Q = CV = (EAc/tf)V (9-14) 

·wbere Eis the permittivity of the dielecuic, d is its thiclcue~, and Ac is the 
capacitor area.As shown in Fig. 9-34. the historical way of a:chieving the 
clesired capacitance- has been te scale the dielectric lhicl,rness, d. But that 
runs into the problems discussed .in SettiOTI 6.4. 7. Ari other approacn. which 
is being taken currently, is 10 use fabric'ation schemes· to increase the area 
devoted to· the MOS storage caQacitor. A,, eve;n as. we reduce the planar 

Ti me Past P.tc,seot 

ApprQacb~• Scaled Trench/ 
di_electriG stacked 

capacitor 

Problems Tunneling Fahd cation 
& wearout 

Q CV V A r - = - =-X - X £ 
A, A, d A, 

Figure 9- 34 
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l;'uture, 

Altcrrnau, 
diefoctrlc 

Malena! 
prnperties 

Various approaches (post, prcmrnt, ond future) of achieving higher DRAM cell capodtonce and charge 
storage density without increosing cell slz6' A.= Area on wafer token by c;opocitor; A0 = Area·of copoc­
{tt;lr. For o planar capacitor A.• A,,; however, for not1plonar structures Ac> A,. C = A.,. ,/d Is the coped· 
lance; and O • GV Is the total slpred charge. in o fl~ed, yq_ltage-independen"t copad lar. 
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13'i1 lfne 

surface area on the wafor,A,,, usc,_d for inaking thls-storage c,ipaci!ance. Ob­
viously. this can be .done by moving away from a purely planar structure, 
and exploiling the tnird dimenl'>ion. We can go down lnto the Si by diggu.111, 
"trenches•· h1 the substrate whh RIE and forming a·-uench storage .t.lpaci­
to.r on U1e sidewalls Qf U1e trench (Fi,g. 9-3Si1). Altetn•atively, we can. go u_p 
from lhe sub~trate by stacking multiple layers-of capacitor electrodes to .in­
crease the "sratked" capacitor area (Flg. 9-35b). Other Ldcks that have been 
t.rie.d are to purpose.ly croote a rough _polysilicon surface on_ the capacitor 
plates to increase the surface area In lhe ruture,ailternative materials may 
be used. For example, the ferroelectrics liave mucb higher dielectric con­
stant tlia,n SiO? a11d offer larger capacitance without increas4lg area or re­
ducing th ickness.-Promising materials include barium strontium titanate and. 
'ritconium oxide. 

Flash Memories. An Other inlerestlng MQS, device is the flash ,memory. 
which ls rapiaJy. beco.m.ing the most important L)'Pe of nonsvolatile meroo.ry. 
Tl;le memor_y cell structure·is shown m Fig. 9-36. It is very simple and com­
pact, and .looks just like a MOSFET. e~cepl that it bas lwo gale electrodes, 
one on top of lhe other. The top electrode is the one that. we have di,'ect· elee­
lrical access to, and is known as the control gate. Below that. we have a se,called 

.r---.....-l 

Polv&ilicoo 
capaciior pf111e 

I 

o· l 
lnarani;e by 

curvature effeCl --

~ 
Otiuge ilQr~ge 7 

Cap~ciM dld~ctric 

Iqcreaso by 
side-wall effect 

Seron.d \ayer poly Sf (~lorag~ nodu) 
p 

(b) 

R911re 9-35 
lncreo~ing cell copocltonce by explolling the verticdl dimension; (ol lreoch copocitor.s involve elc;hing o 
lteoch in the substrate so that the lorger orea on the sidewalls coo be used fa Increase cmpocllQoce; !b) 
sloc~ed cqpo.citors 90 "up" T'iJlher than "·down" os 'in trenches, ond irpeose c_opocltor -qreo by using n;ul­
tipl() polysiljcon copooitor plotes or " fins," o.s ',;l'ell a$ by ex.plolting lhe topography of the-cell surfoce. 
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"floating" gate t.hat is capacitively coupled to the conuoL gat.e and the un­
derlyU'\g silicon . 

n1e capaci~ive coup11ng ofthe fioaclng gate to tbe various terminals is il­
lu$trated in Fig. 9-36 in terms of the various CJ)Uplihg capachance COPlpO­
nents. The floating gate and the conrrol gate are separa!ed by a. stacked 
oxkle'1litri.de-oxicle djelectric i'n ~ypica! nash ue,1ite.s. Th,e capacitance be­
tween these two gates is called C,mo because o.f the oxide- nitride-oxide 
m11ke:up of the dielectric stack. Tt\e t0't.al capacitance Cror is I.be sum or al l 
the parallel components shown. in Fig. 9--36, 

Crpr = CoNO + c,r,x + Cn.v t C.-sJ«: + Coll.N ,(9-15) 

where Cmxi~ U1e tJeat,ingg1.1rc-to-ch.annel cap::u,itance through the1Dn.n~l oxide, 
Cn,,1; is the floating gate-lo-substrate capac1tancc in the LOCOS field oxide re­
gion, l:)nd.C.mc and Cllim ai:e tht gn1e .. to-sou(ce/drr-iin overla,p capacit.ances. 

Sinee·itis i.solatcd by the surrounding die.lcctrics,,1he charge on rhe t1oat, 
in,g gate QFG is not changed by (moderate) changl.!S of the ier.•nirull biases. 

Q Fc: ;-Q = Co,vo(Vri;; - V0 ) + C511c('Vra - V$) + CDmv(V rr. - 1/0 ) (9-16) 

We assume that the substrate bias ·is fo(ed, and hence ignore the contributions 
from C1vx and C.r-1.o, which couple I.be floating garc lQ the sub~tratc. The float­
ing gate 110ltage can be indirectly determined by the var.ioas terminal voltages, 
in terms of th~gate, drajn, and sour.ie coupling ratios as defined ln Eq. (9-17). 

Vrc; = Vr, • GCR + Vs· SCR + V0 • DCR (9~17) 

(b) 
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Figvre 9-36 
Flash memo,ry cell 
strucwre: \ol cell 
srructure shown 
olong !he channel 
length showing, 
the control -gate 
lwmdline), lioot­
lng gote be.low II, 
the source ·Ond the 
drain lbiiline); lb) 
view of c.ell □Iona 
the width of 1he -
-MOSFET. The vori• 
ous coupll11g 
capacitors lo the 
Aooting g·ote ore 
~ho.wn. 
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GCR = Co.vo 
Cwr 

DCR = Cuw,1 
• Crrn 

SCR = CsHc. 
Crar 

The basic cc:11 operaLion i.ilvolve.~ putting charge on the fk1atfog gate·or 
rer:noving:it, i.n OFder to program the.MOSF,E.T to have two different Vi's, cor­
responding to two logic leVol.~ We call tJii~ of the stOfed elwge-on rhe float­
ing gate to be like the.fixed oxide, charge in the Vt expression [,&J. (6-38)J. lf 
m.~ny electrons are smred in the t1oa1vig gare, 1b·c Vt ~fan NM.OSFBT lsbigb, 
the cell is considered to h,we been "progrru:nmecl" 10 exhibit tbe logic-state "O"'. 
On the contrary, if electrons have been.remevedfrom the floating gate, the cell 
is c1)rlsidered tb have been ·•erased" into a low V7 state or logic ' ' l", 

How do we go about transferring charges into and out oftlieilciatin:g 
gate'! Tu program tb.e cell. we eiin us.e channei°hoL carrier effects that we dis­
cu.~edln Section 6.5.9. We apply a hlgh field to both the drain (bitllne) and 
tlo;1ting gale (woniline) ,~ch tbal (he MOSFBT 'is hi s'atui:a.tion. Ilw~i; dis­
cussed in Section 6.5,g that the high longitudinal electri.c field in the pinch­
ofhegion accelerates el.ec1roo,s toward the.drain and makes them ~ergedc 
(hot).. We maximize such hot carrier effec1snear the drain tJinch-offr-egion 
in a flash device t>y m!!king the drain j1.41ctlon somewbat soallower 1b.a11 the 
source junct.ion (Fig. 9-37a). This can be ac)lieved by a separate higher·en­
ergy source imp Ian l that is ll}afiked -in th'e drain Tegion. JI the kine ric energy 
or: electrons is rugh enough, a few can be-come h<ll .enough tO' be sca~re<! 
inlo the.floating.gale. l'l:ley must surmount the:U-eV ene.rg.y barrier that e:t­
i~L~ l:Jetween the conduction band of Si and that of SiOi, or hot electrons can 
t1.1unel 11\rough the oxi.de (Fig: 9'-J7b). O,ic.e tbey get ,inlo llie :floating g~Le, 
eleclfons'become trapped in.the 3.J-e.Y potential well between lh.e flo~ting 
palysilicon gilte and lhe oxides 0 11 either side. 'llris'barr.ier is extremely high 
for a trapped (low kinetic energy) electron. Therefore the trapped electrons 
esse,nlistiy stay in the floa~ing gate forever, unless the cell is intentionally 
erased. Thal .is wby a flash memory is non-volatile: 

To ei:ase the cell , 1ve use Fowler- Nordheim lun,neling between lhe 
floating gate and Che source in U1e overlap region (Fig. 9-38a). A b'igh pos­
;'tive volrage (:;.;>,y - 12 V) is applied to the source wit/1 l.he contra.I gate 
.ground~. The polarity. of the field is such that ele~mons tunnei from the 
flonti)lg. gate into the sou.roe ,e.gio11, llrrougb. the oxide barrier (Section 
6.4.7). tlie band <iiagram. (along a vertical line in this overlap region) dUt"­
j.ng tile opera,l;ion is shown ii;! F(g,. 9-38b. lntetestjngly, in a flash device \1/C 
make use of two effects that are considered to, be ~problems" in regular 
MOS devices: hot carrier effects ,rnd Fowfer-Nordhefm tunneling, • 
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L---- E, 

Floatlng,gnte 

(a) (b) 

Figure 9-37 
Hot corrier programming of lhe ffash c1:1II: (a) Rosh memory cell strudlure wi1b 1ypical biases required for 
writing into ·lhe cell. The channel of the MOSFET is pinc:hed off in saluration; (b,} band diagram alo·ng o 
vertipal line ln the middle of MQSFET channel shovying hot ele;ctrons in the channel being injecfed 
across the gote oxide and gelling !rapped in the. Aoaling gote. 

(a) (b) 

Figurfl 9-38 
fowler-Nardheim h/nnellng erasure: (o) flasn memo~y cell structure with typical biases re<:iuired for 
erasing lhe eell; (b) bond diagram as a function af depth in the gate/source overlap region oJ lhe 
MOSFET showing quantum mechanical tunneling of carriers from the Raatlrrg gate into the oxide, and 
subrequent drih l'o the source. • 

During the read 0,Peration, we apply a mederate voltage (-1 V) Lo the 
bitline (orain of the MOSFET), and a wordlioe (control gate) voltage V cc; 
that causes the capac,i.tively coupled Uoating.g13te voltage to be betweei:i that 
of the high V r and the low V 1, state of the programmed flash memory eelJ 

Petitioner Runergy USA Inc., Ex. 1030, p. 495



496 Chopler 9 

200 

]50 

j(J() 

50 

00 2 

Figure 9- 39 

I 
I 

I 
I 

I 
I 

I 
I 

I ., 
I 

I 
I 

I 
I 

I 
I 

I 
I 

I 
I 

L ow Vr / 
I 

.," 
, , I 

--- Progr~m 

8 iO 

Drain (bltllne) C\Jrrenl versus control gale {w'ordllne) volla_ge ltonsfer choraderi'slics of the MOSFET In 6 
Rosh cell: jf the cell ,s pr01;1rommed loo high V1 [logic ''0" }. ond o reed voltage Is applied to 1he word­
line 1h01 1s below this ,Y7, the M05FET does no! c,onduct, ond !here is negligible bllli ne c,menL O n· the 
other ho11d, if 1he aell nod been erased to o low '✓,sto le (logic • l ") the MOSffi Is tumed ON, ond 
there is slgnlficont bi1line current. 

9.6 
TESTING, 

SONDING, AND 
PACKAGING 

(Fig. 9-39). There will be: negligible drain c;urrent flow in the bit fine (drnin) 
for Lhe high V r case 'becal,IS~ Lhe gate voll.1lge ls less than the threshold \i(llt­
age. We will then interpret the selected ceU as being.in state ' '1".For lhe low 
VT ease. s i11ce the applied gu.te voltage is highecJb an lhe thresbolq ,,oll.r1ge 
of the cell, there will be drain current flow iu the bi tlinc (drain), and this can 
be interprete'd as state "0". The read operation can be understood by look­
ing al the transfer characteris tics of the MOSFET in tbe programmed and 
era.s'ecl .sw t<.-s (Fig. 9-39) . 

. After the.preceding discassioo,s of rather dramatic fabrication steps in monos 
llthic: circuit 1ecl111cilo,gy, lhe processes of at~acl.1ing leads and packaging th!! 
devices could seem rather mundane. Such an impre.ss1on wouJd be far l'rom 
accurate, however, since the tcchrl.iqnes dis;;:U$sed i11 chis secUon are crucial 
to the overall EabJication process. In fact. the handling and packaging ofi:n­
dividua) Gfrcuits Ci:ln be the most crilicalsl eps of 11JJ from the viewpoints of cost 
and i:eliabi:tii)'. The individual 1C chip must be connected. ptopcdy to outside 
leads and packaged in a way t hat is conveni:ent for use in a larger cifc\1it or 
system. Since the devices are ha.ndled individually m1ce 1.hey arc separated 
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frnm the w;:1fer, hooding.and packaging are expensive prooesses. Considerable 
work. ruts bec-n'..done 10 reduce lh:~steps required in bonding, We ~hall cliscui;s 
the most straightforward t,ecimiqt1e firs!·, which involves bonding_ individual 
leads fron'i tlie· contact pads on the circuit to Jennina!J; in the package. Then. 
we sJIB,II consider two important methods for making a.11 bonds simultane­
ously. Finally, we shall discu.ss a few typic.-al packagiog methods for lCs; 

9 .6.1 Te5'ing 

After th.: wafei· of monolithir.: cu ;.;uh.s ha~ beeu. proccsset.1 am.I the Cina! Ulctal­
lization pattern dl.i-ftn.ed. it is plac!:!d in a holder under a microsc.ope and is. 
nlig11ed for testing by a multiple-point probe (F'tg; 9410). The probe contacts the 
various pads. on ao individual circuh,and a serie$ of tests.are made of rbe el~c­
trre41l properties of the d1;wice. The varipu.~ test$ are programmed to be made 
automatically in a very short time. The:.e rests may take only miUis~ond.• for 
a simple C-ircuil, to several secorads for a complex ULSL ci;Iip. The infonnation 
fr~m 't.hese test,S is fed into a compute r, which compares the-results with infer• 
cn,ation:stored irUtsmem~ and a decision isrnade regarding lheacoeprabil­
ity ol' Lhe circuit .. If there is some defe<?L so U]a1 tbe ti(cuft .fall's below 
specifications, the computer remembers lluu chip must be discRrded. Toe probe 
aultrmatically·steps the prescn'beo distance tQ tlte -next circuit o,n the war er 
nod repeats the process.After all of the circuits have b.een tested and the suh­
standard ones oot~: tbe wafer L5 .removed from ilw m.stln,g ll)acbioe;sawed be­
tween the circuits, and broken aparL (Pig. !1-41).Then each.die that passetl the 
testis picked up and placed in the package. In the testing prnces.'>,infonnation 
from tests on each die tan be slor.:xl to facilit.ale A11:llysis rif the rejected circuits 
or to evaluate tbe fabrkAtion process for po!iSible change~. 

9.6.2 Wife Bonding 

TI)e earliest method usedi01' making contacts from \he nionoUthic chip lo me 
puakage was lhe bundiJ\g o! fin e AU wires. Later techniques expanded wife 
bondlng to include Al wi res and several, type~ of handing prm:esse.s. Here 
we Shall outline only a fe1v of the 'mOSl imporiant aspect$ of 1vire b_onding. 

If the cb.i_p is to be wire bonde·c1, it is first mounted solidly on a metal 
lead frame br on a Olet<\llized re&ion in the packE~e.ln this proeess a thin 
fayer of At,i (:perhaps coinbined with Oe or ot:her e1el)'l enls to improve the 
metallurgy of the bond) .is placed between Lhe bottom of thi: chip md lhe sup­
stra te; heat and a sligbt sc:rubbiog motion are applied, forming-an alloyed 
bond whi.th l}c,llds l11e chip d1:mly 1-0 the substrate, Th:L~ p.rocess is t:allec:1 tlie 
boriding. Generally, die- bonding is done-by a robotic arm tlia,t picks np e..c.h 
di~ ori'ents it, aad places it for bonding. Oace the chip is mounted, the in­
te.rconnecling wires are at taohed'rrom the varicms contact pads to posts on 
!he packag.c (fig. 9- 42), 

In.Au. wire bonding. a.spool of fine Au·wir.e (about 0.007-0,0'02-inch 
diaQI.eler.) is m.ounled i:n a lead' bonder apparat~1s, a'Qd O.)e wire ls fed 
thrnugh a glass or tungsten carbide capilia,:y (Fig. 9-43a), A hydrog.en gas 
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Figure 9-40 
Auromate·d prolr 
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Figure 9-41 
Sowing of o 

499 

wafer along 
·$Crlbe lines: After 
Iha wafer ls lest• 
ed, the ''known 
•gpii?d dies" ore 
" inkeq" or identi• 
fied. The wafer 
is· 1hen s.owed 
into ind,viduol 
dies for subse­
quenl packaging. 
{© 2004 Micron 
Technology; Inc;. 
All Rights Re­
served. Used with 
perml-sslon.\ 

Figure 9-42 
Attachment o.f 
leads .from the 
A l pods on lhe 
periphery of the 
chip to posts on 
the paakoge. 
{© 2004 Micron 
Technology, Inc. 
All Rights Re­
served. Us.ed Wilh 
permission.} 
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Figure 9-43 
Wire hondlng 
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flame jet fa swep t past the wire to form a ball on the end. In 1h.ermpcom­
pression. bonding the chip (or in some cascs the capruary) is beatod 10 

abou:t36(}•C, and the capillary is b rought d0wn ove·r the contact pad. When 
pressu.reis exerted by tile capillary on lh.e bal l.a bond is fanned between 
the Au ball and (he Al pad (Fig. 9-43b ). "Then lbe capillary· is raised and 
moved to a post oo the package. The capillacy. .is brought down a.gain, and 
the combination_ -0f force aod te111peTat\Ue bonds the wire to the post. 
After :caisi11g th.e capillary again, the hydrogen flame is swept past. form­
ihg.a new ball (Fig, 9-43c); the{l.the process ls repeated for the other p·a.ds 
on the cblp. 

The.re are .many variations in this basic method. For example, the sub­
strate heating can be-eliminated by ultroso1tic bonding. Jo. this method a tung­
sten carbide capillary is held. by a tool cortn.ected 19 an ultrasonic transducer. 
When it is in contact with a pad or a posi, the wire.is vlbrared under pressure 
to form a bond. Olher variations include tech.niques ior autoniatically re­
moving the "tail ." which is le.ft on tfie post in Ffg. 9-43c, Wheo the bond to 
the oh.ip is made by ex.erling-pressute on a ball at the end of tlle Au wire, it 
is called a ball bond or ;:i n.oil-J:ead bond. because o'f the shape o.fthe de­
fonned ball after the·bond is made (Fl.g. 9-44a}. 

Alumin~ wire can be used in llltrasonic bonding; it has sevei:;al ad­
vantages ever Au, including the absence of possible metal.h.rrgical problems 
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[cl (bl 

---... ..... -

figure 9-44 
Scanning electron microgrophs of o !;loll bond (o1 onp o wedge bond (bl , (© 2004 Micron Technology, 
Inc All Righi$ l<eserved. Used wltfi permission.) 

in bonds beLweenAu and Atpads, When Al wire is used. the flame-off step 
is replaced by cutting or breaking the wii:e at aµpropriate points m tbe 
process. In forming a bond. the wire ls bent under the edge of a wedge­
shaped bDnding lool (Fig. 9-43d). The tool then applies pressu:re and ultra­
sonic vlbmLio11. forming Lhe bond (Fig. 9-43e imd t). The resulting !]at bond, 
fo.rmecl by the beni wire wedged between the tool and t'be bonding surface, 
is c_aJlc.d a 1w!dg11 hand. A closeup view of hall and wei:1,g:e b()nds is given in 
Fig. 9-44. 

9.6.3 Flip-Chip Tech,niques 

The time cobsumed in bonding wires individually to eacl:i pad on the chip 
can be owrcome by severnl m.e:thods of simultaneous bonding. The flip-chip 
appro11ch is typical of these methods. Relativ~,y thick metpl is deposited on 
tb.e·contact pads before the devices are separa.red ftom the wafer.After sep, 
aratinn_, the deposited metal is used to ccmtacc a matclling metalHzedp·a1-
Lern on ihe- package subs1rate. 

l'n the l1ip-ctiip melhod, ''bumps'' of solder: or spechil [)le,tal alloys are 
d.eposited on each contact pad. These metal bumps can be distributed. over 
the die (Pig. 9-45). After separalio11 Crom the wafer, each chip is turned up­
side down. and the bumps are properly aligned with the metallization pattern 
on the ~\.Lb~tTale.Al tllis poioL, ulttasonic bonding or solder attaabes each 
bump to its correspondin~ connector on the substrate. An obvious ad van~ 
1.age. of l11is metb,id is tbat all c:00.11,eclions !ll'e n1ade ~muilt.aotio\lS\y. Disacl­
van1.ages include tbe fact tha1. the bonds a.re made under tbe chip and 
therefore canno.t be ins~ctc;d visually. Furthermore, it is necess.acy to heat 
and/or exert pressure: on the chip. 
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figure 9-45 
Flip-chip bondirig. 

The "Power PC 
chip '10s metal• 

lized ''bumps" dis• 
tributed o,,.er the 

surface Instead of 
contact pads 

around the petiph, 
ll!ry. These humps 
ore aligned with 
the internonnec• 

tion poll.em on lh"e 
pack9ge and 

bonded simultane­
Ollsly. (Photo• 

graph courtesy o f 
IOM Corp.) 

9 .6.4 Pockoging 

The final ste.p in IC fabrication is packaging the device in a s.uitable medi­
um that can protecl ii from· the e._nvlronm~nl of its intended a:ppli.cation. 1 n 
most cases Llus means "i.he surface of t.hc dev.ice roust be isolated from mois­
ture and con~an1i11~n(s alld tb,e bonds and other el~ments must be pro­
tected f"Fom corrosion and meehaaical shock. The prablems of surface 
protec;tion a.re greatly minimized by ipojiern passivation teebnigues, but it 
is still necessary to provide some proteclio-n in I.be packaging. In evecy ca,se. 
tlie cltoic~ nf package type must be m_a,ie witli.ill the reqlJ.\remenL~ of th!! 
application and cost consideratioru;. TI1ere are manyteehni.ques for encap• 
sulating, devic;es, and the v:arious methods are constantly ri'\fined and 
changed, Here we shall consider Just a few general.methods for Lbc purpose 
of mu.~t:ration. 

In the eat\)• da-ys of lC technology, all devices were packaged in mernl 
head.e,rs. Tn this me.tbod Lbe device is alloyed to the surfac.e of Ll1e h~ad!.'l'. 
wire bonds are made to the header posts; a:nd a metal Jjd is welded. over the 
device and wirrng. Although this meLhod has seyeral drawbacks. ic does pro­
vide complete sealing of the unit 'from the outside env.iro.mnl!n t. 'Th.ls ls o(Len 
called a Jrerme1ical/y sealed deviee. After the chip is mouatecl-l,n the header 
and bonds are made co the posts., che header cap cun be. welded shut ln a 
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oontroll'ed environment (e.g., an inert'gas), which_ maintains the device in a 
PJ:~Cia:ibed a1mosphor~. 

Integrated cireuits are now mounted in paclrnges with many output 
leads ,(Fig. 9--'lo). 1n one version the chip is mo wiled on a stamped me-tal read 
frame-and wire bondil).gis done between the chip and the leads.The package 

'T'h.tu•gb-bole• 
mount 

{ 

SW (S'mglo lnline P•c~<>i e) 

- ~Jugw '1d~ 

ZfP (z;g-,og lnllno l'•l'-l\il81') 

Full swfacc -- PGA (Pin Grid Array) 

~ 
@ 

Slntl~ $1d1' -- SY.I' (Surfn<o Vortical•M0un1 l'ncka:ge) ~ 
Dual<lde 

Quadrqp)c side 

SOP (Snioll•O•dlne P"J'k•~) 

TSOP (Th111 Sinall-0 1111\no ~•clc•~•) 

- LCC (4.idlcss Chip Cc>,rrlut) 

LCC SOJ 
\ L<:oded ettlp 
Ouricr 
Smnll Our• 
lin'e).r.( .;id 
(Httl<ag_i1} 

~ 
~ 

-~ 

~ 
0 

0 
0 
~ 
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Figure 9--46 
Vorieus types of 
~ckoging for 
ICs·: Packages coo 
b_e through-ho!~ 
mount or surfac&­
mount type, on-d 
be mode out of 
pioslic or ceramic. 
The pins <:Oil be 
on one ·side (SIP), 
two sides_ {DIP), or 
four sides {quad) 
of the pm:koge, 
or dislribuiea over 
·,he. surfoce of lhe 
pocko.9e1 (P.GAs or 
BG,As). 
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Figure9-47 
Ceramic -column 

grid o.rroy 
(CCGA): 1his od­
yonced i;:eropiic 

poi:ko.90 is o lype 
of pin gr.Id array 

mode up of sever­
al hundred metal 
columns. Several 

ICs With meta~ 
lized solder 

bumps·on them as 
in Fig. 9-.45 con 

be nip-chfp band­
ed ori the bock of 

tliis packog~, 
mo.lc.i119 lhi~ o 

multi-chip module 
(MCM). (Photo­

graph courtesy .of 
IBM.} 

is formed by applying a.ceramic or plastic ci1$e and ldrtlm1rlg away the un­
wanted p°atts of the le.ad frame . 

.Broadly spe11kill$,,paclcages oan be. tluough-hale-mouru Lhat involve 
inserting the p;icicage pins through boles on the printed, c;im.l.il board (PCB) 
before soldering, orsurface-moun l type where the leads do not pass through 
holes in the P.CB. Insiead, $Urface-mounted package leads are aligned to 
electrical con1ac1s o-n the PCB.-and arc connected simultaneously by solder 
~flow. Mqst packagl?s Ci\11 be made usin& ceramic or plaj l le ( \~hich is cheap­
.er). The ICs are bermetically sealed for prntectioo Crom tbe environme.ot. 
The pins can be on 011e side (single inline or zig-zag pattern of leads), cwo 
sides (dual inline package or D IP) or foar sides of t he paoltage (qpad pack• 
age) (Fig, 9-46). More advn11ced-pack11ges have ·1eads distributed over i. 
large portion of thesurlace ci:f the package as i.n th rough-hole-moun.te-d pin 
grid arrays (PMsJ (Flg. 9-47) or surrace-moun.ted bal l gricl arrays (BGAs) 
(Fig, 9-4S). By nol restricting the leeds to the edges of the pack.age, the pin 
c-0unl can bo increased drarrtatit:!llly, which ls very att rllctiVe for a_dVuI1ced 
Ul..Sl in wh:ich. a large numl?eJ of e lec1rical leads must. be accessed 
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Since a sizab)e fraction of lbe cost of an IC is due lo bonding and pack· 
aging, there have been. a numb.er of innmiations for automating the process. 
These h1clude the use of filrn t·eels tbaq:on.tain1h~ metal crnuact pattern c,m to 
which the chips can be bonded. The film can then be fed into packagiog.,equip­
men·1. where lhe posilion regislnil~on capabilltie-s of a .film reel can be used 
for automated handling. This process. called r«pe-aut0ma1ed bonding (TAB), 
is pai:ticula:rly usefuli.11 niounting several chips on a la:t'.ge ceramic substrate 
having multilevel i.nterconnect-ioo patterns (caU.ed a nmlrlchip module). 
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Figure 9-48 
Boll grid arr,ay~ Jn 
11,is pack.age, the 
IC in the middle is 
wire bonded to 
electrical connec­
hons an I1,!a! poc~­
age. The package 
itself has on array 
C\f -Solder "bolls" 
on the lop, which 
con be pr-0perly 
aligned and 
surfoce-mounl 
connec:Jed 
simuhane'ol,!sly to 
electrical so<:kels 
on ·o PCB using 
solder reflow 
(Pho109raph c:our• 
lesy of IBM.) 

'I. I The progre:;s of l,Q; can becharl(!!l~rizcd by 1111 e,cpontln.t.lal increase in the tran- SUMMARY 
.sistnr cotint !Ind a corresponding decn:asdn feature size with time (M09rc's 
law). TI1e ~cono□lics-at'e driven by device sealing and batch prooessing. 

1).2 The domman.1 IC r.echnology is digital CMOS. which is the-basis of logic circuilS 
(mic'roptoces$0t$), memories (DRAMs, SRAMs. and NVM), and application­
specific IC, (AS1Cs). 
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PROBI.EMS 9.1 Assume that boron is di[fused into a uniform n°type Si sample,.resulting in Ii 

net dop111g-profileN0 (x)-N,. Set up an expre$$io~elating lhe sheet resist~nce 
of lhe diffwred layer to the nceeptor profile N,(.x) and the junction depth x1. 
Ass.11me lhat 'N.(x) is ll)Uch gre,1(er lllan tile ba~gro11I1d doping N d ever most 
o( the diflused layer. 

9.2 A typieal shee, -resistance-of a base diffusion. layer is 200 .0/squa:re, 
(11) What should be th.easpect ratio of a 10,.k!i resistor, using this diffusion? 
(b) Draw a pa1tern for this r~sisto.r (S{:e Fig. 9-t2b) wh.ich uses little area for 

n width w = 5 ~m. 
9.3 A J •µm rt-type epitaiclal Jayer (N4..= 1016 cm·1) j5 grown on a p-type Sr sub'­

slralc. Area~-or then 1ayer are to bej_unptlon isolated (see Eig. 9-Ua) by a 
bor<>n diffusion ar 12oo•c (D = 2.5 x 10·1tcm'ts)·.Toe ~urface boron concen­
tral:ion is held const;tnt al 102" crn· 3 ($ee l'rob. '5.2). 

(a) Whal time inequired for this isolation diftusion7 

(b) How far does~ Sb-dopedburicdJ/lyer (D = Z X 10-13 Cl:ltis') diffuse into tbe 
epita.xi11l layer during this time, asswnilig the·concentratlon at thesubstrate­
eplta.xial DOlmdary. is CO!lj!lan! at 1am cm-'l'? 

9.4 A 500-µm•thick'. p-l)lpe Si wllfer with a doping level oft x 101$ cm-, has :i certain 
region in which we do a. constant sc:iurce solid,solubility•lirnitcd P diffusion, ~­
sulting in a junction depth o.f-0.8 µ.m and n &urfa'Ceconcentration of 6 x i()l9 cm·1. 

We do sheet ~isl,3,11Qe !lle!!Slll'¢ment~ on the two parts.of thewafer, Wham the: 
measured sheet resis1ance oi the p,-type part? If we have a sheet resistance of 
90 !}lsqua.i;e in tlie n-type part, w~t is lhe aver,oge resis_dvity there? 

READIN'G USt Information abont the evolution ofintegrated cir11ult tedmoJ0g)' Is avoilllble at 
http://p1JhlicJtrs.netJ 

Campbell, S. A. The Scie11ce,and l.i:,,gineed1tg of Microclecrronic Fabrication. New 
York: Oxford, 2001. 
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Seraphini, D. P., R. C. La.sky, and C. Y. Li, eds. Principles of.El.ectrohlc PackiJgi11g. 
New':York: McGraw-1:lll.1989. 
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Q11esliol! 1 

Study the lTRS roadmap chapters on Process, Integration, Devices·and Structures 
'(.PTDS) and on Front End Proces,~e.~ (EE-P) availableathup:fi'.publicitrs.nct/.'This bas 
projections about.nexL0 jl,enerntion CMOS devices. 

• Plot som:c of the projected MOS device parameters from the·vatious tnb'les 
as. a function of time. Do they obey Moore's law'/ 

• Ba~ed on whutyoo haveleamed ln Chapters 6 and 9,do the required ll)(s~,, 
numbers for NMOSFETs for variouneclmology nodes in Table 47b make 
sense? Ho1v a bol.It some ohbc ot.h.er MOSFET (e(JUirements in other-tables 
ih11t are celqr-coded .red'/ 

Question 2 

Discuss consequences (one good. one bad) of quantum mechanic.al tunneling in 
MOSFETs. 

Question 3 

Wnnt is hot eleclJ'on damage, and is it more or less severe IJian ho.thole damage? 
Why? Hpw can you minimize hot carrier dan1age'/' 

Que~lloa 4 

Why are MOSFETs manufac~ured wilh (100) plnncs pa:rn.llel l'o Uie Si-SiO,. 
interface'!' 
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CHAPTER 10 

High-Frequency 
and High-Power Devices 

10.1 
TUNNEL DIODES 

SOB 

O~.roJM;S 

1. u~~rstond hoW•tt:!nnef~ng, IROl"\sil fime effetts, and eleclron transfer 
can ll!Qd to NOR 

Q. Understand SCRs 
3. Destribe how IGFEiTs-swifch power 

We have discussed a number of devices that are useful in microwave circuits; 
such as the varactor and specially'designed bigh-freque1\cy transi~1ors, which 
can provide amplification and other functions at .microwave frequencies u,p 
lo 1011 Hz. However, transit lime and other effects limit lhe- application of 
transiswrs bey.and the 1()11-Hz range. 'Therefore., other dev.ices ure tequired 
lo perform elc.cLroruc fuodiClns such. as 6\"'1tchlng and d-c-t9-microwave 
power cotwer.sion at l1igher freq\1eucies. 

Severnl important devltes for higb-h'equency applkations use the in­
stabilities that occur in semfoonduetors..An importanttype of instability .in­
vqlves negative cona1.wtt111ce. Here we shall cdliceutraie on three of lhe most 
commonly u1,ed negc1ti-ve conduclance de¥i~: Bs(Cki or tt1.11nc:I diodes, which 
depend on qilanlum-mechankal tunneling; trimslt-Li.me diodes, which de­
pend On a combinUticm of carrier injection .in.d transit-time effects; -and G1mn 
.diodes, whkb depend on the·trnnsfer of electrons from n high-mobility state­
to a Low-mobility .state. Each is a two-term in.al device that can be operated 
rn a nega\jve conducl'.an'ce rpode to' provide amplification or oscillalion at 
mlcro\\·ave frequencies in a p~oper circuit. 

'The tllnrtel diode is ll p-n junction device ~at operates in certain. regions of 
11:s 1- V characteristic b}( the. quantum mechanical tunneling of electrons 
through the potential barrier of the junction. (See Section$ 2.4.4 and 5.4.1 .) 
The tunneling process for reverse c:urreoL ·iS essentially·the Zener effect, al­
though negligible reverse bia~ is needed to initiate the process in tunnel 
diodes.As we shall~ee in Lhl.s section, the tunnel diode (often <;alled the 
Esaki dfode after L Esaki, who received the Nobel Prize in 1973 for his 
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work on the-effect).exhibits 'thdrnportant fe.amre of 11ega1ive rll.vfrc1111cc over 
i:l portion or its 1-V oharaotetis1ic;. 

10.1. l Degenrirole·Semiconduclors 

Thu~ far, we have di.sousscd tlie properties of relatively pure semicon.duc• 
tors; any impuricy doping rewesented Q smalJ fraction of the ttit-al atomic 
dens.ity o( the material. Sinc.e the rew impiuity etoms were i.o widely spact:d 
throughout tlie S'a1.nple. we could bccooflclent thHt no ch11J•ge1ransport could 
take.place within th.e donor or ncce.ptor levels U1emselv~s.At high doping .. the 
impurities are so tlt)se together tha1 we tib:1 no longer consider Lhe tloaor 
level as being c.omposed of djscrete, nonintexacring ener.gy,siales. lnste11d, 
the-donor-states form a band, whlcb may overlap lhe bo'llom of Lhe conduc• 
l1.oo band. If tne c.ondu.ction-band electron concentration n exceeds the ef­
Cettlve c;Jensily of stal~s Ni_, tl1e Fermi \,evel is 111, lqnger witl1Ln the band gap, 
but. lies whhin the conduction band. When this occurs; tbe material is called 
degener/Jlen-typ~e.The analogous case or degenerate p-type maltirial occurs 
when tb.e accepcor concenlr.a1ion is very high and the Fermi le,.,el' lies in 1be 
valenc.e:band. Wt:. retail I.hat fhe eneq,ry stales belqv;i Ei,-11re mo~Lly mieu and 
states above Ef ai:c cn;ipty. except f.or o. small distribution dictated by the 
Fer.nu statisli,cs. T.hui;, rn•a degenarate n-typl':'. sampltl, the-region bet.ween E, 
and EF ts for the most part fiHed'with electrons, and in a degenerate p-type 
samp)e, lhe te,gion beLween E~ and Ep is aJmost.cor11pl-etely filled with .holes. 

A p,n Junelion between two.degenerate .semiconductors is illustrated 
in tenru; of eqergy band~ in Pig. J.0- l a. This I:, lbe equi!it,rium co:ndition, for 
wb1dt lhe Fermi level is constanl throughout t)le junction.We ;:i.otice th,1t llF,:, 
Lie&~low the valence-band edga on the p,side.and Ev,. is·a·bqve ibe conduction­
band edge on t.h.e-n side. Tirns. the bands.must overlap on rhe energy scale ill 
order for Ep LO be constant. '.This ove:qapp.ing oI bands ~s very importa;:i.L; it 
means that, with.a.small forward or reversi: bias.filled stales and em::ny slates 
appear opposite each q1het , sepc1mted by es:;entially !he width of I.he depl~ 
iion region Lf the me.rallurgical junction is sharp, the-depletion region will be 
very .naaow.£or s.ucti hlgh-dopipg conceni.rallon~. and the ele;ctrfc field al the 
,junction will be qui le large. Hence, the cone!itions for e[ecm:m tunneling are 
met filled ar;id empty ~l~L~ separated by a narro.w polei;lli.111 barrier ofiinitc 
height. In Fig. 10-1 , the bands are shown filled to !be Femii level fon:onve­
nience of illusl!lttion , with tbe t1nde.rstandi.og that~ distribution is illlcp1ied. 

Since the hands overlap underequillbdlJJII conditions, a small.reverse 
bias (l,ig. l O lb) a!Jt1ws eleqtron l unnelmg from I.he filled yale11t:e-band states 
bclow'li'p,, to lhe empty. conduction-band states above EF,,. This cooditi:011 is 
similar to tb'e Zener effect, e,ccept I bat no bi;is is req\iiri,d to ,crealo the cou­
clition ohiverlapping bands. As the ·reverse bias-is mcreased, Ep,, continues 
to rpove clnSvn th~ enetgy ~cale With rt:~'Pec\ ta .E,,p, placing more filled.states 
on the. _p side opposiwemptystates on 1he nsidc. Thus, •th~ 1unnt:-ling of clec­
cro.ps from p to n increases ·witlt increasing reverse bl(;l.s. The resu.H.i:rlg con­
ventional current ts opposite: to Lh-e ekcr,ron f10w-thaUs. from n top. Al 
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figure 10-1 
Tunn.~ diode 

bond diagrams 
and 1-V chorocter-

lslics for various 
biasing condi-

tions; lo) equilihd-
um (zelci' bias) 

condiHon, no net 
tunn'lling; 

(bl small reverse 
b.ios, electron tun­

neling from p to 
n; le) s.moll for-

wo1d bio$, elec-
tron tunneling 

Ir.om n to. p; '(d) in­
creased forward 

bias, electron tu.i,,. 

nell ng from n to p 
decre_oses -os 

bonds poss by 
each other 

E ,--~ 
o, -,,. i:::::--- -

£ • 
p n p b 

(b) 

+, 
E , 

£ .,, '... f..,-.11 /!. £"" 
Er, Ee EF·p ~ c 

E,, £ • 
J) n p .n 

(c) (d) 

equilibrium (Fig. 10-la). tllere is equal tunneling from n top and from p to 
rr, given a :iero net cur.rent. 

When a smaU forward bias is applied (Fig. 10- l o}. EF1, moves u:p in en­
e-i;g9. witb respect t_oEF" by lhe-amounttJV.Thus,eledrons bel<>W EFn on the 
n side are ,placed opposite empty states above EFJI on the p side. Electron 
tunnellng·occurs from n top as shown, with the rcsuJ_ring conventional currenr 
from p (.) n, This forwa rd-tunneling current eontinues to inorease with in­
creased bia~ as.more filled s-tatef! are placed opposite• empty stat~_. However, 
asEr,t continue$ lo move up w,ith respect to EFp, a point.is reached atwhlch 
the-bands begin 10 pass by eacb alb.er. When this occurs, the.JJumber of filled 
states opposite empty states decre;,is~. The resulting dec.rease 1JJ tunneling 
current js illustrated in Pig.10-l d. This region of U-i-e 1-V cha.acteristic fa im: 
portantin tl:!ilt the.decrease in tunneling currenhv.ith i11crea,r~ bias produces 
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I 

V 

p n 

(a} (t1) 

a region ofTiegaiive slope: that is, the dynamic r~sisu11tce dV/dl is negative, This 
negative-resistance region is useful in oscillators. • 

II llie.forward bias ls increased beyond the negative-resistance 1:egion,the 
curren.t begins 10 in<.-reaseagain (Fig.10-2). Once lbebands have passed e'aeh 
other-, the chatacteristicresembles that.of a. conventional diode. The forward 
curren-t is now dominated by the iliffusion currcnt-dectwns surmounting 
their potei1tlal barrier froai 1, 10 p arid holes surmounling:.lheir polenlial bar­
rier from p ton. Of course, the diffusion curr-ent is present in the. fbrwar-d tun.­
[)eling region, but it is n.egligible compared with the tunneling current 

The t01al tunnel diode characteristic (Fig. 10-3) has the general shape 
of an N (if a little irnagj.naLion :is appli¢): therefor?, it :is.common to refer- to 
this characteristic as exhibiting a type-N nega1i-ve resisranre, .Lt .is also called 
a valtage-control7ed negativi? res~rtance.. n:ieru}ing that t.he cu:rr~nt decreases 
rapidly at some critical voltage (in this case, the peak voltage Yi,, taken at the 
point of maximum forward tuno·el,ing). 

The values of peak /J.mneling c11rreni I P and valley current I . (Fig.10-3) 
determine tbem:aguitude of the Qegative-reslstam,e slope for a diode of give11 
material.For this reason, their ratio 1/fv is often used as·a figure of merit f:or 

L 

V 

Figure 10-2 
Bqnd diagram 

5 11 

(d) ohd /- V G.hor­
oderistic (b) for 
thi, JUnn,el diode 
beyond the tunnel 
current· region. In 
(bl, lhe tunneling 
component of cur­
renl Is shown by 
the solid curie 
and the. diffus1on 
current compo­
nent is doihed. 

Figure 10-3 
Total tunnel diode 
choroderistlc. 
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10.2 
THE IMPATT 

DIODE 

Figure 10-4 
The Read diode: 
fa) baste de,;,ice 

configuration; 
(b) electric field 

distribution ln the 
c:l-e'irlce under re­

verse biQs. 

the tunnel diode. Similarly, the ratio V ,IV11s ameasure-of the vol tage spread 
between tlH! lw~, p()Sitive-resist.ance regions. 

The negative resis.t.Jl.nce orthe tunne1 diode can be used in.a 11wnb~r-of. 
ways to achieve oscillation and other circuit functions. The fact that the cun­
n:el.ingprocess does not presentthe time delays of drift and diffusion r,nakes 
the tunnel diode a natmal choice for certain high-speed c:ircu1ts.Howev~. the 
lt.lnm:.I diode has 11ot achieved wl.desprca4 application, becrnse of its re1a­
ti.vely low current operation an.cl competition from other devices. 

fn this section, W(} descnb~ il type of microwav.e neg1J.tive-co~quc;t.ance device 
that ope-rates by a combination of carrieriajectioo and transit- time effects. 
Diode~ with s.imple p•n junction siru.cture, or with \'lll'iat.io,ns on I.hat struc­
ture, are biased to achieve tunneling or avalanche breakdown, witb an a-c 
va llag;e silpedmposed on lhe d-c bias, 11)e carriers generated ti.y-lhC.il).j~ Lion 
process ar.e swept through a drifr region to the termfoals of the dev:ice. We 
s hall see lhar the a•c componenL of the resulting current can be approxi­
mately 180' out of phase with the applied voltage under proper conditions 
of' bi~~ and device con.figura1ior1.giving rise le negl).ti\fe canductance and os­
cillation in a res0naat c~ircuit. Transit-time devices can ,convert d-c to mi­
cn,wave a-c signals "~th .high efficiency and are very use.ruliil the generation 
o( microwave ,power for many applications. 

·n,e orig, nal s·uggcstion for a microwave deVice employing transit-time 
effe.atll was made by W. T. Read and involved an n'-p-i-p~ structures u.ch as 
Lh.at shown in Fig. 10-4. This devi.ce operates by injecting ·earners into the 
drift region andis called an impact 11vatanche trm:rsit-ti.me (IM.PA7T)-diode.. 
Although MPA1T operation can be obtained in simpler s tructurcs,the Read 
diode is best suited !or illustration of the basic principles. The device con­
sists essentially o[ t,vo regions: (1) the11' -p region, at which avalanche mul­
tiplicati.on oecurs, and (2) the i (essentially intrinsic) region, through which 
generated hole~ must drut in moving tQ the p+ contact. Similar devices can 
ee buJJt in tb.e p+-nci-n+- cou£lg11raiion. ln w:hich electnins resulting from 

•(a) 

lt(.i) 
I 
I 

' ' I 
I 

_.___..,_ ______ _.___,•'---,t 
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nvalanche muJllplicatlon drifi through the L region, taking advantage Of'lhe 
higher mobllity l1f <11ec1ron;; comparechvitl\ b·ole& • 

AllhotJ.gh detai lt;cd calculatio11s ot' lMPATT operation are complicated 
ani:1 genera Uy require compurer solutions. th!! hasic physical mechanism is sim­
ple. 6ssenliully, the·de.vke operates in a nega'li\11Hbnductance·mooe when the 
a-c cq,mponent of. eurrenr is 11¢gutive over;:\ purti.on (lf the cycle during whiah 
the a-c voltaga is positive, and vice vcr,~a. llte negative conductance occurs be­
caus.; of lwo procc--sses . . causing we current to lag behind the vt>Jtage in time: 
( l) a deli.y: clile 11'1 l ht> i1vHIMd1e prnrAo;!; Al\tl \Z) a further tlPJajl due to the 
transit time of the carriers acrnss the dnff region, If the sum of the.se delay 
ti mes is approliimately one-balf ~-ycle of the operating rre~cy, negatl ve CCln • 
d.uc1tmce occurs and !he di::v.ice can be used for osol!ation aml 1:1 mplification. 

Fr0m,aooll1c:rpoin.r ofvw1\I, Lile a-e condllota:ncre is nega'Livei( the a-c 
component of c.arrier O,ow<lrifts apposite lo the infhi.euceofthe a-.celettcic 
fuild. Forexample, with a tl-treve r:i;e bias on 1 he devi<;:e of Elg, l 0-1i , holes drift 
from left lo right (in the clirnclion of ttic field}, as expected.Now.if we ,su­
perimpose an 11-c vol~e ~uch that •& decre!l!IC~ dw·tng tbe negative hal(­
cycle .. we wouJcl normaU;y expect the drill of hofos to decrease also, Ho.wever. 
in fMPAIT opcraIiL1n, tbe clrlf1 of h.oles thrruigh Ihe I Tegion actually in­
creases wb.ilc the a-c field is dccrcasiug.1b see how this happens.lei us con• 
s1dei: the effects of uval~11d1e and drift for va1'ious poiuts in rl)e cycle of 
applied voil age, (Fig. J0-5). 

Tn simplify ~h,c dis'cuSljiou, we shr,111 11ssurnc Uiar rhe p regio,n ls very 
narrow and that all the a•valancbe mu.lt1plicatioa takes placejn a thin region 
near lhe n"'-p juJ1clion. We shn.11 approximate lhc fle1d u,, ll;le narrnw p re­
gion by a uniform vullLe .. If I.he d-c bias 1s such that the critical field for 
availanche E,, is jnsL niel In 1·h~ n7 -p spa.cc cha rge region (Fig, 10-5,1). 
11valanchemultipl1cation begins a11 = 0 .. £ lectror1s genurated in. the avalanche 
1110ve It> the,;- reglpn, and heles en ter lhia' i drift regiou. We asSurne lha.1 th:e 
device is mountt:d o, a resonant mic:rmvave circui l so tb.a1 011 a•c signal ca11 

be maintained at a.given frequency. As-rho applied ,H: l'o:11 age gl)CS positive. 
more and more boles are generated m tbe avalanche reg10n. in fact. 1he pulse 
'<'>.f holes (dotted line) genersted by 1he mulliplicaHon proce&s oontlnues to 
gro,w a~ lon:g as tbe electric field [s above E., (Fig. to-5b), lt can be.shown that 
the p,art.icle c11rtent d).t~ tq, ftYalanche int1;eases oxponeni,ially with time while 
lhe field is nbove lll~t:ri!lcai value. TI1eimportant result or this growth is thai 
ti,,e hole pulse reacl1es its peak value. oot at TrR... when Ihe voltt1ge j:; m11xl­
mum. but at 'IT (Fig. 10-5c:). n ,erefure. there i!. n phirse delay of,r./2 inherem 
in (be avalanche process itself. A further delay is prov.ided by the llrifi r,e­
gion. O nce the avalanche m ulupUcation. slops ( wi > 'lT), the pulse of holes 
simply drifis toward !hi: p+ contact (Fig. L0-5d). BuL th.u-ing this perii:,ci , the 
a-c terminal voltage .is negative. Tiicrefore. the dynamic conductance i~ neg. 
at ive. a:nd e,rergy .is supplled lo t:t11: a-c fie ld 

If 1he kng_tJ1 of the drifL regi<>n is cho!len 71rtlperl1, the pulse of holes 
is col1t1;:t0d a t the. p+ ,coniact jusl as U1e vol \age cycle ill completed. and [he 
cycle then repeats itself. T he pulse will drit1: through Lhe_ let1gtl1 L oftlie i 
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Fi!jurt> 10-5 
Time depende·nce 
oHhe growth and 
drl~ of holes dur­

ing a cycle of ap­
plied voltage for 
the Read diode: 

la) rot= O; 
lb)"'' = 11/ 2; 

!cl c.;t = 11: 
(dl wt = 3-m'2. 

The- ho~ pulse is 
sketched os a dot­

ted line on the 
field diog_ram. 

'l. = Critical field ror a.wi to.nche Vole-age Gyde 

J 114 (P l I P+- I 

~1 
V 

(a) r 
l+----L-..J X '1T 2,,, <o( 

(b) :.t 
~--... 

'6=_ 
j ·wt 

=-t 

V 

(c ) 

r •--... .. 
(J)/ 

(d) :.t 
.. '6=_ 

n .. / . .. . 
]( wl 

I egion during ttie negative half-cycle if we eb,oose the l,iJJnstL time to qe 
one-h.alf lhe oseillation period; lhat is, 

.f:. =!! f = ~ (10-1) 
lid .2 f' 2.L 

where fis the operating frequency and '-'dis the drift velocity for holes. 1 

T)iere-fqre,for a Read diod.~ th_e o_pµin,U(llfrequency isone-balf the invei:se 
cransit time v) L of hales across the drift region. {n choosing an appropri­
ate reso,nan1 circuitfor this de\iice, tb.e parameter Lis critical . .F:cir example. 
taking vd = 101 cmls for Si, the optimum operating frequency for a devioe 
with an i regiol) length of 5 µ,mis f = 107/2(5 x 10-,,1) = ·i oi0 Hz. N~gati.ve 

11n,sonerol,v, b o fu.hciion of If,., local eledrl,fiold. However, 11-,... device, ·ore normaOy opolafed w!th 
fielcb-in the I cegoon ,vffie'ien~y forge 1h01 holes· drm ol 1heir~0Hering-limli..:I ,-.;locily !fig. 3-'-24). In thr, 
=•• the dri~ velocity doe~nol ,V<Jry oppreeciobl)( wHlt the-o,;-,voliationo·in !ho f;, lcJ. 
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resistance iir.exhibiled by aii JMPATI dioclelor ,frequ.e1,1des somewhat above­
and below this ·opHmum frequency for ~xae~ 180° phase delay . .A-~areful 
analysis of th¢ small-~igual impedance shows thaL lbe minimum frequency 
forne~ative conductance varies as 1he square rooL uf !'he d-c bias currem for 
freq ue.ndes in !he neigh borkoocl. pf that described by Eq. ( 1()- 1 )'. 

Although the Read diode pf.Fig. 10-4 displays mosldir.ectly the oper­
ation of lMPA'IT devices, simpler structures can be used, and· in ~orne cases 
lh~y may be more efficient.Negative,condoctanee can be obtained in simple• 
p-n ju notions. or in p-i-,n device~ ln fhe case of'thc p-.i-,n, rnor;t of 1hc:11pplied 
voltage occurs across the i Tegion, whicb serves as a unifnt.m avalanche region 
and al~o as a drift region. Therefor~. the tw,o processes of delay due to 
avalanche and di;ift, which were separate in Lhe case of 1he Read d iode.are 
distributed within. the, Ln:gion of the p-i-n. '[hjg means i:bat i:)oth..electrons and 
holes pnrtj~ipatein the a:val.B.Jic:hc and drift proces.~El$-

Micro.wave devices th.at operate by the transferred-eletitron mechanism are 
0E1en called Guiw 11/ncies, after l B. GlUJ.\1, who fin;tde.monsl:rafed one of the 
forms of osciHation. In Lhe transferred-electron mechanism, the conduction 
eleclrons o!some"se:micondu!!tors ate-shifted from a stare afbiglilmC>bility to 
a state of low mobility by the influence, of a strong electric. field. Negative 
conductance operalip'n can be achievell 1n a diode2 for which this mechan1sm­
appHes, a:od the results are varied and useful in microwav.e circwit& 

Fjrst, we sh!\lldesc..,,~be the process of el.eetro11 transfer and lhensult­
iog change in mobility. Theo we shall consider some of the modes of' opeca. 
tion for diodes usinglhis mechapism. 

10.3.1 The Transferred-Electron Mechanism 

Jn Section 3.4.4, w-e discussed the nonJinearlly of mobility at high electric 
'fields. In mes! swnicooduqlor5i the carriefS reach a scu~dng-limited vefoc. 
lty, and the plot of velodty vs. field sati\lra1es lit high fields (Fig. 3-24). lo 
$om~ materials, however.,the energy-of e.lectrons aao be-.~ed byap applied 
field 10 the point that lhey ttallSterfrom one region of ilie-_conduction band 
to anolhi,r. highe,r-en,ergy iegion. For SQJ:1:Je band stru¢tures, negati'f;e con­
du:cti'vity,can result from this electron t1mosfer. To visualize the proeess,Jet us 
.recall tbe_ dis.cussion of energy bands in Sec ti.on 3.1, 

A simplified E(.k) ba'ndstructute forGaAs iS'shown in Fig.10-6 for 
1-efereuce; some of ~he detail has been omitted in this diagrntn to isolate 
the essential fearores of electron transfer betweeµ bands. fn n-type Ga.As. 
the valence bmd is filled and the 1;entra,l valley (o,r mi11lJ~1tmi) of lbe c:o,n­
dbction band at r (k "" 0) normally·contains the co11puelion ele<;trons. There 
is <1 set of.~.JlOJidtary minima atL (som,~times called satel.iue val/e.ys.) at higbeF 

·'Jim,~ dovlces~re a,llocl dJOlio,, ilocalhoy are iW<>'la!lTlil'IDl devic;e,. No?fi ju~ci1an !• l~vo1ved, howe .. 
~•· Gunn el/ecl ood •~l<!!!',d rl!,,11~ ulinze bu1% ln>1ciblllllv,, ·"ln,ch do not 1,eqtfire lont!lo'01, 
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Fi9ure lo-6 
Simplified bond 

dio9ram fqr 
GQAs, lllustroling 
the lower (r) and 

up·per (LJ volleys 
in the conducJion 

bond. 

B 

l.43 eV 

Ccnt,al valley 
m,,_/1110 = 0.0fi'I 

Conductlon t 
band 

energy,B but these minima are many kTabove the central v:alley and are nor­
iµaUy unoccupied. Tlmtefore, tbe direct \)and gap at r and the energy bands 
centered at k = 0 are generally used to,describe the conduction processes in 
GaAs..This was true, for e..xample, of GaAs lasers, discussed in'Section·8:4. The 
presence of the satellite valleys at Lis cruclal to the Gunn.eCfeel however. tf 
the 1:naterihl is sub-jeered to an electric field above so))le criticql value (about 
3(X)() V/cm), the electrons in the central r valley of .Fig. 10-6 gain more ener­
gy than' the 0.30 e V separ_ating the. valleys; there.fore, there is considerable.scat­
tering of electrons m:to the b.igheraenergy satellite valley at L. 

Once the eJectrons have gamed enough energy from the.field to be t.ra.ns­
forred into the higher-energy valley, they r-emaln there as long as the field is 
,greater than the cdtic!il value. The explanation [or this involves 1·heftlcl lhaL the 
combined effective density of slates for the upper valleys is much greater than 
ior111e central valley (by a factor o'f about2-4).Althougb we.s}lal) not pri;lveil 
here, il seems reasonable that the probability of electron scattering between val, 
leysshould depend oo lhe density of.stares availa:ble in ~ch case and tbat scat­
tering from a valley with .many states inl:o a valley with few states would be 
unlikely.As a_result, once the-fii:ld iocteal)es above the critical value, most con­
duction electrons in GaAs reside in the satellite valleys and exhibit properties 
typical of that region of the conduction l;land. In particular, the effective niass 
for electrons-in the higher L valJ.eys is almost eight times as great as in th.e cen­
tral valley ber..ause of the smaller band curvature, and th.e elet.;tron mobility is 

•w. lia.,.,·•~-· only ono ,olollllo volley fu< .,,,wunio11Ce; there.,;. other oquivafenl ..,nor- for diffure11t 
dJr<>o!ion• lo k-<poc•. ThaaRodlvu n,o,;, rotro of0 . .5S rolor, to ihe <ombln•d somllilo valley,. 
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much lower. This is an important resulL for the negative condm;t.iv,ity meoba­
ni.~m: As the electric fieJd.is inereased, the electron vel.oeity iacrease.s·unril a crit­
ical field i's reached; then the e·h:ctr.ons slow d0wtnviih °fnrtber increase in field. 
The electron transfer pr0Ct15S allows electrons to gain energy at the expense of 
velocity over a range of values of the electric field. Taking the current density 
as qvdn, we see dearly thlll current also drops in thi.s range of increasingj'leld, 
giving rise to a negative differe.ntial conductivity dJ ld'fl. 

A possible dependence of electron velocity vs. electtic field for a mate­
rial cl\pablc of clcctr.on transfer is shown in.Fig. 10-7. For low valu.cs of fxcld, 
the electrons reside in the lower (I') v,',\lley of tbe conduction band. and lhe 
mobility (µ,r = vd!E) is high. and constant wilh f.ield. For high values of field·, 
electrons L-rarn,fer lo the satellite vailcys, where their velocity is srµaller and 
their mobility tower. Between these two states is a region of aegatiYe slqpe on 
lheµ lot of v,1 vs. 'e, iru:licating a' negative differential mobility dv,ldE = -µ. '!' . • 

The actual dependence of ,electron drift velocity on el.ectric field for 
GaAs and JnP is shown in Frg. 10-8. The neg~tive resislan·ce due to elc'ctron 
transfer occurs -at a bigher field for lnP. an.d the electrons achieve a higher 
peak velocity before·.transfer from r to /- occurs. 

The exi.stence of a drop in mobility with ioc.r.easing electrk.Cieldand the 
resul.tant possibility of negative conductance we.re predicted by Ridley aod 
Watkins and by Hilsum several ye-an; before Gunn demonstrated the effect 
in GaAs, The mechanism of electron trans-fcf'is Lherefore often called the Ri­
dley-Watkins-Hllsum mechanism. This negative conductivity effect depends 

Figure 10-7 
A pos-s,ble chorocrerislic: of electron drlH velocily vs. ffeld for o semiconductor ex­
hibiting the lrqr1sferred electron mechoni~m. 
µ 1• = Mobility in central (f ) volley 
JJ.t = MobUtty 1(1 sotellile (l) volley 

JJ. • = Average mognilude of negdtiye difl!)rentiol mobility dUTing tronsifion 

•rbr, 1n , ,a;h., cn.,de opproJ<irno1on, ,ince 1• • I• nol a oonilonl, bul I/arias con,ldm,bly. ·wuh hold; lho 
negolive,<l,el...,tri, rel~olian (i.,~ lhereforo cbonge, wll~ ti1JJe c;, lhe dornoin grows, 
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Figure 10-8 
Efedron drift ve­

locily vs. field for 
QoAs and ln'P. 

3 

'I' ~ 31)0K 

0'----''----'----'---'----'-- --'---s 10 l:'i 20 25 '.lO 
.J(kV/C)'ll) 

only on the bulk properties of the semiconductor and not on junction or -Sur­
face effect$. It is thi;trefore called a bulk negative dlfler.ential co11iluotivity 
(BNDCJ effect 

10.3.2 Formotion and Drift of 'Space Charge Domains 

Ti a ~ample of GaAs, is biased such thai t'he field Ialls w the negative co~­
ductivity region, space charge instabilities cesu.lt, and th.e device cannot" be 
malntained in a d-c st;lbje condition. To understand the fonnatlon of t'hese 
instabilities, let us consider first the dissipation of space charge in the usual 
~eliliconductor. It can. be shown frem ,trea lJ]1ent of the continuity equation 
that a localized space charge dies out exponentially with time in-a hom0ge­
neous sample with positive iesist'a.noe ~rob.10.3). 1f I.he initlalspace charge 
is Qo, the instantaneous charge is 

(10-2} 

where1',i = ,du is called the dielectric re/axarion time: Because of this process, 
random fluctu11tions in carrier concentration aTe quickly n~u1ralized aµd 
space charge neutrality is a good approximation for most semiconductois. in 
Lhe usual raoge•of conductivitit!S.For example, tbe dielectricrelaxatio)l thne 
for a LO 0-cm Si or GaAs sample is approximate.ly 10-12 s. 

Equation,(10-2) gives a rat!¢r remarkable result for OllS~s in which the 
oonduct.ivity is negative.For these cases, -rd is negative also and space charge 
jluct1wtions build up ex-ponenli.ally in timuatheithan dying out. TI:rismeans 
that uor.malrandom fluctuations in the carrier distribution can grow.into large 
space c)largc regions in the sample:let us see bow this occur.s lrl a Ol!AS srun­
ple biased in the .negative conducti vi(y regime. The velocity-field diagram for 
n-type QaAs:is ilJuslrated inFig.10-9a.Jf we assume a small shift of eleclT6n 
concentr-ation.in.some i:egion of the device.. a dipple layer can (Orm as.shown 
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in Fig. l 0-9b. Under normal conditions. rhls dipole would die out quickly. 
B:owever,=der conditions of negative conductivity, the charge within the di­
pole. and there.fore the local eJectric field, bui1ds up as shown in l-1g.10-9c. Of 
course, lhis buildup takes place in a~tream of efectrqru; drlftfogfrom the cath­
ode to the· anode. and the dipole.(now called.a domain.) drift~ along with. the 
stream as it grov,,s: Bv~tually, the drifting dom11in will reach t!J.e anode, wl1ere 
it gives up its energy as a pulse of current in the external circuit. 

Du,ring Lbc initi,al growth of the domain,~ increasing f,racllon of the, 
a'l'plied voltage appears across it, at the expense of electric field In the rest 
of tbe bl\r, As a result,lt ls unlikely that rnm;e than.one domain wi.lJ be pres, 
entin the bar at a tirne;-after the formation of one domain, the electric field 
lQ. the rest of th~ bar,quickly drops beJ.ow the t:hre~bold vah1e forn~gative 
conductivi ty; If I.he bias is d-c, the fie.Id outside the moving domain will sta­
bilize at a positive c.ouductivity point such as A in Fig.10-9a, and the field 
i.nsi.de-th.e domain will stabilize at the hjgh-field val:ue 8. A small di'pole 
forms from a:random,noise fluctuation (or,._more likel.y, at a permanent ml­
deat/o.n site. such as a crystal defect, a doping inhomogeneity, or the -cath• 
ode itself), and this d,ipole grows an.d dci,fti; dpwn the ba-r as a domain.. The 
formation of stable domainB is not the 011ly mod.c of operation for trans­
ferred elecµon devlces. Nor is it \he mast desirable mode f.or most appli­
cationsr since the Eesulting short pulses of current are inef(icie.nt scruroes 
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Figure lo-9 
B111ldup ong dri~ 
of o .space charge 
domdin in GaAs: 
(o) ve{ocfly-fisld 
cha rocterlsfic for 
n-type GoAs, 
{b) lormot1on of o 
dipole; \cJ grov,,th 
and -drif1 of o di­

-pole for rondl­
lions qi negative 
condudivity. 
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10.4 
THE P-N·P•N 

PlODE 

of microwave power. Rem ova I of bent is a. -very serious _problem -in these de­
vices. The pO\Yel" dissipation may be; 10, W!c.m> or gre;1ter .( Pmb. l 0.5), giv­
ing rise to cons:iderable .heating-of the sample; lf the application does not 
requin: conlinuous-oper~tion: peak powers ot.h.undreds 1'.!f watts can be 
adhieved in pulses or microwave oscillation. 

One of the most common applica lions of electronic devices is in s,v.itchfug, 
which re·qµires tb'e device to cha.11ge from a11 "o!f" or blocklllg st-a1-e to an 
"on" or {:0/1d.!1cting state. We:have iiiscussed tlie use o{ tra:nsistets in Uu~ ap­
plication, in which l:>as.e cUITent drives the devic,e .from curoff to sa:ruration. 
Similarly. diodes .and otl)er devices c~ be uso(,l lo serve as cert~ types of 
switches. There are a n:umber of important switching appl.ieations I.hat r:e­
quire adevi_ce remai.ILm the b1ockingstai'e underforw<i:!°d ttill.s until switc.hed 
to the conducting state by an external signal Severa! devices thatfullill this 
-requiremem have been d~vel0ped, im:iliJdi.ng the semicontluctor-contmlled 
rectifier (SCR) .5 These devices 8l'C typiiled by ahlgb impedam:e (the "off' 
condition) under forward bias until a swi tchln[i, signal is applie!l:.arter switch­
ing. they exhibit low inlpedaoce (lhe "on1' condition). The-signa:\ required for 
switcblng cao be vari.ed exl.em.ally; lb!!refore; the devioos can be used to blpck 
or pass c11rre1J ts- at predetermined levels: 

The SCR is a fqur-laye.r (p•n-p-n) structure iliac effec.fively blocks cur­
rent through. two 1.ermina·1s until i1 is.turned on by a smaU signal at a third ter­
mjna!, We shall begin ·by investigating lhe .:un:ent flo.w la. a l.wo-1.erminal 
p•n·p·n device and then extend the discussion to inc1ude triggering by a third 
te.l'!llll'1al. We shall see t:hal the p•n-p-n structure can be considered form.any 
purposes as a combination of p-n·p and n-p:n tnm.slstors, and the 1malysis in 
Ghapter 7 can lie used. llS an aid in understancling its behavior. 

\ 0.4. l Basic Slru()ure 

Fi~st· we consider a (our-layer diode structu:rc wftb an anode tctmlnalA al" 
the outside p re~on and with a catho·tle tern:unaJ K at the outside n region 
(Fig, 10-l0a). We shall refer lo the jl1ll.c1im1-0eares1 the-an.ode 11s j1, the cen­
ter junction ash, and the junctlon nearest the cathode as ]j. When .the anode 
i.<1 biased posit~vely with respect to the ea.U1ode (v posjlive), the devi'ce. is 
forward biased.However, ns t11el-V characte-ristic ofFig. 10-lOb indicares, 
the foward-biase:d condition of this diode can be ·considered in two sepa­
rate stares: the bigb-in1pedaoce, or f<mvatd-blocking, state -and the low­
impedantte, or forwar-d-<tortducting,_state. ln the device illustra·ted heTe, tile 
forwa~d 1-'V characterislic switches Jrom the blocking 10 the conducting 
state at a critical peak forward voltage l'w 

We c;an anticipate I.he qisoussian of condactioa.mecbani.sms tlui t fol­
lows by noting. that an initial positive voltage v places. Ji and j 3 under forward 
bias.and the center junctlonj2 under ceveTSe b'.ias. As vis.in.creased, most of 

'Sini:e SI b tha-mp1oricl wmmonlv u•ed 'lo, iii!, device, If b o~o~ called o i/llc:on-a,nrrolled ,ec1ii(e,. 
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the .forward voltage i_n the blocking state must appear across the reverse-biased 
jWtctiQn j 2. After swi tching lo the corrducting state, the voltage I:rom..A to 
K is very small (Jess than 'JV), and we conclude that, in th.is condition, all 
futee junctions must be forward biased. The mechanism by which h switch­
es from reverse·bias to Forward bias .is. rhe subj.ect of mu.ch of the-discussion 
that foll ows. 

1n the re11erse0 blot:k111.g state (v negative). Ji and j;3 are reverse bi­
lised and}i .is for\llard biased. Since the supply or e lec1rons and holes to Ji 
lR r.esrricted by the 'teverse-biased junctions on either side, the device cur­
•ren'l is limited to a small sa.tu:ration current a:dsmg fro,m the thermal gen­
era1icm oi'ERPs near ii and,i:J. Toe current remains small in the.reverse-blocking 
condition until avalanche breakdown occu1:s a~ a large reverse bias. ftJ a 
,properly designed deviee, with guards against surface breakdown, the re­
verse bre:akdown voltage can be severa I thousand volts. W.e sball uow con­
sider the mechanism by whfoh this device, oflea calle.d a Shockley diod11,, 
switches from the forward-bloc.king state 10 Uie forward-conducting st-1te. 

10.4.2 The Two· I~onststor Analogy 

The four-Jayer configuration of Fig, 10- l0a suggests that the p-n·p-n diode 
can be consitler:ed as two coupled trnnsistQrs:fL a11d h form the emi tter and 
collector junctions, respectively, of: 1:1 p-n-p lran~;sio.r; similarly, h. and h 
rorm the collector ~d emitter jupcJions of an n-p-n transistor. (Note that 
the emitter of the n-p-n is on the right , whloh is the reverse of what we usu­
ally draw:). lo th.is analogy, tbe collector region of the n-p-n is in common 
with the base. of the p-n-p,and the base ·of then-p-n se.rvcs as the collector 
reg.ion of tbe ,P·D· p. lll8 ·center junction h serves as the ,collector JU\lctioo 
for both trat1sistors. 

TI1is two-transistor analogy is illustrated in Fig., l0-11. The et)1lec1or 
currem lw of the p•n-p transistor driv.es the base of th.e n-p-n, and the base 
ourrenl i81 oC the p-n-p,is·di~taled by• fbe collector cur•ren( i0 or the n-p-n. 
If we associate an emilter-to-collector current transfer ratio a with eacll 
lransistor , we c~n use the analysis in Chapter 7' to soive for the current i. 
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Figure l 0- 10 
A two-le.rminal 
p-n-p-n device~ 
(a) bas[c i truduce 
and common 
drcul\ symbol; 
(b) 1-V 
clia rpdqrlslic. 
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Figure 10-1 1 
Two-transistor 

analogy of lhe 
p-n·-p-n diode. 

Using Eq. (7-37b) with cx1 = aN f.or the p·n-p, a 2 = rxN for the n-p-n, and 
wilb lco.1 and fc:01. for lhe re~ective colle-ctor saturation currents, we have 

ic1 = a1i + lcoi = fo2 

i<J2 = a2i + lcoo = im 

But the sum of ic1 and io. is the total current through the device: 

io + i~ = i 
Taking this SUJD in B_q. (10- 3) we have 

i(ct1 + a2) + lco1, + lco2 = i 

. Icoi + 1® 
( "" ' 1 - («.1 + o.i) 

(10-3.a) 

,(l0-3b) 

(Hl-4) 

As Eq. (10-5} indicates, I.he current i through the d,evices is small (ap­
proximat:ely the combined collector s.atu.ratlon cunen_ts ofthe two equivalent 
transistors) as Jong as the sum a 1 + u:2 is small compared with unity. As the 
sum ·of the alphas.approaches unity, the current i increase.~ rapidly. The cur­
rent does notincr:e~ without limit as Eq, (10-5) imp1ies, however.because 
!he derivation is no lon_ger valid as dL ·t- a 2 approaches unity. Since h be.­
COIJ\es forward biased in tbe forward-conducting stale, )Joth transistor.s be­
come saturated after switching. The two transistors remain in saturation in the 
fof'!Vard-conducting slate. • 

10.4 .. 3 Voriation of. a with ln jlt.clion 

Since tl\e iwo-tran,sistor analogy impUes Lhatswitchingil')'folves an increase ill 
the alphas to the point that ai + a 2 approaches unity, it may be helpful tore­
view how alpha varies wit.lilnjectionlpr µ transistor.Toe emitter-tp-collector 
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current transfer i:atio a. is given in Section. 7.2-as the producl of the emitter in• 
jection elilciency -v and the base 1ransport facto{ B . An increase in ex.with in­
jection can be caused by increases in either -ofthese factors or both. Al very low 
CJm erns tsuch as in the-forward-blocking stale of B-n-p-n diode~). 'Y is usually 
dominated by reaombination in the transition region of the emitter junction 
(Section 7 ;7 .4). As the currenl u; tncreased, injectiou across the- junetiqn 'c:ie­
gins to dominate over reoombination within the tranSi:tion:region (Secdon5.6.2), 
and 'Y increas,es. 111ere are several mechanisms qy which the base transport 
faetot D increase& with injection, ineluding the saturation of re<.-om!Jin:rt¼,n 
centers as !he excess carnet concentration becomes large. Whichever mecha­
nism dominates, the increase in a1 + o:2 required, for sivitcNng oftne p-n-p-n. 
diode is accomplished automatic.111.y. In general, no special design is required 
tomaintam u 1 + et.2 smaller than unity during tile forwaro-blocidngstate;this 
requirement is osuallymet allow currents by the dominance of recombination_ 
within the tranSitioa regions of j 1 and h, 

I 0.4.4 Forward-Blocking State 

When the device is biased J.n the forward-blocking state (Fig-. 10-12a)i the ap­
plied voltage v appears pcimaril:racross the reverse-biased junction :&_. Al­
though J1 a:n.d ]:; life forward biased, t.lle current is small The reason for this 
become:;-ele:ar if we ~onsider fhe supply of electrons available to ,1L and holes 
to P2· Focusing attention first upon ii, le t 1:1s li$.wme that a hole is injected 
fr.ow Pl into n1. Il' the hole-recombines with an electron in n1 (or in the ii 
t;ansiti.oo region), that electron ml!sl be resupplied lo the 111 region ~omain­
lam i;pace c]:iarge neutrality. The supply·of electrons in this case is severely 
restricted, however, by the fa~L tlla:t ,i _, is llinnioated in h, a reverse-biased 

I 

~ ;\I -

(a) rl fl ll[ •• ll~~ !I! Q~h V 

I, h /3 

+ v I - - V 7 T • • 1 -

(b) ri~, Ill 111 !ll lb m ~<h· v. 

/ I h I.> 

(c} .M~~I I l •• Jlf p~ I I !~h V 

i 1 h 13 

523 

Figure 1CH2 
Three bias· sloles 
pf the- p-n-p-n 
diode: lo) lrrfl 
forward-blocking 
stole; (b) lhe 
forworckonduct­
ing 5tolni (c) lh~ 
rever~~k,ckir.9 
stole. 
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junctlon. In a. normal p•.n diode. the n region. is \erminated i.n an ohm'ic co.n­
tact,so thal the supply.pf electrons req_ulrcdte.matcb-recombinatiori (and in­
jection into p) is unlimited. In !his case, however, the electrnn ~upply is 
restricted essenµally to U1ose e'lectrQns gcneraled thermally wllhin a dfffu­
sioolength ofj2,. As a resulr, the current passing through the j1 junctionis ap• 
proximat-Oly the same at; lhe r~vc;1rse saturation current of iz. A sim.i'lar 
argument ho1ds for the current through j3; holes required for injection :into .n.2 
and to feed iecombination in 'P2. 111Ust oliiginate .i,n the saturation current of the 
center junction fi. The applied voltage II divl:des appcopriately among the 
thn:eJ11t1c:tions to accqmmodate this small cuuent throughout the deyke. 

.ln this discussion, we have tacitly assumed that the CU1rent cmssi.n£ j2 
is strictly 01e·ttteunaJLy generated saturation current, This implies IIJat elec• 
trons injected by the forward-biased junction j1 do not diffuse across Pl in any 
substanlial numbers, to bC' swept across the reverse-biased junction into n1 
by transisLor action. This is llllother way of saying that a2 (for the "n•p•n tran­
sjsto:t'' ) is sm_all. Simillll'.ly, the su.pµly of hole.~ to Pl js prinrarily l)1ermally 
generated,sinco few boles injected at j 1 reach h without recombination (i.e., 
a, lssmall.:(<>r the ''p-o-p"). NQw we can ~ee pbysic:a1ly why Eq, (t0-5) implies 
a small current while a t + ·o:2 1s smal 1: Without the transport of chru:ge ·pro­
vided. by transistor action, the lher.mal geIJenilion of caµiers-.is the oaly sig­
nllicant sciurce of etecu-oµs to n I and holes tn p1. 

10.4.5 Conducting Stote 

The char!\e transport mechanism changes dramatically wb~n transistor action 
begin$..As a.1 + Q.z approach.es u.n,i.ty by one of the mechai:um,is dtjctibed. 
nrony, h.olcs inj-ected at j1 sur.vive to be swept across h into pz. This helps· tQ 

feed the 'r~mbina.tion in P:2 and Ip suppo.rl cb,e injection uf hole!;_ into 112• 

Similarly, the- transistor action of electrons injected at jj and collected at h 
supplies qlectrons for ,11. Ob\liousiy, the c1.urent through 1&.e device can be 
much larger once this mechanism begins. 111e tranllfe-r of injected carrien1 
aeross h i_s reg~erative-, in that a greater supply of eleclcens to 'IL ailows 
greater injec:tion •of holesar j1 while maintaining space-chllrgeneutrality; this 
greatcrinJect~o.a of holes fu,lher feeds P2 bytransistpr.aotion, and 1be process 
con1inues to repeat itselL 

lf a 1 t a 2 1$ large enoilgh,so tlia~ many elect:rpnsare collected In n1 end 
many holes a.tecolli;cted in P2, the depli~tion regron llt h begin;; t9 decreasa 
F.l.Qa.liy, the reverse bi<l.~ disappears.across ii and is replaced by .a.forward bias, 
in analogy with a 1ransistor tfiat is, biased deep in saturation. When this occurs; 
the three i.mall forward-bias voltages appear as shown in F.ig. 10-121;,.'I\vo Qf 
l.h.ese voltages essentially cancel in the overall v, so that the forward valtage 
drop of the device Itom en.ode to c.athode .in (he conducting state is .not much 
greater than that of a single p-n junction. For _Si, this forward drop ii; l~s than 
1 V, until ohmic loss~ be,wme 1rnporlent at.high current ·levels. 

We have diseussed The ·cm:rcnt transport mecllani.c;ms in the forward­
blocking and for,vard-con.ductmg states, but we have not indicated .how 
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switching is initiated from one state Lo Lhe.otber. Basically. the requirement 
is tbarthc oarri~ injection at j1 arid h, must somehow b.e increased $0 tnat sig­
nificant ·transport of inj~cted caTriers across j/z. occurs. Once this transport 
begins, Lhe regenerative nature of the-process takes over and switching is 
completed. 

lO.4.6 Triggering Mechanisms 

n1-e i;t1os1 colll1l,1on method of rrlggerwg a two-terrnin.al p-n-p-n is simply to 
raise the bias voltage to the peak value V P, This type or voltage triggering re­
sults iD a breakdown (or ~ign.ifi~nl leakag~) of lbe reverse-biased J1mclion 
j-i; the accompanying increase in current provides the injection at j1 and h, 
as wi;U as the transpoi:L required for sl,\iitching to Lhe cenduuting stat~. The 
breakdown mechanism commonly occurs by the combioauon of base-width 
narrowing and (/\la/an,che rmiltipl icalion, 

When carrier multiplication occurs in h , many e-lectron.s are swept into 
11 l and holes i,nto p2. Tois process provides to these regions ~he maja ricy car­
riers neededior increased injection by lbe emitter junctions. Because of tran­
sistor aclion. the ful.l br,eakdown. volta.g~ of h need not be reac:hecL A.s we 
showed in Eq. (7~52). breakdown occurs in the collector j unction of a. transistor 
with /8 = 0 when Me> = I. Tn the coupled-tra.1:1si~tor Cliise of ~h-e-p-n-p-n 
diode, breakdown oeclil:s at h when 

(Hl-6) 

whe_re Mp is lh·e. ltole mulliplicll.Uon filc~or ai1d M,. is the rpul1iplici1t1on fu.c­
ror for electrons. 

As the bias y increases in tl1e for'\Vard-blockingstaie, tne depletioo ·r~ 
gion about Ja spreads lo acci.1mmodate the .increased reverse bias on the cen­
ter jm;cti on. This s:pri:,(lding meail!l u,ru. Lhe ne11lrol bt1~e regi,ons on either 
side (n 1 and PU be.come thinner. Since.a1 and a 2 mcrease as these base widths 
decrea$e, rrfggerln& can accur by the effect of base-width 'nan-owing. A true 
punch-through of the base regions is seldom required, since moderate nar­
towing of these regions can increase the alphas enough Lo ~use:swilcbiog, 
Furthermore; switching may be the result of 11 combination of avalanche mul­
ti plication a11d base-widt.b aaq:owing, albng witb possible lealtage cuqen.t 
through. h_at high vol1age. fir0m Eq. (10- 6). it is-clear that. with. avala11cne 
mu.ltip.lication present, tbe sum i:t1 + ct, o.eed noL approach unity to initiate 
breakdown l)f i2, Once bre.akdown begins.. the increased numbers of earners 
ln 111 and P2 drive tb·e d~vic<} to the for-watd-cooducting state by tne rfl,i6D· 
era.live process of coupled transislot action. As switching proceeds. the re­
verse bliis is lost acro~s J,,. and fhe junction brea~down mecf-)a,nisms ar~ no 
longer active. Therefore, base narrowfog and avalanche mu'itiptication serve 
only to start the ~witching process. 

1f a forward-bias-v.oltage.is applied rapidly.to the device,switehingcan 
occur l;ly a mechanism commonly .called, dvli:ir triggering. 'Basically, this type 
o( triggering oceurs as the depletion region of h adjusts to aceommodate the 

525 

Petitioner Runergy USA Inc., Ex. 1030, p. 525



526 Chapter 10 

10.5 
THE 

SEMICONDUCTOR· 
CONTROL.LEO 

RECTIFIER 

increasing, volt11ge. As the depletion width of h increases. electrons are re­
moved•from the n1 side; and holes are removed from thi: .P2 side; of rhe junc- • 
tion. For a slow increase in voltage, Lhe resultingflow ofelectrons toward Ji 
and.holes loward }Jdoes not constitute a significant cu.rrenUf dv/di js lar11,e, 
however, Lhe rate oI charge removal from each side of J,. can cause the cur­
rent to increase signi:f:lcantly. rn tenll$ oJ' the junction capacitance ,(C,2) of 
the re\lerse-biaseu junction, the ttans.ienL ow:rent _is .given by 

. cf.Cflvll d1if'J. tlC J2 
1(t) = dt· = c,,T, + v-,zdl (10-7 ) 

where v12 is the instant;meou.~ voltage acros~ J:,.. Thill type of current flow is 
o.fteo called dll·placemem <'U.rrent.'Therate of ~nge of C12- mu~I be includ­
ed m calcularing. current, si11ce the capacitance varies with time as rhe de­
pletlon wi.dtlu:banges. 

The mc,reai;e in current due to a rnpid r.ise h1 voltage can c11uses\vitclt­
ing we.ll below the steady stme Ltiggering voltage Vp, Therefore, a tlvldl nti­
ing is usually specified along Wilh Vp for -p-n·p-11 diodes: Obviously, d,,Mt 
triggering can be a disadvan1age in circuits slit1jected lo unpredicl;tble vQIL­
age transients. 

The vari.ous ti;iggering mechanisrns disc1:1ssed i11 thi~ secijon upply to 
the l\'i!O•tcrminal l'•n•i>-n diode. As we shall see in tlie ne:ic.t section. lhe 
semicond11ctqr-contr0Hed rectffier is trigge red by an ex1emal signal .ip­
plied to a third terminal. 

The·semiconductot-eontrolled' rectifier (SCR) is useful in many applicalio.ns, 
such as pow.er switcll.i;lg aud varie'us c9ULrol cirm.tils. Thi$ clevlce cao handle 
currents fron1 a few milliamperes to hundreds of amperes. Since it can be 
ll!rn~d on exte,r.nafl.y, (he SCR can be used to regulat.e th~ a1)1ount of power 
delivered to a load simply by passing ,current only during selected portions 
oflhe Line cycle. A common exall)ple of th is appli~tion is the light-dimmer 
switch used in many homes,At a given setting of this switch., an SCRis turned. 
on and off repelilively, such that all or only part or eal'.;ti powet cycle is de­
livered to the lights.As areS11Jt, the lightintensity can be varied continuously 
from full to dark. 'Ilw same conlrol priaci-p]e can be applied lo mQtJ;rrS, , 

heaters. and. many other systems. We shall discuss this type of application 
nex t; after first establlihiog lllelundame□tals of device operation. 

The most important four-layor device lo power circuit applications is the 
three-terminal SCR6 (Fi~.1():.:(J).1l1is device is similar to the p-n-p-n diode, 
except that a third lead (gate) is attached to one of the base regiOn!!.-Wb.en 
the SC.R is bia.sed .in the forward-blocking.state, a small eurtent supplled to 

"TI,,.,d~vke is o~• • ~"!led 0 ,hytbto, 10 tndkdte n 1 funclion 01 a ,ollp Jlala all<ll<?gut> of- ih& go, it,yro10,,,, 
0 99,s-nlllld tube 1h01 po~ ... CIIIT8nl wlt"!I an m e db~hatge OCCUl'J"' 0 ailicol firing voll<lQC "' 0 manner 
onologo,u; lo the gale aitrenl O!)nlrol col,~, set 1hli nrfng v,oho.ij• C,,n be vof'ied by a vollDgO appned la 
o ~1ird-~octrode. • ' 
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the gate can inidateswi.rcbfog to the conducting stale.As a resul t, tbe anode 
switching voltage Vp decreases ~ the cw:rent iG applied to the gate is in­
creased (Fig. 10-13b). This type of turn-on control makes the SCR a useful 
and wrsatile device m switclring and conl(ol circUjls. 

To visualize the ga1e-triggerbig mechan:lsm, let us assume that the de­
vice is- in the forwarsl,-b\0cktn.g staie, V)'ith 1\-SUlall s_aturat.ion current flowing 
from anode to catliode. A positive gate-carr.ent causes boles to llow from the 
~ate fn10 pz, the ~ase of the n-p-n tmnsisuir. This added supply of holes and 
the a.ccompanying injection of' electrons from n2 into pz initiates transistor 
action.in then-p-n.Aj;ter a transit timeT12, theelecq:ons injected by h arriye 
at the center junction and are swept into , ii, the base of Lhe p-n~p. This caus­
es an increas.e in hole inje,otion of Ji, a,nd rhese holes diffuse across the base 
n1 in a transit time '1'fL• "Thus, after a delay time of approximately '1'11 + 'l'r~i 

tr.msistor action is estaQJisbed across the entire p-n-p-n, and the device is dri­
ven into the forwn:rd-conc:lncting State. In mos1 SCRs, the delay time is le$ 
1han a f:ew microseq:mds and the.gate ourrent required for tl)l'I)-0n is only a 
few milliamperes. Therefore, the SCR can be turned on by a very small amount 
of power ip the gate cji:cait. On the other ll/Uld, the device current i can be 
many ampercs,,and the power controlled by the device may be very large. 

Ir is npl necessary to maintain the gate current once the SCR switc;hes 
to the condu.cting state; in fact. the gate·essentiatly, loses,control of the device 
after regenerative transistor action is initiated. For most devices, a gate cur­
rent·pulse lasting a few mierosecond~ is sufficient 1e> ensure .switching. Rat­
ings oh:nin:imW11 gate pulse height and duration are generally provided for 
particular SCR devices. 

I 0.5.1 Turning Off lhe SCR 

'l'uml.ng off the SCR-chauging it from the conducting state to the blocking. 
~ta.te-can be accomplished by reducing tne cur.re.n1 i, below a c;ritical value 
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Figure 10-13 
A semiconductor­
controned rettifier. 
jo) four~aye; 
geometry and 
common circuit 
symbols; (bi /-V 
charocleristfos. 
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Figure 1 0-I 4 
Exompfe of lhe 

use o~on SC:R le 
control the power 

delivered to a 
load: (a) schemat­
ic diagram of the 
circuit; (b) wave-

forms of the deliv­
ered signal and 

the phose-vorioble 
trigger pulse. 

10.6 
INSULATED-GATE 

BIPOLAR 
TRANSISTOR 

"•V\ 
TV' 

fnpltt ac signal 
-vs+ 

P-ull'\Va,,e 
TCCldict 

Lond 

Trigger pll l5cS 

(.a) (b) 

(called the holding c1trrem) required to.maintain the~, + a 2 == 1 condition. 
lnsome SCR dev.ices, gate tumoff can be used to reduce the alpha sum below 
umtr. For example, if the- gate voltage is reversed 'in Fig; 10- 14. hol~s are ex­
tracted from the P2 base region. U tlie rate of bole e,-traotion by the gate· is 
sufficient to remove the n-p-n transistor from saturation, the device turns off. 
However, there are ofte.n problems involving the laterol.Jfow of curre.a tin P2 
10 lhe gate; nonuniform biasing of h can resulL .!Iom the fact that the bias on 
tbis·eroirter junclion varies with position when a lateral current fl'.ows. There­
fote,SCRdevioes-must be specifically desigmid for tum-off.control;at best, this 
tum-off capability can be utilized only over-a limited ran~e for a given device. 

We sa.w in Section 10.5 tbal the SCR bas difficulty .in efficiently turning oJf 
the device using the gate, We need to use additional circuitry to reduce the 
anode-to-cathode curre11t below the hold(ng current to change the SCR 
from the conducting state to the blocking state-. This is, of course, olnmsy 
and ~pensiv.e. 

Bence, the insi;lated-gate bipolar transiswr (IGBT) was invented by 
B~aliga in 1979 to addr~s this issue. The aforesaid variation on the SCR 
can easily be turned off from the conducting to the blocking state by ·the ac­
tion of the gate. This·dev,i,ce js also known by sever.al other oa.rnes; su:cb as 
conductivity-modulated PET (COMFET), insulaEed-gate transistor (IGT), 
ins)Jlared-gate iectifier (IGR), gain-enhanced MOSFET (GEMFET)., and 
bipolar FET (BiFET). 

Petitioner Runergy USA Inc., Ex. 1030, p. 528



High-Frequency and High-Power Devices 

Gate 

,,-

Th.e basjc structure is shownfdr an n-cbann.el dev.ice in Ftg. 10-15. It 
eombines an SCR with a MOSFET that is able to connect or disconnect the 
n t c,athode to then:- ba~e region, dep·ending.on the gate bias o{ Uie MOSFBT. 
TheMOSFET channel length is determined by the p region, which is formed 
by diffusion of·the acceptors implante(i in lL\e same region as then'' cathode, 
lo other words, the cbannellength is determined not by the lithography of 
the gate, as in a co~ventional fy1OSFE1:' but rather by the diffusion ofthe ac­
ceptors. Such a MOSFETstructureis known as a double-diffused MOSFET 
(DMOS) The DMOSdeviceis essentlally an NMOSFET. 

Toe main part of the IGBT is the n - region, which acts as the drain of 
the DMOS device. This is generally a thick { ~50 µ,m) epit_axial cegion with 
a low doping ( ~ 1014

' cm- 3) grown on a heavily .p" -doped substrate thlll fo;rms 
tli,e anode. Then- regio~ ca.q. therefore support alarge blockiJ'lg volt~ge in the 
"ofr' state. In the "on" state, the conductivity of this lightly doped region is 
modulated(ineteased) by the electronsinje.eted iroIJI the Q+ cathode-and the 
holes injected from the p* anode- hence the alternative name conductivity­
modufated FET (COMFET). The inc.rea~ed conductivity allows the volh\ge 
drop across the-device to be minimal in the "on" state. 
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Figurt! 1 0-1 S 
Siruoture of on in­
sulated,gote bipo­
lar transistor, 

Figure 1 0-16 
Output 
current-v.oltoge 
chorocteristic.s df 
on insuloted-gote 
bipolar tri:ln$lstor 
(n chonnelf. 
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Figure 19-17 
IGBT equivalent 

circuit: jo) below 
the offset voltage, 

for low V n; (bl 
above the o~el 
voltage, for high 

VAK• 

Cathode Catho_de 

'Du~ ouo·ent-voltage ch!JJ:aoteristics are sho~ in Fig. l~ 16. If lhe DMOS 
gate voltagcds zero (or below the threshold voltage), an n-type inversion re­
gion is nOLfonned in the p-typecbannelregion and the o+ cath,ode:ls not short­
ed to the n- base, The structure then looks exactly like a conventional SCR 
that allawsminin'lum currentflow in dither _polarity until b~down is·rcacned. 
Fon positlv.e anode-to-eathode bias V A'K, avalanche breakdown occurs at the 
n'.'"-p junction, while-for negative·V,1x a:valanche occurs at tben-·l'juriciion. 

When a gate bias is applied to the DMOS gate, we see that, for positive 
V,1K; ~ere is.significant futreul flo,v(Fig. l0-17).'D1e charact~stics looklike 
that of aMOSFE.T, with one difference: instead of the current starting to in­
crease from the origin, there i$ an offset or cut-in VQltage of ~0.7 V, as v4fu 
a diode. The reason for.this can be understood by looking at the•C{!uivalcnt 
~a-c~t in Fig. J0-17a. FoI small VAK up to the off~el voltage, the structure 
lookslike·a DMOS ill series with a p-i-n di.ode made up of the p+ substrate 
{the anode). then- blocking region (the base), whicll is essentially like an Jn. 
trinsie region, an,d the n-+ ~-athode. l'n this regime., there is negligible \'Oltage 
dLOp across the DMOS dev~.e. and th_e p-i-n•device is in forward:bia$. The in­
jected carrien; from the anode and the ·cathode recombin:e·in tire n- region. 
¾, we saw in Chapter 5,ior a dJ,ode~domin,ated by recombi~ion in th,e :de­
pletion region. the current-voltage characteristics show an exponential be. 
llaviol', ~th a dipde idea.lity factor of_n_ = 2. 'Th,.erefore, in this region, we get 

(10-8) 

On the othe.r b.and, w.hen l',.A'. is.larger f)lan-the offset voltage ( ~0.7 V), 
the characteristics look like that of a MOSFE'½ multiplied by.a p-n-p bipo­
lar junction transistor gain tenn. Toe·equivalent circuit in this regionjg·sbown 
in.Fig. 10-17b. ln. this regime, not all the injected carriers recombine in the 
near-intrinsic o- region, The current they supply, which is essentiaf\y the 
DMOSFET current I Mos, acts as the base ourren:t af the vertical p•n•p BIT 
formed between the p+ s:ubstrate (anode), the,n'.'" base, and the p- cruinnel of 
the.DMOS devfoe. Hence, the .current is now given by 

(10-9) 
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High-Frequene;y anti High-Power Devlc~ 

The sµape of the tharaateri$.ti~ looks like that of the DMOS device. This is 
the preferred mode of opera.tion ,of the IGBT.. 

Finally; if tbe current levels are too high, Lb.e lGBT latcbes:into a low im­
pedance state like that of a oonvenriooal SCR in the ''on" state. This is -unde• 
sirable, becaw;e it means that the gate of the DMOS device has ]}OW' IQSt control. 

The IGBT clearly incorpol'ates some of the best features of MOSFETs 
and BJTs . .Like a MOSFET.it pas high loput impedlmce· 11nd low inp·ut ca­
pacitance. On th.e other baod,in the •·on" state,it has low resistance and high 
cun:ent-handling capability, like a ~IT or ail SCR. Rccause of these factors, 
and because it can turn off more easily than an SCR, .rhe CGBT is gradually 
becoming the power t!evice or choice, in place oftbe more traditional SCR 

LO. I l:ll,gh frequencii:s: Lil the .m.icrowa ve rcgune can be obtained by negative dif· SUMMARY 
fcrcntlal resistance achievable by· tunneling (Esaki diodes), transfetred electron 
efJects.(Gunn diodes) or tn.m.sit-time effects (IMPA'JT diodes). 

ltt.2 High po.wer. switching u; poi;sibkwith p-n-p-n: diodes; thyristors, or. SCRs. These 
de.vices can be understooc;l'(n terms of two coup.led BJT~. Similar eCfeGts tl1 
CMOS cause la·tcbup. 

10:3 Modern power devices are- based on the.IGBT, which is. a combination or an 
SCR and a MOSF'E'J;. 

10.1 Sketch the band diagram for an abrupt junction in xvbich the doping on the-p PROS~MS 
side is de~ncrate llnd the Fermi le','.el 011 th,e n side is aligµed with the b.oUom 
of the conductien band. Draw the forward- and revern.e-bias band diagrams 
and ~ketch the l- V chatacreris.tlc. This diode ·is often called a backward diode. 
Cn.D you t:11plam why'/ 

10.2 Whal determines the peiik tunneling voltage. V
1
, o( a tunnel diode? Explain. 

lfa largedensilyof rrapplngcemers is present in a tll.Oilel diode (F\g.PI0-2), tun• 
n,eling can occur from the n-side conduction. band \O the tr.1pping Jevel ,(A-B). 

n 

E >it 
P■E · 

' 

Figure Pl0-2 
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532 Chppler 10 

'Theo tl\e elc:cp-0Jl8 m,ay drpp to the valence band on the p side (B-C}, thereby 
completmg a two-step process of charge tillnsport across the junction. In tact, if 
the density-of trapping centers is la(g~it is posslble to observe an increase in cur­
rent as the states bet.ow Ep" ·pass by the trappil')g level witldnan:ased bias, In 
Fig: P10~2, the trapping levelE, is loca\ed·l).3 eV above the valence bimd.Mume 
that F;1 =- 1 e V, EFn - E. on then side equals E • - E,,11. on the p side, aDd both 
Ep0 - E, and E, - E.Fpequal O.ieV. • 

(a)· Calcnlate the minimum forwardbiasat which tuooeling ihcough E, oe<;urs. 

(b) Calculate the maximum forward bias for Llllineling via E,, 

(e) Sketch lhe,I-V <;\ll'Ve for'this tllilncldiode.As.~ume that the ma'J:tmum tun,· 
neling current vill E, is ooo.ut one-.thlrd,ofthe penk·band-to-band tunnel­
ing cw:rent. 

10..3 (a) Ilse Poisson ·s equlitlop, the corninuity equ!ition, and lbe de£m.iti.on of cur­
rent density in terms of tbe gradient of clecttostat-lc-poteotial to relate the 
v.arintion of space ehai;gc den.~fty p v,lth time to the conductLvjty•u; and the 
pettniU-ivity e of a nlaterial, "Qeg!ecting recombination. 

(b) Assuming n space charge density Po at 1 = 0, show lhnLp(t-) decuys expo­
uemi.i}ly w.ith 111ime co1,1sra111 equ~ to the die)ectrio rela,;:ation 1lme -rd, 

(a) Given a sample of thickness Lanrl ace.aA, calculate the.inherent RC lime 
constant !fl.be conductivity is v and the perrnitrhrlty is E. 

10.4 Assuming th.al lir eleelrons/.cm3 are In -the lower (centrl\l) valley of the Ga.As 
conduction band at time I and ni, are in the satellite (L) valloys, ~how that the 
Criterion for negarive cliffer.:ntlal condm;Livicy (dJ/dE < 0) is 

where·µr and 11-c. are (be electronmobili.tle$ in the rand L valleys, respective­
ly. ('Note: n0 = ~r + n.i.-) Discuss the eondition,s for negative differential con­
ductivity, assuming that 1l:Je mobilities are approltimately proportional to W-1. 

10.5 We wish to estimate t.hl:'d-c powar dlssipaled in -a GaAs Gunn diode. Assume 
that lhe diode is 5 1:1.mlong nnd operates in tbe.stal:>ledomainmode. 

(a) What is 1he minimun:i.eleetron concentration 1101 What. is the time between 
~urrenf pulses? 

(b) Using data from f.ig, t0-9a, calculate tile power di.mpated ln the ~ample. 
i:,er unit volume when it l~ biased Justbelowthreshold if ''11 .is chosen.from. 
the .Cl!lculation of pan (a). in general, does operatiun at a highertrequei)cy 
result in greater power dissipation? 
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High.frequency and High-PoY1er Devi~ 

10.6 (a) 8alculate the ratio NdNr oflhe effective density of.states inth.e upper (L) 
vaUe~ to the effective density ofstati:s in Hie lower (F) valley oflhe G$As 
conduction band.(Fig. 10-6). 

(b) Asmuniol!,\\Bol12mann distribu.tion11L/nr = (NJNr) ex_p(- 'AQ/kT),c:alcu, 
late thnatio of the ouoc-entTailon of.conduction-band electrons in the upper 
valley 10 the concentra(ionJa. lho ruafr:al vaflcy lo eqailib~a'C 3(JQ IC. 

(c) As a rough calciulatloQ, <1~ume1hat an electron at the bottom of the ce11-
tralvnney has kinetic.energykT.Afterit isproll!oted to1he~1ellite (T.) 11ill­
ley, wha-1 is its approximate equit!alent tempen,l.lure? 

10.T Explain w.hy t\vo separate lransistors.ca.nnot be connected as in_Eig. 10-11 to 
achieve the p-n-p-n switching ac1iori. or fig. 10-10. 

_10.s· In 'the p-n-p-n diode (fiig. i0-1211), the jlJ]lcticm his forw1miblaseu during the 
forward-blocking slate.Why, I.hen, does the forward bias provided by tbegate-
10-.cat)Jode v.otrage in Fig. 10-B cause switching? 

10.9 (a) Sk.etch the en.ergy-band <iiagrams for !.he p-n-p-n cl.lode in equilibrium, in 
the forward-blocking state. and in ihc forwafd-tondillllini: slnte.. 

(~) Sketch the Cc'<cess mlnodty G11rrier. disuibntions in regions 11 1 ·and /h when 
tbe p-n-p-n diode is in the ·forward-conducting state. 

10.10 Useschcmalic techniques such as thoseilluslroted in Fjg, 7-3 to descnbetbe bole 
fl.ow and electron.flow in a p•n-p-o diode for the forward-blocking state and for 
the forward-condu~ting state. Explain the diagrams.and be.ca~eful to define.any 
new symbols {e,g.; those rep.resenting.BHP generation and TCcon}bi'nation)'. 

10.ll Using .the coupled tr.ansistor 01odeh rewrite Eqs. (Hl-3) to include avalaoch.e 
mullipHcaJion. in j,., anti show that Eq. (1.0-6) ls valid for tlic p-n•p•o diede. 
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534 Chaple. l 0 

SELF QUIZ Q11estion 1 
Study lhl! ITRS roadmap <;hapicr ()II Etl}c;ging Resero:c~ Devices available at 
http://public.itr5'netl. 'Ihis has ,projections-about next-generation CMOS d~vices· as 
wen asnoveh fcvice;; !1$ing nanotechnology. 

• Write a report on which.of these devices you lhlnlt will be u.~d in products in 
the·next 5 years, 10 years, and 20 years. 
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Appendix I 

Definitions of Commonly 
Used Symbols 1 

,, 
a, b, C 

A 

·!lll 
B 
B,E.C 
C 

C 
C;,C.,,<;:;1 

¼ 
C, 
'D,D0 ,DP 
.D, G,S 
e 

• 
·~ 

E 
E,,,E, 
EF, E. 
Et 
E, 
E, 
IJ;, E, 
ft.E) 
Fn,FP 
g.gOfl 

Chopter l.! UJ,'llt .. ceU dimension (A); Oiapter, 6: meuulurg\cnl cban~I 
half-width ro, an PET {cm) 
basfn<ectors 
areai (cm1) 
xnagnelie Dux density (Wblcm2) 

base r:rans{iort factor fot a Brr 
b~e, emitter, cpll~ctor of a :BIT 
speed oflight(cnils) 
CO:pacltoncelarca m MOS (;Ffcm2) 

insulator, depletion, Ji>terfar;e-state ,MOS capacitantclarea ff/cm') 
juoclion capacito,nce (F) 

charge storl\ge capacitance. (F) 
dl~~ion c:oiifflcitnt for dopants, elcctro115, hqles (cm1/s) 
drsiin, gate, source of an l'BT 
Napieris.a bsse, 

electron 
eledricficld s1rcng1b.(VI=) 
eoerg/ (J, e V); battery voltage (V) 
acceptor, donor energy level (J,,eV} 
conducdon band. vnlence band edge (1, 'oV) 
equiiibrium.r,erini level (J. eV) 
band gap energy (j, eV) 
int:riluic level (J, eV) 
,ce<>mbinatjon,, lr3J)ping cneJ'K)' level (~. eV) 
F<mnl-Dlrac distribution function 
ci.unsi-f'ormi leve'I tor elccrrons. b.olcs (J, 6V) 
Ejn, generation rate; oplicill gcncra1ion rate.(an-' -s-1) 

1lhi• lj,I doe, 1191 ioclud,e 59ffl• •ymbols 1h01 aro used only in the soclion where.•thoy a,o ~ned. Unit. a,e 
glvon In q,mman , omicondu<!or li"1go1 lnv!')lvlng cm,w hore•opproprlale;, It i• impo<lont lo note, howaver, 
,hot col")llotion• ,h.ould l,;e·maclo 1n jl,o MKS •y>J•m In some 'fomwla,. 
i1,, 11,o Bd~ann focib< exp{-AE/kn, AE coo bo <!l<P'""ed in J or oV if k is ""l''• •sed in JiK o, aV tr;, 
,.,.p,,ttively. 
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536 Appendix I 

Km. 
Ii 

" hu 
/i,k,I 
h• 

/,1 
7 (_,ub>C(lpt) 

l a Jc-ii;. 
lr;o, l a> 

fv 
'Q 

1 
J 
k 
l<.11, k, 
k 
l<4 

K 
K-
1,L 
La 
i 
mtm· 
m:.,p,~ 
m,,m, 
mu.,m~,, 
mo 
M 
rn.n 
II 

·n 
n~ 
n, 
1t,.. 11,, 

"11 
N (subscript} 
N.,N, 
N; ,Nj, 
NaN, 

p 
p 

mullJ.al trunsconduqnnce (n-1, S) 
Planck's constant (1-s, eV-s}; Chapter 6: PEJ" channel ltalt·widtb (cm) 
'Planck'$~Qns\)lnl divided.by 2.-.r.(J-s,eV•.1) 
photon ~ncr;gy, (J, eV) 
·Mlllcr. lndlccs 
bol& 
CllITe~la (A) 
lnvened m<l<fe.or o. BJT 
base, collector, emitter current in .a Brr (A) 

·magniludeof the collector, emitter saturation c.llll'ent with the emitter. 
collccibropen.(A) • 
mngni1udc oft.he collecu;,r, cmltiet saturntion ·cru-tent with the emitter, 
collector shorted (A:) 
ch~nnel currellt in an FET, dire(\tcd frrun drain 10 5ource.( A) 
reversosatimition current in a p,o junction '(A) v=i . . 
current c:lenslty (Nern') 
Bolt-nnnnn's C(Jn$ll1Ul (J/.K; eV/,K) 
11anseorulw:tance o!NMOSf.BT,l'MOSF.1:;T llivided l;,y V n (Af.V') 
wave yectot (cm· 1) 

distnoution coefficient 
s,,alli,g fadc,c 

41TEo. (:Fl~) 
leJlglb (cm) 
Ocbyo lilllgth (cm) 
mean !re;, pain fur cittiit.n ill rand~m motion (en,) 
mass, effective mass (kg) 
~celivc mass-for electrons, holes {kg) 
longitudinal, trnnsvcrse electron effective. mass (kg) 
light, belivy hole eI!c.ctivc inMS (kg) 
rest mass pf lhe·ele.ctrQo (kg) 
11vnlaoche multiplication ,far;t.op 
i!ltcgers; cxpanco.ts 
oonct>nlration of cluctrons.in the coru!uerinn li!Uld (crn-') 
n-fypc semicondl'.IClor matcr1al 

1\e.a,vily doped n-type l!laterlal 
intrinsic concentration of electrons (cm"1) 

eqi,JJibciuin eontenlrnUon ofeleot(ons in n-type, p-type mnt:eri.n1 (cm"1} 
equilibrium coocentt11Jion of electrons (,;m~') 
normal mode o( a BJT 
·conccnuatlon of aeceptors, donors (cm-1) 
coneenttation otionfzcd nceeptors, d6nors (cm"') 
effectivcdllllSify of states a, tbcedge of the oon_ductlnn band, valeneo 
band (cm~l_) 
concentration o! holes in the valence band. (cm" l) 
p-rYJ><l teotlconduetor material 

'S-·nok! ct 11'9 end of thi, U,t. 
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,,. 
p 
[It 

PruP,'r 
P.n 
,q 

Q1,0-
Q; 
Qt 
G, 
Q. 
Q., 

QmQp 
Q. 
Cil.., 
R.,AR, 
r.R 
R11 

s 
I 

t 
I 

, .. 
T 
,,v 
V 

t 
V c,,. V.2:i, 

Vn, VG 
Vm V,p 

I(& 

Vr 

;r 

2 

Definllions of Commonly Used Symbols 

lteavily dc,ped p4ype materilll 
momentum (kg~tn/s) 
,intrinsic hole conceotn\0011 (cm-J) "" n1 

equillbrlumconcentrAlion of bole(; \n'n•l)ll"',,p,L)'pe.ma1erial (cm-1) 
equilibriurul\ole concentmtioi1 (cm- ' ) 
magnitude of the elecuonic ch'arge (C) 
total positive, negative cnarge (C) 
depletion rcgiQll cliargC/IIJ'Cll (Clem") 
oxldet1Xed charge/3noa (CiCill') 
.e.f!,:c,tive MOS inte,rfaoe ohargel8fca (Clcm2) 
'interface ttnp cllarge/nren (C/cm1) 
mobile ioniccbargelru:ea (Clem' ) 
charge stored in an. electron, hole dislriln!Uon (C) 
mobile cha,:ge/.areaJn .EET.channel (C/cm.1) 

oxirle ·trapped charg0/area (Ocm1) 

projected range, ~Lraggle (cm) 
t1!$istance (fi) 
Hull et1effioient (cm1/C) 
~ubtjrresbold ·slope (mY/decade) 

wn~M 
sample lbkroess (cm) 
mea.t1 free Lime betwecn •=rtering collisions (s) 
~toiage delay time .(J) 
tempernture (K) 
volt11ge4 (V) 
potential energy (1) 
e!cotros'taiic po'ienii~I (V'.) 
volt11S"!rom.c0Uec1or IO base, emitter to base in a BIT (V) 
vollag'c from &ain 10.source, gate to source in on J'ET (.V) 
elc'CtmS!lltic potemial in lhc11eutcal n, p ~ntertal (V) 
contact po1ential (V) 
Gh~pter 61 pincb-off 110\lage rnr an FE1; Chapter 111 forward hfeakover 
volta ge lot no SCR (V} 
MOS threshold volt&,ge, Oa.1-ban·d vohag.e (V) 
veloc1.ly,dnft velocity (cm/s) 
sample.width (cm) 
dcpJc1lon.rcgicm w1dth (cm) 
b11se wid\h in a BJI , meMared be\weeo the edg~ or the emitlc.r and 
collector junction depletion regions (cm) 
distance (am), alloy composition 
dis1~nc:cin the11eu.ll!1tl n region,p region or.aJuncJion,mei\5uted from 
the edge.of th.e t ransition region (cm) 
pene.tr.itioo of the 1:nmsition regi.on into then.region, p region. m.easured 
from the mcUillurgical function (cm) 
atomio number; dlmonsioo in ~-dlrecljon (cm l 
emitter•to•collector current transfer ratio inn .BIT 

•s,,., nolo al tha ond:ol this li>t. 

537 

Petitioner Runergy USA Inc., Ex. 1030, p. 537



538 Appendix I 

a 

Ii, 6. 
6n,6p 

.. 6.n,, 6.p. 

p 
CT ... 
T11, ff.r 

rr, 

cl> 

<!>r 
,Ii, 
tJ> 
<l>n 
4',,~r 
If/, q, 
lil 

·o 

opdc:,1 al!w rption coefficient (em- 1) 

reeombination coefficient (cm:'ls) 
base-to-collector Clln'erit ampliflcll ion factor in a.BJT 
emitter il)jection efficiency; in o p-n-p, the fr~ctlon of,'11 due tor.he hole 
cnrreQt i e, 
irtcreinental change 
excess-electron,'holc1:0ncen1ration.(cm"") 
ttxq,ss i,J~ctron,.hole c,oncentrationat 1be edge of th,e transit.ion region 
on th~ p side, n side '( cm-~) 
excess bole conre.ntration in tbe base oi aJ3JT. evaluated at the eqge Of 

tbe transition region of the t-0ne.ctor, eni:itm~ junoti()Jl (w,-"I) 
permittivity, relative dielectric con.stam:permittivity of free s pace 
(f'/cru);" "'<,Eu 

wnvelerigtli of light (µm, A) 
,nobllif)• ( cm2iV-s) • 
frequency of light (s"1) 

rt1;/s1ivity (0-~-m); c:jia(gc dcnsi):y (Cfcml) 
cooductivily (O-ccri)-' 
diclecuio ,etaxation time (s): in,n .811: delay time (s) 
rccomblniltion Ufetime for elecrrons. l\oles(s) 
transit time·(s) 
flux den8ity (cm'-s)"1; pot,m1ial (V), dose.(om- 1} 
(E;-Ep)fq. (V) 
$Urlilc~ pt1teotial (V) 
work function. potential .(V) 
m:etnl-s;nnicouductor barrier height (V) 
metal-s¢inic~mducl<>r wqJ;k l;(loc1ion -rorentutl diffcrence·(V) 
tilne-illdepende(1t, time-dependem wav.;: lundion 
angular frequency (s- 1) 
average of the enc!Psed quantity 

Nole: for d.:·voh.oge ond (:<l!Yenl, copttol ,ry~1bols wllh .copital rubscriph.ore use~; lo,...,,cu,e.,ymbols 
With l""[erco,,uub,crlpt, represent <K ql/On~tle,; lowerco>e symbol, wifh capital ,.b,cripi, repre"'"f lotol 
(= ~ d<j quontt~ for vohoge ,,ymbol, with doub1o sub,"IJ>!!, V Is po•i~•• wh_en lhe polenttol o!'lhe 
poi n t referred to by th,e Ar.it ~ b..,rfpt Is hlghor 1hon 1bo1 of,the M>COnd point , For oxomple, Vw ls the poton-

tlol dill,,i,,nco V.,-V,,. 
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Appendix II 

Physical Constants and 
Conversion Factors 1 

Avogadro'• number 
Boltzmann'• colistonl 

EleGlr<>nic charge (magnitude) 
Ele-ctronic rest mo~s 
PenniHivity of free spo.ci! 

Plor,ck's constant 

Room iempwature value of kT 
Speed of light 

1 A (0n9~!r6ml • l 0 "8 eni 
1 µm (micranl • 10.., ~m 
1 .nm= lOA• 10"7 cm 
2.5..d cm = 1 In, 
i eV • 1 .6 X 10- 19 J 

N,. ~ 6,02 X 1023 mpleceules/molo 
k-v 1.38 X 1•0" 21 J/K 

• 8.62 X 10- s eY/K 
q= 1.60 X 10"19C 

mo• 9.11 x l0"~1 kg 
Ee = 8.85 x w-i. F/cm 

• 8.85 X 1()"12 F/m 
/,.,_ 6.()3 X 10"34 J-s 

- 4. 1,4 X I 0 - IS eV•• 
kT = 0.0259 eV 

c= 2.998 >< 1010 com/• 

Prefixes: 
miill-, m- = 10 · 3 

micro-. µ.- - 10-~ 
nono-, n, - 10-9 
pico-, p- = 10-J? 
kilo-, k. = Hl' 
mega;., M- • 106 

gigo-, G- = 109 

.A woyele119th l\ of 1 µ.m cprresponds lo a phai011 energy of 1.24 e:V. 

1Slnce em I> ,,.ed OJ 1h11 unlt ol lenglh for many semiconductor quontllles, coulioo muot bp exe"'lsed IQ 

"""id unit em>r> In calculoHo,u, When u,ing qw,nllri .. lnvolvlna lenath U1 formula, wl,Ich COJ\tnln quonli­
n•• meolured In MKS unitJ, It b uluo.lly belt lo use oil MKS quantitiei. Conversion to-,mndord ••mioon­
doctor u,09e invol.\llng cm con be occi>mph,bed 0$ a lost >!l!P.- Similar cautioo 1,-recammonded ·1n u,ing J 
and oV as e,,ergy unit.. 
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Appendix Ill 

Properties of Semiconductor Materials 

Si flh>] 

G• Iii~ 
SiC(nl (//Wl 
AIP WZI 
AJA, (i/Z) 

AlSb \ill) 
GaP ll/2) 

GoA> id/Z)· 
GoN ld/l, W) 

GoSb ld/21 
lnP td/1) 
lnA, ldfl) 
lnSb (dfll 
Z,,S WZ.\/o/). 
ZnS. {d/2) 
21\TO (d/Zl ' 

CJS fd/W, 2] 
CclSe (d/\o\-j 

Cdfe ld/Z) 
PbS (i/ 1-f/ 
PbSn VIH1 
PbTe lO'hl 

640 

MeMng 
E, "· l\p m"./m. nrp/tn. Den,~~ poln1 

(oV] (~m•/v,,J f,rn1/\¼l {m1,m1J (rnn.,mi,i,) a(AJ .. (a/cm /oCJ 
I 1 I 1350 480 0.98, 0.19 0.16, 0.49· 5.43 11.8 2.33 ld15 

.0.6l 3.900 1900 1..64,0.082 o.o.t, .o.2a 6.65 16 5.32 93.6 
2..86 500 - 0.6 1.0 3.08 10.2 3.21 2830 
2.45 80 - - 0.2, 0.63 S.M> '9.8 2.40 2000 
2.16 1200 420 2.0 0.1S, 0.76 5.66 10,9 3.60 1740 
1.6 200 300 0.12 ·o.9a b.14 11 4.26 1080 
2.26 300' 150 1.12.. 0,22 0.14, 0,79 5.45 II.I 4.13 1467 

1.43 8500 40.0 0.067 0.07,1, 0.50 5.{tS 13.2 5:31 ~238 
3 4. 380 - 0,19 0,60 4.5 12.2 ,$.1 2530 
Oo7 5000 1000 0 .()A2 0.06,0.23 6.09 15.7 5.61 71-2 

1.35 4000 100 0.077 O.OS9, 0.85 S.'87 12..4 A.79 1070 
0.36 22600 2qe 0,023 0,02:S. 0.41 6.06 14.6 5.67 •9,13 

0.18 JO' 1700 O.Oh4 o.oi.s, o.;1d 1,48 17.7 5J'8 525 
3.6 180' 10 0.28• - ·5.409 8. 9, 4.09 '1650" 

2J 600 28 0. 14 0.60 5,671 9.2 5.65 1101l° 

•~5 530 IW 0 18 0.1,S" 6,101 IOA 5.51 1238" 

2.42 2SO 15 0 .21 0.80 :4.137 8.9 4.82 1475 
,.n 800 - .0.'13 ,0.45 ,1.30, 10.2 5,BI 1258 
1.s·s 10~0 100 0,10 o.;11 6.482 10,2 620 1098 

0.37 57S 200 022 Q.29 S .. 936 17.0 7.6 1119 
0.27 1500 1500 - - 6.147 23.6 8.73 1081 

0.29 6000 4000 0.17 0.20 6.d52 :10 8. 16 925 

All sol-01 300 K. 

Tho A·,., column '"" lha·,emicbnaucior, rhe ,~oond indi,;alos· bond '"'""""' l\'P" end ~ry,101 •~uctli!O, DoR­
nllion~or symbol" ; is Indirect; dh-dire<:I; 0 I> diarnon;I; Z ;, DQC bleodo; w ii wurtdle; H" h.alil• 
(NaCl) ~111_0, of !"Obllity are for matonol o! h\ah purity 
Ciystob in th& wurtzik! 5~nictura.ata no! de.:crfbed compfEtaly by the 1ln9!e-latttc:0·00:r1.s1a:n1 giyon horo·, 
m co tho. unit cell i>- nol <11bic. S°"""'' 11-VI "°"'pound, <cm bo grown in sTihe, !he zinc bJ011c!e or )"urlzllo 
,tctr.K.-t\1te\.. 

Mony value, quoted here ore opPr0><lmo1e,or ~ricerlaln, poriieulorly lot th<1 U-VI and IV- \11 compoundt... 
Tho gops,illdiealo 1ho1 lhe volue, are. vnk,,own. 
For e\ecitons, the ~ul it, 9{ bond curvci\ure-titfk,1ore mo~)&·s l> ,h.., fo-nglrudlna1 ma~, the ,.eco-nd )Cl ,he 
lrantverse. For holes, iho l lr.1.5el i s·for light ho!ru,. lt,o socond for. heavy holel. 
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Appendix IV 

Derivation of the Density of States 
in the Conduction Band 

In this derivation we shall coJ:lsider the conduction band electrons to be es­
sentially free. Constraints of the particular lattice can be inc1uded ii). lhe c!­
foctive mass of the elec'lTon at the end of tj1e derivation. For a free electron, 
the three-dimens,ional Schr<Sdingcr wave equ&:tion becomes 

fil 
-V2ijr = Elji (J°V- 1) 

2m 

where ~1 is lhe wave £!JI}ction of the electron arid Eis its energy. The form of 
the s.olution to Eq. (IV.- 1) is 

W. = (const.)elk•r (IV-2) 

We must describe th.e electrnn in lemJS of a set of boundary conditions 
within the lattice, A common approach t~ to use·periodic boundary conditions, 
in which we quantize lhe•electronenergies in a cube of material of sideL. This 
can be accomplished by requiring.that 

(IV-3) 

and similarly for they -and .;-direction& Thus.our wave function can be writ­
ten as 

(IV-4) 

where the 2'TrDIL ~actor in each direction gua.rantees the cpndition described 
by Eq. ( IV-3), and A is a normalizing factor. Substituting •lln into the 
Schrlidinger equation (IV-1), we obtain 

-::AV2 exp[/zin..,x+ nyy +n,tij=EA exp[/Z (n..,x+ n,y+n,z~(TV-5) 

Let' us detennine tbe number of allowed states per unit volume as a 
{unction of energy [ the densj ty of states,N(E)] in various cases such as one, 
two, or three dimensions. We first count states ink-space, then we·can use 
the .band strµcture, E(k); to convert to N(E). 

541 
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542 Append,,., N 

For tbethe 3-D ca~e in Bq. (TV-5), the components of the k-vector are 
k, =21r n)L, k;1 = 2'11' n/L,and k,=21Tn/ L.Since thcreisonek-stateforevery 
distinct c;ho1ce of int.eger quantum,numbers, (n;, n1, n,), the volume per 
k 0 state is (2-rr)'/L3 = (2•11-)3/V, where V = L3 is tbe three-dimensional volume. 
Hence, the.number o{ ~rates for 3-D in a k-spa.ce of ~k. taking into account 
the· factor of 2 spin deg_eneracy, is 

t2:)3'i:k:} X (2)spiri (IV-6a) 

The numb~ ofs.tatcs per unit volu1ne for 3-D is 

2 
(21T)3(Ak} 

fu gen.eral,Jor p0dimensions we can generalize this expression as 

? . 
Number of states per unit volume = (Z~)P(t.k) 

(lV.-60) 

(TV-7a) 

We can then transform from k-space lo £-spare using the E(k) band 
structure relationshlp by ~etting 

N(E)l.E = -
2
-(.ik:) 

(2'1TY, 
(TV- ?b) 

As described in ,Section 3.2.2, the s.implest ·band structure is prumbolic: 

fi2k2 

E(k) = - ·. (lV~Sa) •. 2m 

'Ilrisis often a good app,i;oximatlon, particul,arly near the bollon1.¢the 
conductl.on band.or top of lhe valence. band. Using this, we g_er the :relation 
between k and E as follows: 

(1V-8b) 

(IV-Sc) 

For p"' 3 we have.lhe3-D cai;.e. whic.h is typical of bulk semiconductors. 
'l'he volume in k-space between two constant-k spherical surfaces at k and 
k +· ilk is (Fi~. IV-la); 

6.k= 4'11'k2-dk 

negl~cting l(mnS with dk multipli.cg by itself. 
The density-of-states then bec.omes: 

(TV-9a) 

(IV-9b) 
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Derivation of the Density ef Slates in the Condu.cf1on Bond 

We see Lhat if we plot N(E) versus £ , we get a parabolic density-of-st.ates· 
function.in 3-D for a parabolic band structure r:elationshlp (Eig. IV-2a) . 

. For p = 2, we get a so-called 2-0 electron gas (2-DEG) or hole-gas. This 
can •arise, for e.xampl~,-in a quantum well (Section 3.2.S) or in the inversion 
layer o.l: a MOSFB'r. 

In this cas~·the ''volume'" iµ k-space is th~ annular region between two 
circles,k and k+dk, as shown inFig.IV-1b, where 

Ak = (2-rrk)dk (JV- IOa) 

again neglecting tlk?-. 
Usfng E_q. (lV-7a), this Jeads t() a density of states (per unit area) 

2 m· 
N(E)dE = (2'1T)1 (2-rrk)dk = ·rrf? dE (IV-lOh) 

We see that for 2-D, the density of states is a constant in energy, unlike 
the parabolic de.nsity oI states· for 3-D (Pig. rv-2b ).Aetually; fur the 2-DEG 

3-D 

Ak= 2rrll.dk 

2-D 

(c) 

figure IY-1 
Volume· ln 
bpm;e: 

543 

(o) 3-0 systems; 
(bl 2-D systems; 
(c) 1-D systems. 
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544 Appandi~ IV 

Figure IV-2 
Density of sloles: 

lo) io 3-0 or bulk; 
(b) hi 2-0 electron 

or hole gose~;. 
lo) io 1 -0 

q uOf'IIUm "wires.'' 

3D 

(a) N(E) 
F,10. 

E 

2D 

(b) N(E) 
I:.~ 

B 

~

D 

(c) N(E) 

_ £ ~Ill 

E 

in a quantum well or inversion layer (see Chapter 6) we must add the various 
constant 2;0 densities-of-states for the different "particle-in-a-box"levels that 
were diScltS$ed iri Seciions 2.4.3 and 3.2.5, leading to a so-ca,lled "staircase" 
density of states. 

For p = 1, we gel L-D q u.an tum "wires."~se more esoteric .structures 
can be grown.for example, byMBE or MOCVD.ln th.is cas~ the "volume'' 
in !.:-space j.n tl1e regian bet,Veen k (\nd k+dk in 1-D is (Fig. IV- le): 

~)P=2(dk) (IV- Ila) 

Usi.o,g Eq. (IV-Ta). this leads to a density of states 

2 ~ 
N(E)dE = (2'1T)' (2dk) ~ -rrfiVE dE (lV-U b) 

By examining the density ofstateslil 3-,2-,and 1-D (Eqs. (lV-9.b).(lV­
i0b), and (IV- llb), respectively.) we -notice a very interesting trend. Every 
rime we go to a tower dimensionality system, Lhe dependenqe of density of 
states on energy cha.nges by t{VE. In fact, one finds that for 0-D quantwn 
"dots" lhe densizy of.stales is cndeed proportional to 1JE. Jn lhe t - and 0-D 
cases, we see U:iat the density 1)f Slates has singularities in energy, which has 
very imponant implications for semiconductor devices. Unfortunately, those 
discussions are beyond the scope of th.is .bQok. 

To include the probability of occupation of any energy level E,we use 
the Fermi-Dirac dlstrib.ution function: 
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Derivcilion of the Den$lfy of Stoles in the Conduction Bond 545 

f(E) -
1 

(JV 12) 
- e CE-E,)/kT + l -

The concentration of electrons in the range d£,is giv.en by the product of the 
de!}Sity of artowe.d stat~ in that .r-ange and the probaliility of o't:cupa-lion. 
Thus the density of occupied electron states N, in dE is 

'/11;,dE = lv(ft)f(E)dE (JV-13) 

For the 3-D case we may cakulate the c.oncentt:ation of electrons in 
lhe conduction band at a ,given temperature by integrating Eq. (IV-13) 
across lhe band: 

([V- 14) 

fo this integration we have referred the energies in the conduction band to 
the band edge (E0 taken, as E = 9). Furthermore, we have taken the func­
tion }t£) to be 

f (E.) = eUi, - eJ/kT 

for energies such that (E - Ep) ·► kT. 
The. integral in Eq. (IV- 14) is of tbestanda:rd form: 

f"" . \,I'; 
Jq x ll2e · •.-,,.dx = 2aVa 

Thus Eq. (IV-14) gives 

(LV -15) 

(IV- 16) 

(IV-17) 

lf we refer to the-bo ttom.of the conduction band ·as £, instead of R= 0, 
Lhe expression for the electron concentration is 

(lV- 18)_ 

whlob corresponds to Eq. (3-15). We have included consuainls of the lattice 
through the effective mass of the electt-0n in the crystal, m;. 
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Appendix V 

Derivation of Fermi-Dirac Statistics 

546 

In this section, we will give a simplified derivation o[ Fermi-Dirac statistics. 
We will not g_o th:rough all t:h.e detajls, bur will instead point out r.\'le-physical 
assumptions involved. 'The dist.ribut.ion function is determined by calculating 
th.e number of d~slind: ways (Wk) we can put 11k indistinguishable electr-0ns 
in Ek states at ao energy level £/c, subject to the Pauli exclusion principle. 

1-lle clliSUD;lptians are: • 

1. Each allowed state has a maximum of one electron (Paull principle). 

2. Il1e probability of occupancy of each allowed (degenerate) quantum 
state is the. same. 

3. All eleclrons are indistinguishab1e. 

Toe number of disti.ncl ways we can put the electrons in a particu­
lar level .is 

(V- .1) 

For Nlevels in a band, the number of distinct ways we can put in the various 
e.lecttoos gives us the so-called "mnl.riplicity fun<:tion," 

. . . A! 
Wh = rrwk = n--.:=.--

.1: k (gk - n.1-)!n,1:I 
(V-2) 

Jf we ask, ~What is the most-probable distribution of the"• electrons in tbe 
various· Ek levels ( d~gencr~cy of &k i.Q level .E1,:)?" t he statu;Hca.lmechamcal 
answer is: 

In tbermal equilibrium, lhe i:li!>.Lribution which i.s most disorclire.d 
(i.e., has the maximum entropy, orwhich can occur in the largest 
number of ways) is the most.probable. 

We therefore b_ave to maxiinize Wh w.i.tb re~-pect tonk. 

We ass~me·here 1ba1 the totaf number of electrons in 11te ba.nd is 
fixed. 

2, nk = fl' = constant "'? 2, dnk = 0 
k k 

(V-3) 
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Derivation, of Fermi- Di rac Statist ic$ 

We also a,ssume tbat the total e_nergy inthe band is·CQnstant. 

E,., = ~Bink = constant, implring ~ Ei4nt = 0 (V-4) 
t t 

To maximize or minimize some funetion.t(x1) of q variables x1(i = 1. . .. , q) 
subject to the constraints that g(,i:1) an.dh(x1) are constant. we use the.method 
of Lagrange undetermined multipliers. 

Wehav~ 

df=O (forex:trC!JlaLvalueoIJ) (V-5) 

dg = 0, dh = 0 (because g and hare eon~tant) (V-6) 

Introducing two.Lagrange undetermined multipliers a and 13, we get 

fori=1, .. . q 

0 
~-[.t{x1) + ag(Xi) t f3h(x1) ]dx, = 0 

I iJX1 

g(x;) = cons!. h(:i:1) = const. 

We thus get (q + 2) :equatio.ns in (q+2) unknowns of (X;, a, f3). 

(V-7) 

(V-8) 

We apply this technique tp our problem a± hand. ~tead of maximiz­
:ing 'Wb, we maximize 1n Wb, because it makes the mathematics simpler. Sinc:e 
the Jogiunctfon increases monotonically with the argument,maximizing one 
is the same as max:imizn)g the other. 

1n w b = k [ln(g.)l - ln(gk - nk)! - ln(n1)!J '(V-9) 
Ii 

To simplify these temis, we use Stirling's approximation for factorials of large 
nwnbers.lnx! = x ln-x - x for large x. • 

(V-10) 

(V-11) 

Also; from the two constraints we get 

(V-12) 

547 
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548 Appendix V 

Figure V-1 
Example showing 
ihr.ee energy lev­

els in ti b0r1d, 
having different 

deger:ierocles., g, 
and electron 

occupancies, n, 
as·shown. 

Frol).1 thi&, 

~ [1n(~:- 1 )- a - ~E~ ]dnk = 0 

m(:: - 1 )- <X - /3Ek = 0 

nk = ftE) = 1 
gk " l + en+~E. 

From bas.ic thermodynamics, it can be shown th.at 

1 
~ = ­

kT 

to get the Fermi-Dirac d:istributfon function, 

For the limit of high energies, 

EF- E 
E >> E F, /(E) = exp kT . 

(V-13)' 

(V- 14) 

(V-15) 

(V- 16) 

(V-17) 

(V- 18) 

'This ls the classical Maxwell-Bol~ limit of the Fermi-Dirac distdbu­
tionfunclion. Once we have the probabilities of electron occupancy, the prob• 
abilil'y of bole occupa11cy becomes 

0o:e band 

l 
1-ftE) = E E F - , 

ef p kT + 1 

(V-19) 
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Appendix VI 

Dry and Wet Thermal Oxide Thickness 
Grown on Si ( 100) as a Function of 
Time and Temperature 1 

550 

'From a. Deal.'1'~• 01ddo!ion of SiliO!>~ In Ory Oxygen, Wef0,iyg_an 011d Shlam.° J. f!octrochom. Sec. 
I 10 f1963): 5'17. 
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.LO 

, 

7 

I/ 
/ 

I/ 

O.ot 
OJ 

10 

1 

Dry 

I/ 
v 

, . 
. 

17 

:.,., 

/v 

w.,, 

/ 

/ ./ 

I/ 
,., ~ 
~~ , 

, 
, .,. 

,., 
a 

,I/ 

I/ 

LO 
0xidalion.1li:ne (b) 

1.0 

Oxidatlfln 1ime (b) 

' 
' I 
I • 

I 

.c , 

k.'1.~.,. C _.,:t 
'-"\\~ 

V I lJ~ ~t 
\~ 

V v 

~J 
... ~ 

~ I-~ --~ 
, 

C, b , 

~~ 
, 

10.0 

10 

551 

Petitioner Runergy USA Inc., Ex. 1030, p. 551



Appendix VII 

Solid Solubilities of Impurities in Si 1 

SS2 

fTTT 

:,. 

I 
11, 

'-A§ 1. B 
-, 

p "b 

Sf solid 1olubilities 

10n -s i 

,,, 
1/ 

I 

J 
\ I 

I 

I\ I\ 
\ 

\ \ I 

' ) 
Li 
\. 

Sn) 
l 

\ 

' 

IA:] 

' Ll 
f(j ~ 

10,1s 

Aloms/i:m~ 

I 

,.... ~ 

I 

\ '~ 
I\ p~-1-

J300 

~ " " I 
bl'<; \ '\. 

- ~ 

Bi ~ '"'" 
" ",, '\. 

' · o'Zn" 

1100 ~ e 
; 

"' ~ 

0 
'.;~ 

e 
900 ~ 

0. 
e 

~ Au ~ - ~ 11 
~ 

' I f_ '-

' Cu 
N. - ~ 

7()0 

o' ., I-
1i1 "" 111 500 

1fro01 F. ,._ lrumbore. 'Solid SolubiOtte1 of Impurity Elemom in SI ond Ge;' B?/1 Sysl•m Technical Journal 
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Appendix VIII 

Diffusivities of Dopants in Si and SiO2
1 

554 

'Silicon diffu,ivity duio·lrom C. S. Fuller wid J, A. Dltunbetv,,r. "Diffusion of Donor or'd A<ceptor flemem, 
.in Silicon." J. Appl. l'liysic,, '17 f.19561, .5-44. • • • 
SiO,diflu,lvity d~IO friim M. Ghea<, on<l o. M. lkvwn.'"0iflusMiy Sum"!<lry o~8, 0\,, ·p, As•and Sb in 
s10.,: J, E/~h•m. Soc, 120 (l\>73), J,(6, 
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Diffusivities of Dapan!S in Si and Si01 555 

"J:CIJ!perilUlIC ("C) 
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0.85 

lnve:se temperature 1000/T ( K- 1) 

Diffusivity of various impurities in SiO~ 

Element D.,(om2isee) £ji(eV) 

l3(1ro11 ] X 10-1 3.53 
Pbo'sphorus 0.19 4:03 
Ar.se.nic 250 4.90 
Antimony 1.3.t X. 1016 8.7$ 

Petitioner Runergy USA Inc., Ex. 1030, p. 555



Appendix IX 

Proiected Range and Straggle as 
Function of Implant Energy in Si1 

556 

1from J. f. Gibbon,, W. S. Johnson, and S. W. Mytrole. Pn>it>Ctod 11Dn9a Sttrff,tia,:-S,,mloondQctors and R• 
lomd M-la/s. Srro.ud>burg: Dowde~, Huitht,o.~ and Ro.ss, 1976 
lho PJOje<lod 10n9H \II Sl~ 01e ~•ry d0>e l0 lhooe·in Si. 

Petitioner Runergy USA Inc., Ex. 1030, p. 556



Projected Range and S1rag9l_e as Function of Implant Enemy in Si 
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Answers to Selected 
Self Quiz Questions 

CHAPTER 1 

l. (a) ( lJ I); ('LOO): (110) 

2. (a) 1. and 2 

(b) {110} 
(c) B 

3. (a) C 
(b) (1) zine-blende; (2) diamond 

4. 0-D: vacancies, interstitials; 1-D: dislocations; 2-D: grain boundaries, surlace.s 

6. InP 

CHAPTER, 2 

L (a) nol'a!lowed 

(b) not allowed 

(c) allowed 

2. (a) No 
(b) Yes 

3. (a) No 

(b) Yes 
(i::) Yes 

4. Not enoughinformatiou 

558 

5. p0; unknown; unknowa. 

6. (a) Energy increased: unchanged 

(b) Energy. uochan!f~d; decreased 
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Answers to Seletted Self.Quiz Questions 

CHAPTERJ 

1. (a) Semicotiductor, Metal,lnsulator 

(b). Material3 

2. (a) X valley 

(b) µ. valley 

3. (a) GaAs 

(b) GaAs 

(c) 1.4 eV; 0.87 µ m; infrared 

(d) 6, 1 

4. (a) GaAs 

(b) equal 

5. ( a) p-type 

(b) equal 

(c) very high acceptor doping 

6. (a) 1.08 eV 
(b) no = 1016 cm- 3; Po = 104 cm-3 

(c) Ro = L01~cm-3; n0 = 104 cm-3 

(~) 0.36eV 

CHAPTER 4 

1. (a) 1017/om?-s 

(h) 2 x 1017 eV/cm3-s 
(c) 1017 eV/cm3-s 

2. (a) Deel' more harmful; Au 

(b) Si; indirect 

(c) increase· 

3. ( a) EF flat 

(b) Constanr~lectric field points to rigbt 

4. (a) J~ft, right,.i iglit, left 

(b} left, right, left, right 

5. (b) .4 

6. (a) right, right, left, right 

(b) right, righ t. right, left 

CHAPTER 5 

3. Short 
4. 1.5V 

7. (b) ohmic 

559 
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CHAPTER 6 

1. (a) depletion 
(b) weak inve~sion 
(c) accumulation 
(d) strong inversion 
(e) flat band 
(f) Lbreshold 

2. (a) power gain 

(b) .d.c. power supply 

3. (h) 1..2 µ,Flem' 
(c) same curve 

4 . .(a) n-charutel 

(b) long 

'(c) - osv 
(d) depletion mode 

5. {a) decrease 
(b) decrease 

6. (a) incre-ase 

{b) increase 

7. (a) unchanged 

(b) decreas.e 

(c) decreas.e 

8. (a) 1 mmhos 

(b) - 0.2 V 

.(c) short charurel 

(d) p-channel 

(e) enh.ancement mode 
9, (a) normally ON 

{b) long channel 

(c) 25 m V /decade 

(d) S cannot be less than 60 m V /decade 

CHAPTER 7 

L (a) ~o 
(c) 6 V 
(d) 21 V 

3. (a) inc.i:ease 

(b) increase 
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(c) increase 

(d) de.c;rease 

5. (a) increase 

(b) increase 
(c) decrease 

CHAPTER 8 

L (a) C 

(b) 0.7eV 
(c} 7mW 
(d) 0.4eV 

(e) 14mW 
(f) 50% 

2. 28mW 
3. 0.5 µm; No; Yes 

·4. Renewable and green; cost 

CHAPTER 9 

1. Yes;N'o 
4. l,.owest Q.,x 
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Index 

A 
Absorption coefficient, 3,120,121,123.145, 

150, 152,414 
.Absoi:ption rate, stimul~ted emiss.ion,rate 

vs.,420 
a-c conductance, 216, 384, 513 
a:-c transconductance, 384 
Acceleration tube, 159 
Acceptor level, 82-84 
Active regions, 270, 421-428, 449 
Address multiplexing, 484 
Alkali metals, 47, 63 
Alum.mum wire, and ultrasonic bonding, 

500-501 
Amorphous solids, 3 
Amph_o'foric1mpurities, 84 
An1plification, with bipolar jlll)ction 

transis tors (BITs), 340-346 
And~son affinity r ule, 234 
Anisotropic, use of teem. J.66 
Annealing,160-161 
Anode terminal, 520 
Anti-bonding orbital, 64 
Anti-punch th.rough implant, 

319-320 
A_pplitation:specific IC.s (ASICs), 

444,446 
Aspect ratio, 462 
Atalla,N. H., 252 
Atomic models, 47 
Atomic spectra, 35-36 

Atomic structure: 
hydrogen atom, 47-'50 
and the periodic table, 47 

Atoms, 31-61 
Avalanche breakdown, 197, 198.-2.00 
Avalanche multiplication, 525 
Avalanche photodiodes (APDs). 406; 409 

B 
Back-end pi"llcessing, 168 
Backward <,liode, 531 
Ballga,$28 
Ball bond, 500-501 
Ball grid ai:ra~ (BGAs), 504,505 
Band diagrams, 70..75, 88 
Band gap. 202 
13andbending, 275,289 
Bands, 61, 66:..(j? 
13andstructure, 79 
Bardeen, John, 251- 252, 343 
Base Gummel number, 378 
Base narrowing, 370--371 
Base spreading resistance,374 
.Base transporliactpr, 340,391 
13as~to-collecror current amplifi.cation 

t~or,341 
Base-wide-modulation, 370 
BaS!!•width.narrowiog, 265, 525 
Basis, 3 
Basis vectors. 5, 8 
Batch fabrication, 438A39 
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Bell Telep bone Laboratories_ 144,251 ,468 
Beveling, 203 
Bias-te-mperature stre-ss test, 289 
BiCMOS.446 
Binary compounds,2 
B inding enctgy. 83 
Bipolar FET ( BiFE1'}, 528 
Blpolar ifl!l<;tio1ttransistors (BJTs), 251, 

33(1-397. 
an1pliuc1u ion wilh, 340-346 
nvalanche bniakdown. 372- 373 
base narrnwi:ng, 370-371 
base resistance, 374-376 
driitin rhe base region, 369-370 
emiller crowding. 374-376 
fabricati.on of. 343- 346 
frequency Limitations of transistors, 

38-2:--3.88 
capacitance and 1,harging times, 382-385 
high-frequency m~nsistors, 386- 388 
rransh time etl'cct.s, 385- 386 
Websrer effect, 386 

Cundamentals of operation, 336-340 
Bipolar junction transistors generallr,ed 

biasing, 355- 363 
charge control analysis. 361-363 
coupled-diode model, 356 

Gumme\-Poon model,376-380 
heter()junction, 388- 390 
his tory of, 252 
injection level, 373--374 
K irk, effect, 380- 382 
minority carrier distributions ,rnd tenuinal 

ClUUCD(S. 346-355 
approxima;tfons or the tc~minal currents, 

352- 3.54 
c:urren t.transfet tati.o, 354-355 
e:v.alua\ion o.f the terminal currents, 

349- 352 
solution of the diffusion equation in the 

base region, 347- 349 
switchin_g. 363- 368 

sa I urat.lo1i, 3fr5-366 
specifications for switching tr-ansisto.rs. 

368 
swJ tching cycl.e, :166-368 

thermal effects, 373- 374 

Bipolar n:ans.istor,251 
Bir-d's bell¥.;, 449 
Bit line, 462 
BJTs, S«e Bipolar jun_etion. transistors 

(BITs) 
Blackbo,dy radiation, 33, 56 
Blockit1g s~ate, p-n-p-n diodes, 520. 

S23-524 
l3ody effect, 310-31 l, 326 
Body-centered. cubic (BCC) lattice, 5 
Bohr, Niels. 36, 39, 56 
Bobr,orbit, 50 
Bohr theory, 39 
Boltzmann factor, 86,230 
Boltzmann's cons1aot, 87 
.Boncl-an.d-Ett)l-b.ack SOI (BE-SOI), 460 
Bonding, integrated drcuits: 

hall bond, S00-50.1 
dl.e bonding, 497 
!lip-chip tecbniqoes, S0:k-502 
lead bond, 497 
nail-head· bond, 500 
thermocOlTipt.es~on hon.ding, 500 
ultrasonic bonding, 5.00--501 • 
wedge bond, 500--501 
wire 6onding; 497- 501 

Bonding fortes: 
energy bands, 64--t,7 
and energy band.s in solids, 61-71 
in solids, 62-M 

Bondi□g orbital, 64 
Borophosphosilicate glass (BPSG) , 456 
Bose-Einstein statistics for -photQlis, 86 
Bowing parnmeter,27 
.Bovle; W. s., 468 
Bi.ittain., WaJte.rB .. 251-252, 343 
Bravais lattices,,13 
Breakdown diodes, 197, 104-205 

<Jefined, 204 
Buffer layer, 261 
~ .uilt-i11 fie lds, 139-140 
l3uilt-in potential barrier, 172. 239• 
Bulk crystal growrh.12-18• 

doping, 16-18 
sii:igle tTystlll ingots, grqwth o{, 13~15 
starting materials, 13 
wafer.s, 15-16 
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Bufk negative diffe.rential conductivity 
(BNDC) effect, 517 

Buried channel C.CD, 469 
Buried channel operation fot PMOS, 

454--455 
Buried collector, 345 
Byres,485 

C 
Capacitanc.e and ch,argingtimes, bipolar 

junction transistors (BITs), 382~385 
Oapacitance transient, 291 
Capillary, 497. 500 
Carrier con,centrntions, 8~ 108 

compensation and space charge neutrality. 
96--98 

electron and bole concentrations at 
equilibriµm, 89--94 

Fenni level, 86-89 
temperature dependence of. 94-96 

Carrier confinement, heterojunction lasers. 
427 

Carrierdiffusion, 134-148 
diffusion processes, 134-1 37 
and drift of carriers, 137--140 
.H !;lynes-S11.ockley experiment, 144---147 
and recombination, 140--142 
ste;i.dy state carrierinjection,142--144 

Carrier drift in electriclmagnetic fietds: 
comluc'tivlly and mobiliLy, 98---102 
doping, effect on mobility, 1 ()3--105 
drift and resistance, 102-103 
Hall effect, 106--110 
high-field effects, 105-106 
temperature, effect on mobility, 

103--105 
Carrier injection, 184-193 
Carrier lifetime, and°pho.toconductivity, 

124-134 
Carrief multiplication, 198 
Cathode terminal, 520 
Cathodolwninescence,_121 
Cell, 4 
Centered rectangular lallice, 5 
Central processing unit (CPU), 472 
Ceramic coll!.Illn grid ,1rray (CCGA), 5.04 
Channel, 254 

Channel lenglh modulation parameter, 
322 

Channel stop. 270. 449 
01annel stop implan1, 108 
Charge ,carriers in semiconductors. 

71-86 
carrier con·<;entrations, 86-108 
effective mass; 76--80 
electrons and holes, 73--76 
extrinsic material, 81--85 
intrinsic maleria'I , 80-81 

565 

Chai;ge control ·analysis. of BJTs, 361- 363, 
39! 

Charge control approximation, 190 
Charge sharing, 322, 326 
Charge st6rEige capacitance, 212 
Charge transfer devices, 466-470 

applications of CCDs, 470 
basic CCD, 468 
basic stnicture imr"·ovements~ 469--470 
charge-couple(! devices (CCDs), 466 
clynamiceffects in MOS capaciton;, 

466--467 
Cbarge-co,upled devices (CCDs) ,466 

applications of, 46~ 
basic, 468 

Chemieal beam epitaxy;25 
Chemical mechanical polishing (CMP), 166, 

449 
Chemical po•teutiol, J 48 
Chemical vapor depositi'on (CVD), 18. 

162 
Chip, 16,3 
Chromatic dispersion,416 
CMOS process integration, 444'-458 
Coherent radiation, 418--419 
Collector, 338 
Cotlelltor junction, 338 
Common, ba.~e conrigur.a:tion, 338 
Common-base current ~ain. 341 
Common-emitter circuit, 342 
Common-emitter c.urrent gain, 341 
Commutator current, 481-482 

, Compact. clis-c:s (CDs),431. 
Compensation, 97 

a,:id space cbii.rge iJ.eµtrality, 96-98 
Complemen~ary error function, 157 
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Compleme11tary MOS (CMOS) circuits, 3l3, 
444-445 
dual gate CMOS, 455 
structure, 445 
twin-we]J CMOS, 446--447 

Coml)ou11d semiconductors, 1-2, 64 
Conducting state, p-n-p•n diodes, 520, 

524-525 
Conduction band, 67 
Conductivity effective mass, 80 
ConductiYity mqdulation, 203..,204, 224 
Conductivity-modulated FET (COMFET), 

528- 52!> 
Conformal LPCVD oxide, 453 
ConstantFermi level, 148 
Contact potential, 170-174 
Continuhy equation, 140-142 

for hole-s, 1-41 
Corner effect, 449 
Corpuscnlar view oflight, 33 
Coulomb potential. 47 • 
Coulombic potential energy, 64 
Coupled-diode property, 358 
Coupled-diode model, 356-361 
Covalent bonding, 6"3 , 83 
Crassovers, 466 
Crystal, 3--4 
Crystal lattices, 3-12 

cubic la tticos; 5-7 
diamond lattice, 10-12 
periodic structures, 3-5 
planes and dire.ctions, 7-10 

Crystals, anangement of atoms in, 12 
Cub.ic lattices, 5-7 
Current transfer ratio, 340 
Curve tracer, 252 
Cutoff frequency, 385 
Cutoff regime. J63 
Czochra,1s.ki growth, 15.17 

D 
Damascene process, 464 
Davisson, C. S,, 34 
D-e-to-mic.row;ive po,,ver conversion,,508 

De .Broglie, Lcoui~, 34, 5.6 
De Broglie relation..166 
De Broglie wave concept, 37 
Debye, screening length, 275-281 
Deep depletion, 290-291, 467 
Degenerate n-type, S09 
Degencrace se~iconduciorS, SQ9-512 
Delay ti.me, switching transistors, 368 
Denniu:d, Robert H ., 315 
Density-of-states effective mass, 80 
Depletion apprmiJrnation, 175 
Depletion eapacil'a.nce ·of a junction, 214,240 
Depletion region, 171,325 
Depletion-mode ·condition, 308 
Deple.tion-mode Lran.sistor, 267 
Depth-O.f-focus (DOF), 165 
Destriau effect, 124 
Diamond lattice, 10-12 

urut cell. 12. 
Diamond structure, 10 
Die,163 
Die bonding, 497 
Dieleclcic re1ax.ation time. 518 
Diffraction-limited geometry; 166 
Diffused junctions, approximations t0, 226 
Diffusion, 156-158, Slic als,;i Carrier diffusion 

capacitance, 216,240 
qefined,134 
equation, 14.1-142 
flu:-:,.149 
length, 142 
potential, 172 

Digital circuits, 440 
J'.)igital versatile discs (DVDs), 431 
D i.ode equation, .l 87 
Piodes,515 

lateral oaiure of, 202 
Jong,216 
short, 216 

Direct semiconductors, 68-70 
Dirci:::t tunneling, 2-92-293-
Direction in a lattice, expression or~ 8 
Ofac.rete energy, 85 
Discretionary wiring, 471 
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Dispersicin: 
cluomat:i,<;, 416 
pulse, 416 

Dispersion relationship, 35 
Displa<;emeni current, 526 
Distribution coefficient, 17 
Domains; 519-.520 
Donor, 82 

impurities, 82 
Doped polysHicoo layer, 269 
Doping.16-18,81 

cone;entratio:p., 202 
effect on mobility, 103-105 
importance qf, 84 

Double polysilieon, self-aligned n-p-n. Si 
B.JT, faprication of. 343-344 

Double-diffused MOSFET (t>MOS},529 
D1;1uljle-heteroj'unction laser structure, 

427-428 
Double-polysilicon process, 346 
Dra:in,254 
Drain-induced barrier Jowering (DIBL) , 298; 

320-322. 326 
Drift mment, 182- 183 
Drlft t ube, 159 
Dual gate CMOS, 455 
Dual-inline package (DIP),.504 
dvtdt trigge_cing,.525 
DX center, 264 
IDynamic equilibrium., Z39 
Dynamic random-access memories 

(DRAMs), 441. 444,483, 486-492 
Dynamic resistance dV/dl, 511 

E 
Early eftec.t, 265,370,378,391 
Early, l M .. 370 
_E.,u-1y voltag~. 371 
EbefS, J. J., 358 
Ebers-Moll equations. 353-35.9, 365,391 
Effective channel mobility, 326 
Effective density of states ,:.r., 90 
Effective mass. 76:-80 
Effective number of lattice points, 4 

567 

Ems, see. Electr:on-nole pairs (EHPs) 
Eigenen~gy, 56 
Eigenfunctfoiis,, 56 
Eigenstates, 56 
Einst-e.in. Albert, 33, 56 
Einstein coefficie-nts, 420 
Einstefo relation, 139,149,377 
Electric field, 1.80 
Electrochemic11.I potentials, 148 
Electroluminescence, 121,124 

injet-'tion , 124, 41] 
Elcctromigration phenomenon, 456 
Electron affinity, 228 
El.ectron diffusion. coefficient, 136-
Electron energy diagram, 272 
Electron flux density, 136 
Electron mobility, 101-102 
Eectr-on projection lithography (EPL), 166 
Electron-hole pairs (EHPs), 73'-76 

ereated by impact ionization, 199 
genei;ation of. visualizing in a qualit·ative 

way,80 
reeombination of, 81,122 
thei:mal excitation of, 202 

Electrons, 31-61 
direct recombination of, 125-127 

Eleetrostatic potem.tial barrier, 180 
E1emenral semiconductoi;s, 1-'2 
Emission from recombination. centers, 222 
~uussion speclrn fqr p-o junct.io_u lasers, 

424-425 
E:mitter,338 
Emitter crowding,375, 375- 376 

bipolar junction transfstors (BIT~), 
374-376 

E~itter Gu.mmel number, 378 
Emitter injection efficiency, 340,391 
Emitter junction, 338 
Energy bands, 2, 64-67 

with alloy composition. variation of. 71 
·SC!paration of, 182 

Energy gap, 67 
Enhancement mode, 267 
Enhancemei;it-mode NMOSFET. 325 
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Enhancemem-type n-cliannel MOSFET,266 
E pit(;lXiaJ growth (epitaxy), 18-25 

lallicematchingin.18-21 
molecul.ar beam epjraxy • (~R), 23-25 
vapo-r-pbase epitaxy (VPE), 21-23 

Equilibrium conditions, 168-179 
contact potential, 170-174 
equilibrium Fe.r:ini le;iels, 114-l 75 
spare charge at ·a junction, 175-179 

Equilibrium,defined, 130 
Equilibriu.ni 'Fermi levels, 108-110, 174-175 
Equivalent citcuil for U1e Ty!OSFET, 3~3,15 
Esaki diodes. See 1hnnel diodes 
~aki,Leo, 508-509 
Etching, 1·66-167 
Excess carriers, UB-153 

de.fined,119 
luniinescence, 121-124 
optical absorption, 118-121 
quasi-Fenni levels, 130-132 
sleady state carrier generation, 130-132 

E,cpectafion values, 40, 56 
.Experimental observations, 33- 36 

aJo-mic spectra. 35-36 
pbotoeleclric effect, 33-35 

Extreme ultra~olet (E:UV) sources, 165 
Extrinsic detectors, 407 

F 
Fabrication: 

of bipolar junction transi~1ors (BJTs ), 
343-346 

of meta1-in,sulato.r-semiconductor FET 
(MJSFET), 266-270 

of p-n Junctions, 154-168 
Fabry Perot intetfer,omcte.r. 421 
;Face-cente,red cll,{jic (FCG) unit Ci;:11, 5 
Fairchild Corporation, 441 
Fall time, switcbing.mmsisrors, 368 
Fan-out, 482 
F/;\St (n.terf2¥ce state density, 288-2.89 
Fat zeroes, 469 
F~i leveL 87-; 87-88 
Fermi-Dirac distribution function, 86-88, 

109 
apj:)lied to semiconductors, 88 

Fermi- Dirac statistics, 86 
Fiber optic commwiications, 414-4l8 
Fiber-op-tic transmission system,416-417 
Field,304 
Field ionization, 198 
Field regi611, 270 
Held-effect transistors (FETs). 251- 335 

ili:nplillcation, 252,254 
curve tracer, 252 
defined,251 
forms of, 251 
history of; 252 
juncti~nFETs (JFETs). 2.51, 254-265 

curren Viollage characrerlstics, 2:57-259 
gate control, 257-259 
gradual channel approximation, 259 
mutual l-ransconductance, 260 
pinchoff,.254-256 
saturation, 254-256 

load line.,252- 254 
metal-insulator,semiconductor (MlSFET): 

basic opera.lion and fabrication. 266-270 
currenrvoltage charactedstics of MOS 

gMe oxides, 291-294 
ideal MOS capacitor, 270-281 
MOS tapa<:itance-voltage analy~is, 

28.6-290 
.real surfaces, effects of, 28·1-284 
threshold voltage, 284-286 
ti1D·e-dep-e-ndeot capacitance 

me.asutement,S, 290~291 
metal-insulatot-semicooductor (MISPET), 

265-294 
metal-semiconductor FET (MESFET), 

251, 261...,265 
Gil.As MESFET, 261 262 
Mgh cl~ctri,~ mobility transist.o.i: 

(HEMT), 262- 264 
short channel effects, 264-265 

MOS field-effect transistor (tv[dSFET), 
265. 294-325 

.D.rain-loduced Barrier Lowering 
(DIBL). 320-322 

equivalent.ciniuit for the MOSFE~ 
313-315 

_gate-induced drain leak.age, 323-325 
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mobility models, 3CI0-302 
output characteristics, 295-297 
scaling and hot electron effects, 315-320 
short channel and _narrow width .effect, 

322-323 
short channel MOSFET 1-V 

c_haracteristies, 303 
substrate bias effects; 309-311 
subthreshold cbaracteristjct 311-313 
threshold voltage, control of, 304-309· 
transfer cbaractei;istics, 297-300 

operation,252-254 
switching, 252, 254 

Flash memories, 492-496 
Flash. m4mory cell, 483 

drain current vs. control gate voltage 
characteristics of, 496 

hot car:rier programming of, 494-495 
structure, 493 

Flal band.273 
f?lat-band conditions, 2.82, 325 
Hip-chip techniques, 501- 502 
Fluo~cence, 122 
Forbidden band, 67 
Forwafd resiinan.ce,202 
Forward-biased junctions, 180-196 
Forw~rd-blocking state, 520 

p-11-p-n diodes, 523-524 
Forward-condueting, state, 520 
:F.'owler- N ordhei.m tunneling, 291- 293, 

494 
Fractional distillation, 13 
Fully depletedd_evloe, 460 

G 
GaAs, band structure o~ 69 
GaA,s'MESFET, 261- 262 
GaAsP,2 
Gain-bapdwidth product, 407 
Gain-enhanced MOSFET (GEMFET), 528 
Gas•sourceMBE,25 
Gate control, 257-259 
Gates, 251, 254 
Ga re-triggering. mechanism: 

S.!'.:miconduc:tor-controlled .rectifier, 527 
three-terminal SCR,526 

Gate-tunneling leakage cw:rents,.326 
Gaussian distribution, 145 
Generalized biasing: 

bipolar junction transistors (BJTs), 
355-363 

charge control analysis, 361- 363 
couple-diode model, 356--361 

569 

Generation· current, 183 
Generatioa-r-e<iombination (G-R) of 

ele-ctron-hole pairs (EHPs), 118,121-131, 
133, 140-148, 240 

Gcrmer,L. H., 34 
G!gascale integration (GLSI), 441 
Graded i ndex separate confinement 

heterostructure (GRINSCH), 428 
Graded junctions. 169, 224-227, 240 

transition region. p.roperties of, 226 
Gradient. 134 
Gradient of the carrier conccn,tratian, 

'190-191 
Grad.ual channel approximation, 259 
Gross world product (GWP), 443 
Grom1d state. 50 
Guard ring, 203 
Gumm.el plot, 379 
Gumm.el-Poon model, 376--380, 391 
Gunn diodes, 508, 515-520 

space charge domains, formation/drift of, 
518-52.0 

transferred-electron mecha 11 is1:u, 

515-517 
Gunn, J.B., 515 

H 
Half-rectified sine wave, 201 
Hall coefficient, 107- 108 
H;,tll effect, 106--110 

defined, 107 
Hal) voltat,re, 107- 108 
Halo implants. 319-320 
Haynes, l R..144 
Haynes-Shockley experiment, 144-147 
HBTs, See Heterojunct(on bipolar tran$istors 

(HBTs) 
Heavy boie band, 79 
Heisenberg, 39, 56 
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Heisenberg u.ncertaintyprincipl,e, 40 
Heisenberg's matrix mechanics. 47 
HEMT. see High electron111-obllity transistor 

(HEMT) 
Hess, K., 215 
Heteroepitaxy, 18 
Heterojunction bipolar transistors (HBTs), 

388- 390, 391 
l;foteroJunction lasers, 426--430, 427 
Heterojunctious. 86, 134-239, 241 
High efeotrqli mobility transistor (HEM1'), 

262-264 
advantages of, 263 
pseudomorphic HEMTs. 2.64-
two-dimeni;ional electron gas FET (2-

DEG FETrrEGFET), 264 
Hlgh-iield effects, 105-106 
:High-frequency iTansistors, bipolar junction 

transistors (BIT~). 386-388 
High-frequency/high-power dev.ices, 

SQB-534 
Gunn.diodes, 515-520 

space charge domains, formatiQn/drift o.f, 
518-520 

t.ransfurrect-electron mechanism, 
515-517 

impact avalauche transit-time (JMPAIT) 
diode, sh-515 

defined, 512 
Read diodl:l, 514-515 

insulated-gate bipolar Lransistor- (!GBT), 
528--531 
basit structure, 528-529 
cum.me-voltage characterislio;, 

529-530 
inpm im-pedan~/input capaci1ance, 53). 
o· region, 529 
resistance/current-handfu).g capabflity; 

531 
p •n-p-n diodes, 5'20:-526 

bask structure, 520-521 
conducting state,524-525 
forward-blocking state, 523-524 
,triggering mechanism, 525-526 
two-transistor analogy, 521-522 
variati_Qn ·of a wich injecti1:in, 522-523 

scmrconductor-controlled rectifier, 
SUr528 

gate-triggering111eoq-ani~ni, 527 
tu mil.lg off, 527- 528 

tunnel diodes.508'--512 
defined,508- 509 
dcgcneratc-semiconducfors, 509-512 
negativ.e Fesistance of, 51-2 
tot~l tunnel diode characteristi«, 511 

H igh-.level carrie-r il1jection, 240 
Higb-Low junction, 245 
Hilsum, C., 51.7 
Holding cun,en t, 527 
Hole(s), 73-76 

accumu\ahon. 272 
direct recombination of, 125- 127 
g;is, See 1\vo'-dimens:i,01;111 I el ect.ron gas 

(2DEG) 
injectJoa deviee, J37 

Homojunction laser:s, 427 
Homojunctions,234, 388 
Hot carrier effect, 106 
Hot electron effects, 315. 326 
Huygens., £hristiaan, 33 
Hybrid circuit~, 440:-441 
Hybrip-pi model. 384 
Hydrogen atom, 47:...50 
Hyperabrupt junctions, 217 

1 
ldeal diode, 200 
Jdeal MOS capacitor, 27()-28] 
[deal Shockley diode, 240 
ldealily factqr, 22·1 
JGBT, S o,i Insulated-gate bipolar transist0r 

(IGBT) 
IG.FET, Sc~ Insulated-gate field effect 

1ransis.1or ·(I GFET) 
111-V compounds, 2 
Impact.avalanche IXilnSit-tin)e (IMPATf) 

diode, 5U-515 
deEinecl, 512 
Read diode, 514-515 

Impact ioni.zaliol), 19.$, 204,240, 
lMPAIT diode, See impact avalanche 

tJ:.ansit-tim~ (!Ml?ATI') dfoc.l.e. 
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impurities: 
amphgteric, ,84 
donor.8'2 

lmpurJty scattering, 103 
IMRBF, 132 
Index 0.f refraction, 414 
Indirect sem1conduclors, 68-70 
Injection eJectrolumio~cence, U4, 411 
ln_put impedance, 252,325 
lnsulaled-g_ate bipolar transisto~ (lGBT), 

528-531 
basic structute, 528-529 
current- voltage characteristics, 52-9- 530 
foput inipedanl:e/input capacitance, 531 
n · region. 529-530 
resistance/cttnent~handling capability, S.31 

Lnsulated,gate field effect transistor 
(IGF.ET).265. 315 

lnsulatec.1-gate rectifier (IGR).528 
T nsulated-ga.te trnnsi~ror (TGT), 528 
lnsulators,67-68 
Integrated circuits. 437-507 

advantages of. in miniaturization, 438-440 
applications of, 438-439 
application-s_pedfic res (ASlCs), 444,446 
backgt'Qund. 43.8-44l 
batch fabricalion, 438-439 
bonding: 

ball boncL 500-501 
die bonding. 497 
flip-chip lechnlques, 501-502 
l'e-ad bond. 49J 
nail-h~ad.bond, 500 
tbermC>compressioo bood.ing, 500 
ultrascmlc bonding, 500 
wedge bond, 500-50,1 
Wire bonding, 49'7- 5()1 

charge transfer devices, 466--470 
a_pplica l icins of CCDs. 4 70 
basic CCD, 468 
basic structure imprc1vem.ents. 469-470 
charge-coupled device (CCD), 466 
dyna□-1.ic effecl6 t11 MOS capacit,ors, 

466--467 
complementary MOS (CMOS), ~5 
designflithograpby, 471-472 

digital circuits. 440 
evolution of,441-444 
gigascale in tegration (GLSI),441 
hybrid circuits, 44/)-441 . 
large-scale integration (LSI). 439,441 
linear IC, 440 
med.ium-scale intcgralion (MS!). 441 
l;T)onolilhic circ11i.ts, 440-441 
monolitl1ic device elements, 444-466 

Ci\10S process integr.ation, 444-458 
integ~ation of other circuit-elements, 

461-466 
silicon-on-insulator (SOI), 459-460. 

~oore's law, 44'1-442 
packaging, 502- 505 

h:em1etically sealed device, 502-505 
ou!pu( leads, 503-504 
!$Urface-mount packaging; 503 
through-hold mount, 50'.>-504 

small-scale integration (SSI), 441 
-resting, 497 
types of; 440-44l 

571 

ultra large-scale integration (ULSl), 441, 
4,66-4 70, 47,2 

logi.c devices; 474-483 
semiconductor r,nem.ories, 483-496 

11ery large-scale integ.ration (LSI). 441 
wafc,s.438-440 

lntesrat.ion:, 437 
advao1ages of, 438-44.0 
lar.ge-scale, 439 

Tutercligitated geometry. :376 
lllierface c);iarge densii y, 283~284 
[o terface states: 283 
lnt~rnationalTc;:chno'logy Roadmap ror 

Semiwnductors (ITRS), 442 
lnlrinsic•detectors, 406-407 
lotrinsic St:micond:uctor, 80 
Inversion, 273-274 

population, 42.Q' 
_at a junction., 422-424 

strong, 273-274 
Inversion region. 422 
Inverted mode, 356 
Inverters, voltage transfer char-acterL~tic 

(VTC), 475 
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Ion iµTplantation. 159-162 
lonic bonding, 62-63, 110 
Ionization region, 96 
isolation region, 270 
Isotropic. use of term, 166 

J 
JFET, See Junction FET (JFET) 
Johnson noise; 409 
Ju1u;tion caj)acitance, 212-213 
Junetion F.ET (JFET), 251, 254-265 

curren t-voltage characteristics, 257- 259 
gate C-Ontxol, 257- 259 
gradual, chann~l approximation, 259 
mutual transcondticlance, 260 
piachoff, 254-256 
saturailoa,254-256 

Junation spiking-problem, 456 
Junctionless device, 460 
Junctions, 148, 154-250 

carrier injection, 184-193 
current flow at a junction, quail ta Live 

description o( 18~184' 
depletion c.ipacitance of. 214 
deviations from. the·simple theory, 218-221 

carrier Injection, effect!! of contact 
potential on, 219- 220 

graded junctions. ·224-227 
ohmic losses, 223-224 
(ecomhination and generation in the 

transition region, 221- 223 
graded,2?4-227,240 
be-ter:oju.nctions, 234-239 
hyperabrupl, 2J. 7 
me1al-semi.\;onduc1or junctions, 224-234 

ohmic contacts. 231-232 
rectifying contacts, 229-231 
Sehottky barriers, 227-229, 233-234 

reverse bi_as .. 193,--196 
transiem and a-c conditions, 205-218 

c-a pacitance of p-n junctions, 212-211 
reverse recovery transient, 208-211 
switching diodes, 2ll-2'1.2 
time variation of stored ch.arge, 205- 208 
varactor diode, 217- 2J8 

K 
K.ahng, D.,252 
Kilby, Jack. 441 
'Kirk effect. 380-382, 39J 
Kaown_good dies1 458 
Kooi effect, 449-45_0 

L 
Large-scale.integration (LSI), 439. 441 
Lasers, 416, 418-422 

coherent radiation, 418-419 
defined, 418 
Einstein coefficients, 420 • 
monochromatic radiation,_ 418 
negative temperature, 420 
optical resonant t.-avity, 42_0 
population inversion, 420 
!femiconductor lasers, 422-432 

basic, 425-426 
emission spectra for pen juni,tfon lru;ei-s, 

424-425 
het~rojunction \ru;ers, 426-430 
materials for, 430-432 
population inversion at a junction, 

422~24 
stimulated emis_sion rate, 420 
thermal equilibrium,, 419-421 

Latchup,446 
Latera.l moat encroachment, 449 
Lattice constant, 6 
Lat1ice matching, in epi taxial growth, l.~2'1 
.Lattice seattering, lOJ 
Lattices: 

body,ee.ntered cubic (.BCC). 5 
Bravaii;, 13 
eenuHed rectangular, 5 
ccystaJ, 3-12 
cnbic,5~7 
define.d~3 
diamond, 10-U 
clit:eclion in, 8 
rhombic,4 
strained-layer superlat~ce (SLS), 20 
sublattices, 10 
Wurtzite; 11 
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Laux, S., 215 
Lead bonde-r,497 
LEDs, See Light-emitting diode.s (L.EDs) 
Llght,31,33-35, 39, 56 
Light hole band, 79 
Light-emit ting diodes (LEDs). 2-3,398, 

411418 • 
chromatic dispersion, 416 
t1ber opti.c communications, 414-418 
.injection •ele_ctrpl uminescence, 411 
light-emitting materials. 411-414 
opiical fiber, 414 
optoelectronic-isolator. 413 
optoelectronic pair, 413 
pulse dispersion. 416 
Rayleigh scattering, 415-416 
semiconductor laser, 4.11 
step-index.iiber, 414 

Light-emitting materials, 411-414 
Lignl)ycloped drain (LDD) implant., 

451-453 
structure, 452 

Lightly doped drains (LDDs), 316,326 
Liliea:{eld, Julius EdgllI', 252 
Linear combin.itions ofatomic orbitals 

(Le.AO),-$5, 64-QS 
Line-ar intcgrnted eircuits, 440 
Llquid-encapsµ.tated Czochralsld (LEC) 

growth.15 
Liqujd•pnase epitaxy (LPE), 18 
Load line, 252-254 
Local oxidation.of silicon (LOCOS),270, 

314,449 
Long diodes, 216 
Low pressure d1emical vapor deposili_on 

(LPCVD), 162,3~5.441-450 
Lµminesce-nce, 121-124 

catbodoluminescence. 121 
defined, 121 
eledroluminescenc.e.121, 124 
pliotoluminescence, Pl, 122- 124 

Lyman, Balmer. and Pase hen. series, 35, 38 

M 
Ma.jqrity carriers, 85. 230-231 

mobHity. 145 

573 

Mask., 16~ 
Mask aligners. 165 
Mass separator. J59 
Matrix mechaniCS,39 
Matter. 33, 34, 56 
MaxweIJ-Boll_zmann statistics f9rcl1,mical 

parlicles, 86 
MBE. 429. 430 
Mean. free time.. ·99 
Medjnm~scale integra(ion (MSI}, 441 
MESFET, See MetaJ-semkonducwr FET 

(MESFET) 
Metal-insulator-semiconductor FET 

(MTSFET), 251 
basic operation and fabrication, 

266-270 
current voltage chamcteristics of MOS 

gam oxides, 291- 294 
ideal MOS ca:pacitor. 270-281 
MJ:)S capaciraoce-v61.tage a.nalysi.$. 

i86-290 
real surfaces, effect-s of, 281-284 
threshold vol rage. 284-286 
ti.me-dependent capacirnnce 

measurements, 290-291 
.Nfet.allic bonding, 6~ 
Metallization, 167- 168, 270 
Metal-organic vapor•phase epitaxy 

(MOVPI;), 23 
Metals; 67-68 
Met-al-semiconductor FET (MESFET), 251. 

.2ul- 265 
Ga·A~ MESPET, 261-262 
high electron mobility transist-0r (HEMT). 

262- 264 
short chonnel effects. 264-265 

Meral-semicohd1,1ctor jtmctions, 224-234 
o.hmic contacts,231-232 
rectifyint conl,acts, 229-2_31 
Schottky barriers. 227-229, 233-234 

Lllhos,260 
Microprocessor, 441. 472 
Miller ind.ices, 8- 10 
Mi ller overlap e::apaeirance, 3i3- 314, 451 
Miniatw:ization, advantages,of, 439 
Minimum, conduction band, 515- 516 
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Minority carrier distributions/terminal 
currents: 
'bipolar junction transistors (BJTs), 

.346:-355 
approximations of the terminal currents. 

952~354 
current transfer ratio, 354-35$ 
evaluation of the tennjnal currents, 

349-352 
solution of1he diffusion ,cquatiop in the 

base region. 347- 349 
Minority carriers', 85,231 

ex,traction, 185, 193 
lifetime, ~6 
mobility, 145 

MJSFE1', See Metal-insulator-semiconductor 
(MISFET) 

Misfit dislocations, 20 
Mobile ion determination, 290 
Mobility: 

of electr0ns, 98.101- 102 
of l10les, 102 
majority cariier.s, l..45 
minority earners, 145 
Ullits,of, 101 

Mobility degradation parameter, 302 
Mobtlity models, 300-302 
MOCVD,43i 
Modified work' function,'270 
Modulati:on doped fiel.d-cffcct transistor 

(MODF ET), 262 
Modulation doping, 262-263 
Molecular beam epitaxy.(MBE).18. 23-25 
Moll, J. L.,358 
Monochromatic radiation, 4.1,.8 
Monolithic circuits; 440-441 
Monolithic dev:ic;e eleinenls, 444-466, 

CMOS process·intcgration. 444-458 
integration of otb-er circuit elements. 

461466 
capacitors, 462 
contacts and interconnections, 463-464 
diodes, 461 
inductors, 462-463 
resistors, 4g1---462 

silicon-on-insulator (SOI), 459---460 

Moore, Gordon, 441 
Moore's law; 441-442 
MOS field-effect transistor (MOSFElJ, 265, 

294-325 
cross section of, 305 
dr<)ln-induced barrier l_owering.(DIBL). 

320-322 
e,quivalent circuit .for; 313-315 
gate-induced drain leakage;:, 3-23-325 
bot carrier degradation in, 318-319 
mobility mode.ls, 300-302 
nun.ow width effec( in, 323-324 
output characteristics, 295-297 
scaling and hol electron effects, 315-320 
scaling down, 315 
sborl channel and narrow width effect, 

322-31.3 
short channel eff~cts in, 317 
short channel M0S.FET1-V 

characteristics, 303 
substrate bias .effects,309-311 
sub~trate current iii, 319-320 
subthreshold characteristics, 311-313 
threshold voltage,304-309 
threshold.voltage, control of, 304-309 
tr.artsfer cbanicte.cistiC:S, 297- 300 

MOS gate oxides, current vo1'age 
char.acteristics of, 291- 294 • 

MOS pass ITaos.istor, 486 
MOVPE, 430 
Multi-chip .module (M'CM), 504-505 
Multiplexing: 

address. 484 
ultradense-waveleugth-division 

molLiplexing (UPWDM),484 
Mutual trnni;conducronce, 260 

N 
N+ doped LPCVD polysiliconrefractor.y 

(l).igll melting point) gates, 304 
Nail-head bond, 500 
Narrow bas.e·diode. 208,212, 24~ 
Narrow width effect. 323 

MOS field-e.ffect transistor, 322,-323 
a-channel MOSFET, 267-269 
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Negative conductance.508 
Negauve effectiv.e mass, 77 
Negalive-resist, 163 
.Negative te.mperalwe, 420 
Net drift, 100 
Newton, Is~a_c, ,34 
Nichia Corporation (Japan), 430 
Noise imrnunity, 477 
Noise-equivalent power (NEP), 409 
Norm!!l active mode, 356 
Noyce .. Rob~rt. 441 
n-p-n transistors, 336-339, 387- 388 
Nucleation site,519 

0 
Offset volr!\ge, 200 
Ohmic contacts, 24.l 

metal-semiconductor junctions, 231r-232 
Ohmic metal,-semiconduatOT contact, 231 
Ohll)'s hlw, 100 

modified, 143 
OMVPE,429 
"On" state/"off" sta te, 363 
Optical absorption, l \8-122 

absorp,tion coefficient. 120 
Optical fi ber,414 
Optical resonant cavity, 420 
Optoelectronic devi~s. 39H36 

lasers, 416, 418-422 
coherent radiation, 418-41:9 
Einstein co.efficients, 420 
m0'nochromaLicradialion, 418 
negative temperamre, 420 
optical resonant cavit.y, 420 
population inversion, 420 
semiconductor lasers, 42~-432 
stltnulated.emissiou rate. 420 
tnermalequilibrium, 419-421 

light-emitting diodes {LEDs), 411-418 
chromatic dispersi<>n, 416 
fiber optic communieations, 414--418 
injection e)eotrolun'iinescence,411 
light-emitting materlals, 4.1.1--414 
optical fiber, 414 
optoelectronic isolator, 413 

optoel:ectronic pair. 413 
pulse dispersioQ, 4-16 
Rayleig11 scattering, 415"-416 
semiconductor laser, 411 
step-index.fiber, 414 

photodetectors: 
mullimode fibel'li, 416 
single-mode [ibe.r.s, 416 

photodi<>d~ 398-411 
av.,1lapche photodiodes (APDs),, 406, 

409 
current and voltage in ap illu~inatelf 

junction, 399-402 
equilibrium thermal generation-

recombination rate, 400 
extrinsic detectors, 407 
fill fnctor, 404 
intrinsic detectors, 406-407 
optical energy, 402 
photodet.ectors, 405-4(TT 
phoLOdiodc detector sln!ctures, 398 
photovoltaic effect, 400 
p-i•n phetodetecto1:, 406' 
solar cell.s, 398, 402--405 

s-emicondnctor lasers, '411, 422-432 
basic, 425-426 

575 

emissi'on spectra for p-n' junction lasers, 
42~25 

h~,eroj\tn{:,i.ion lasers, 426-430 
materials for, 430- 432 
population inversion.al a junction, 

422--424 
UV/blu~ semjconductor .lasers, 

431--432 
Optoelectronia isolat0r, 413 
Optoelectronic pair, 413 
Optoeleclroni<i&, defined, 398 
Orbital: 

anti-banding, 64 
bonding. 64 
linear combinatio ns of atomic orbitals 

(LCA0),55, 64-65 
Organo,melallic vapor-phase epitaxy 

{OMVPE),23 
Ove'rs/cltT.rration, 366 
Oxide-isolated gate (MOS capacitor), 325 
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p 
i,•-njunctim1, 18.9 
Packaging; 

integrated circuits, 502-S05 
hermeticaJJy ~ealeddevice, 502-505 
output leads, 503-504 
surface-mount packaging,503 
througb.-hole mount, 503-504 

Pankove,J. l ,431 
.Parasitic bipolar structures, 446 
"Particle in a b.o.x" problem, 45, 53 
Particles. 32. 34, 40, 43, 47, 56 
Paull exclusion principle, 50, 54, 56, 63,,65-66 
p -channel MOS transistors, 269 
Eeak tw.meling current, 511-512 
Periodic i.1n1cturcs, 3- 5 
Periodic table, 50-53,64 

and the atomic structure, 47- 56 
Phonon s<;attenng, 103 
Phonons, 103, 239 
Phosphorescence, 122 
Phosphors, 122 
Phosphorus dopant source, 450 
Photoconductive cell, time resp!:mse of, 

133-134 
Photoconductive decay, 129 
Photooonductivity: 

and cai:rier lifetime, 124-134 
defined, 124 
devices, 132-1'.34 
ditect recombination of electraos and 

holes, 125--127 
indlrect rec6mbinatioo,, 127-130 
minority carrier lifetime, 126 
pbotooonductive decay; 129 
recombination lifetime, 126 
trapping, 127-1.30 

Photoconductors: 
optical sensitivlty of, 133 

evaluating, 133 
Photodetec~ors: 

avalanche photodiodes (APDs),406,409. 
extrinsic detectors. 407 
gain, bandwidth, and signal-to-noise ratio 

of,407-411 
intrinsic detectors, 406--407 
rtrnltlinode -fibers, 4 ~6 

p-i-n pbotodctector, 406 
shot noise, 409 
single-mode fibers, 416 

Photodiodes, 39S-411 
current and·voltage in an illuminated 

junction, 39.9-402 
eq_uilibripm thermal generation -

recombination rate, 400, 
1ilJ faetor, 404 
optical energy, 402 
photodetectors, 405-407 
photodiode detector structures. 3-98 
photovoltaic effect, 400 
solar cells, 398, 402-405 
wavegrtide photodiode, 410 

Photoelectric effect, 33--35 
defined, 33 

Photoli.thograpl:iy, 162-166 
Photoluminescence, 121, 122- ~24 
Photon energy, 35, 
Photons,34 
Photoresist, 163 
Phetovoltaic teehnology, c9stlscalability of; 

and terrestrial applications, 405 
Physical models, 32- 33' 
?iecewise-linear equivalents, 20:1 
Pilpt waves, 37 
Pin grid r;irrays {PGAs),504 
p-i-n pbotodetector, 406 
Pinchoff, 254-256 
Pinch-off, 265 
Planarization, 458 
Planck, Max Karl E~st Ludwig, 33-3.5, 56 
Planck's ,con.stant, 3'i', 40 
Pl;isma--enhaoced CVD (PECVD), 162 
p-n junction lasers, emission spectra for, 

424-425 
p-n junction photodiode, 183 
p-n junclions: 

capacitance of, 212-217 
chemical vapor deposition (CVD), 

162 
diffusion, 156-158 
etching, 166-167 
fabrication of; 154-168 
ion implantation, 159-162 
metallizatiprt,l67-l6S· 
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pbotofithography, 162-166 
rapid thermal processing-, 158-159 
thermaJ oxidation, 155- 156 

p-n-p bipolarjlliiction transistors, 336-339, 
387- 3&3 

p-n-i,-n diodes, 520-526 
basic structw·e. 520-521 
conduc1ing state, 524-525 
forward-blocking state, 523--524 
iriggerin!rmechanism, 52S-:526 
tw.o-transistor analogy, 521- 522 
variation or a with injectLon, 522-523 

Pocket implants, 319---320 
Point co·n1acl transistor. 343 
Poisson's equation, 176 
Poly dep1et.ion effect, 451 
Polycide. 456 
Polycrystalliae.solic!S; 3 
Polysilicon emitter (polyemitter), 346 
Population inversion, 420 
Positive resist, 163 
:Potential well 467 

compared to depletio.a region, 467 
Potential weU. probtem, 44-46, 

85--86 
Power gain , 3'5 
Primitive cell, 4 
Primitive vector$, 4 
Principal ~uantum number. 5() 
Principle.of indet.er..1ru.riacy, 40 
Prin ted circuit board (PCB), 504 
Prqba]Jtlity density (unotion, 40--41 
Projected range. 159 
Prop;igatio.ii delay, 483 
Pscudomorphic HEMTs, 264-
Pseudomorphic layer, J 9-20 
P ulse dfape.rsion, 416' 
l'unch-tbrough,.202 

Q uanta,.33 
Quantization, 33 

Q 

Quantum rne.chanics. 32, 39-47, 56 
poten.1 ial well problem, 44-46 
probability and the uncertainW principle, 

40-41 

·Schrodingar w.ive equation, 41-43 
tunneling, 46-47 

Quan tum nu1.nber, 45 
Quantum state; 45, 50-51 
Quasi-Fer.mi le.vels. 130-)32.148., 423 

graqien ts in, 147-1'48 
Quasi-steady state apptoltimation, 207 
Q:aaternarycompounds, 2 

Radiation: 
blaokbody, 33, 56 

R 

coherent radiai.i0n, 41 8-419 
monochromatic, 418 
s.timulatcd emission o.f, 418 

Radicals, l 67 
Range,61 
Rapid thermal anneal (RTA), 453 

577 

Rapid thermal processing ( RTP), 158-159 
Rayleigh scattering, 4L"'-416 
R eaction chamber, 23 
R eactive ion ete!hing· ( RIE). 166, 448, 

464-465 
Reactor, 23 
Read diode. 514-515 
Real surfaces, effects, 281- 284 
Recombination kinetics, 342 
Recombinatioo levels, 127 
Rccmnbinat.ion lifetime, 126 
Recombination of EHPs. 81 
,Rectrfication, 201 
Recti fi ers, 180, 200-204 
RectiJ'ying contacts, rnetal-sepuconctuctor 

junctions, 229-231 
Red, yellow and green LEPs, 431 
Reference· diode, 205 
Refracli ve index, 414 
Resonant tunneling diode, 47 
Reverse bias.193-196 
Reverse satutatlon cur ren t, 184 
Reverse short channel effect (RSCE). 323 
Re,verse-bia·s b.reakd0wn, 196--205 

avalaA.L'he breakdown, 198--200 
breakdowu,diode, 204-205 
rectifiers, 200,-204 
Zener breakdqwn, 197-198 
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Reverse-biased junctions, 180--196 
Reverse-bLoc,kin,g st11fe, p-n-p-o diodes, 521 
Rhombic lattice, 4 
.Ridl~y, B. K., 517· 
Ridley- Watkins-Hilsum mechanism, 517 
Rise tin1e, switc\til}g transistors, 368 
Ritz combination principle, 36 
Roll-<iff, ~23 
Row decoders, 484 
Rydberg CQnstant, 39, 39 

s 
SACM APD, 407 
Sate!B1e v;il\eys, S15'-516. 
Saturation, 256 
Saturationxegime, 363 
Saruration region,269 
Scattering limited velocity, 106 
Schottky barrier diodes, 227, 230-231 
Schottky batrier junction, 233 
Schottky barriers, 227-Tl9 

typi~ 233-234 
Schottky diode. 241, 325 
Sc.11,ottky effect, 227 
Schrodi:nger equation, 41-43, 47, 61-62 
Sc)lrodinger,Er:Win, 39., 56 
Selectivity, 166 
Self-aligned gat~ 313 
Sel(-aligned implant mask, 448 
Self-ali&J!.ed process, 269-270 
Self-aligned silicides (SALICIDE), 

326,446 
Se.Jf-aligmnent, aefined,.346 
Semiconductor lasers, 411, 422-432 

basic, 425-4Z6 
enJ.,ission spectra for p-n junction la:,ers, 

424-425 
heterojuoction lasers, 426-430 
m;iterials for, 430-432 
2opulatil)n inversion at a junction, 

422-424 
UV/blue semioonductor lasers, 431-432 

Semiconductor memories,-483-496 
dynamic random accMs memocy 

(DR.AM), 4.86-492 • 

flash memories, 492-496 
static tl!,ndom access memory ($RAM), 

485--486 
Semfoonductor-~ntrollcd rectifier .(SCR), 

520,526-528 
gate-triggering mechanism, 52?• 
three-tenninal SCR,.526 
fuming off, 527-528 

Semiconductors, 1-3, 67-68 
charge carrieu, in, 7:1-86 

carrier concentrations, 86-108 
effective mass, 76-80 
electrons andholes, 73-76 
ertrinsk: material, 81-85 
intrinsic material, SO-&l 

common materials. 2 
compound, 1,-1-2, 64 
defined, 1 
degenerate, 509-512 
device develop,ment, 416 
direct, 68-70 
electronic and opticlal properties of, 3 
elemental, 1 
excess carriers in, 118-153 
indirect, 68-70 
intrinsic, 80 
metal-semiconductor juncti.ons, 224-234 

Semi-insulating GaAs, 261 
Separate confinement, 428 
Separately doped FET (sEDFET), 264 
Separation by implantation. o f o>.-ygen: 

(SIMOX), 459 
Separatfon of tbe absorption and 

multiplication (SAM) APDs, 407 
Series resistance, 240 
Shallow trench isolation (STl) , 4A9, 45'8 
Sheath r(lgions, 167 
Shee\ uisi.ortance, 461 
Sh·eJl, 50 
Shockley diode, 224,521 
Shockley ideal diode approximation, 187 
Sl\oc.kley, W:, 142-144, 251-252 
Short channel effect (SCE), 264-265, 322 

MOS field-effect transislor, 322-323 
Short channel MOSFET 1-V cllaracletistics, 

30,3 
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Short diodes, 216 
Shot noise, 409 
Sidewall oxide sp&cers. 453 
Sieotens (S), 260 
Signal-to-noise ratio, photodetectors, 409 
Silicon band structure, 67 
Silicon dioxide (Si02t 15 
.Silicon-on-nisulalor. {SOI), 4S9-460 
Simple cubic struc.ture, 5 
Simulation PrQgram with 1ntegrated Circult 

Emphasis (SPICE), 483 
Single crystal ingots, growth, 13-15 
Six-transistor cell, 486 
SmaU-scale integration (SS!), 441 
Smith, G. E ,,468 
Soft-errors, 490 
Solar cells, 398, 402-405 

applications- <if. 404 
Solids: 

amorP,boui;, 3 
bol)cling. forces in, 62-o4 
enei:gy bands in, 61-71 
polycrystalline, 3 

Source,254 
Sourcelclrain exte\lsion or tip; 453 
Source-injection regjme, 326 
-Space charge at a junction, 175-119 
Space charge.fluctuation build-up, 51~ 
Spal!le-tjlarge neutrallty;97 
Space charge rcgion,172 
Spacers, oxioe. 34S 
Spherical ,coordinate system, 47-48 
Spli,troff band, 79 
-Spontaneous emission. 41B 
~table dqm'aitis,519- 520 
"Slaircase1' con~tant density of states. 277 
Static ran.dom acces_s memory (SRAM), 483, 

485-486 
Steady state carrier· generation, 130-132 
Steady slate carder injection, 1.42-144 
Steady .state, defined, 130 
Steady-state co,iwtiorui, 180-196 
Srep'funclion.169 
Step-i,ndex fiber, 414 
Stepper, 164 
Stiip1,1late_d emissioll of radfatioo, 418 

Stimulated emissio.n rate, 420 
Storage delay time, 210 
Straggle,159 
Stralned-laJer su_perlattice (SLS), 20 
Strong inversion, 273-274 
Sub-collector, 345 
Su blattices, 10 
Subtnre-~bold to11duction, 311 
SubtbreshoJd slope, 311 
Surface electron mobility, 295 
Surface field-e[foct 1ransistor, Su MOS 

field-effect transistor (MOSFET) 
Surface rougbne~-s scatter.ing, 326 
Surface states, 233 

579 

Surface-mou:µ1 packaging, 503 
Surface-mounted ball grid arrays (BG As), 

504 
Swi:tcbing; 508 

bipolar junction transistors (BJTs). 363, 
363- 368 

saturation, 3.65-366 
specifications for switclrlng·tra.nsistors, 

368 
switcb.ing cycle, 366-368 

ffeld-e.ffect transistors (FETs), 252, 254 
Switch.ing_c:ummt, 481-482 
Symmetrical lransistor; 35.7 

T 
Tanks, 446 
Tape-automated bonding·{TAB), 505 
Target chamber.159 • 
Temperature. dependence of carrier 

cbncentrations. 9~96 
Temperatu.re, e.ffect on mobility, 1'03-105 
Temporary trapping, 128 
Temru.-y compounds,2 
Tetraethyl-ertho-silicate {TEOS), 453 
Texas Instruments. 441 
Thermal budg!!t, 15.6 
'.fhemuil.equilibrium, 419-421 
Th<;nnal oxidation, 155-156 
Thermal relaxation time, 467 
Thermal. runaw;iy, 374 
Thermionic BJ'llission, 2-34 
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The~ocoI\lpri;ssion bonding, 5.00 
Three-terminal active devices, 325 
Threshold ciurrent, 427 
Threshold voltage; 279,325 

MOSFET, 267. 304-309· 
Through-hole mount, 503-504 
Torougb-hole---mounred pin grid arrays 

(PGAs), 504 
Thyristor, 446 
Tune-dependent capacitance measurements, 

290--291 
Tune-dependent dielectric breakdown 

(TDDB), 293-294 
Total currea.t, 183 
'1ransconduc1 ance: 

a,c,260 
mutual,384 

Transit time. 342 
Transit time effects, bipolar jnnction 

transistors (BJTs), 385- 386 
Transi!ioinegion. 172 
Transition region width, 181 
Trapping center, 12$ 
Trapping levels, 128-.'l 29 
Traps,t4S 
Tab~.446 
])J.nnel diodes, 508-512 

defined, 50~509 
degenerate semiconductors,509,-512 
negative T~Sl8IlCC ot 512 
total tunnel diode characteristic; 511 

1\ui.neting,46-47,240 
1\vin-well CMOS, 446-447 
J\vo-d.imensional e.lectron gas (2-DEG); 238, 

263,277 
1\1,o-dimeJ.'lSioual cLcct.n::,n gas.:E'E'T (:Z-DEG 

FET!TEGFET), 264 
'lw'o-trausistor analogy. 521-522 
1','pe-N. negative resistance, Sll 

0 
Ultro. large--1,oa le integration (OLST), 441, 

441-443,466--470,47.2 
economic payoff of, 443~4 

logic devices, 474--483 
semiconductor memorie..<;, 483-496 

Ult.radense-..ya vetengfu-clivision 
multiplexin_g (DDWDM), 416 

Ultrasonic bo.nding, 500 
Unipolar transistor, 251 
Unit cell, importance of,'5 
UV/blue.semiconductor laseis, 431-432 

V 
Valence barid, 67 
Valley currenl. 511-512 
Vapor•phase epitaxy (VPE), 21,-23 
Varactor, 215, 217-218 
Varactor diode, 217-218 
Vegard 's law, 18 
Veloc.:ity-$aturated region, 326 
Vertical cavity surface-emitting lasers 

(V CSELs)., 428-430 
Very large-sc:ale integration (LSi); 441 
Vias,458 
Voltage regulators, 205 
Voltage transfe.r characteristic (VTC), 475 
Voltage triggering, 525 
Voltage-controlled negative resistance. 511 
Voltage-independent .reverse current, 

240 
Voltage-v.ariable capacitance, 215 

w 
Wafers, 15- 16 
Watkins, T. B., 517 
Waye inechanics, 39 
Wave nature of light, 39, 56 
Wave vcetor, 6, 
Waveguide phocodiode, 410 
Wave-particle duality, 34, 56 
Wavesbaping, 202 
Webster effect, bipolar junction transistors 

(BJI's),386 
Wedge bond, 500-501 
Well5;446 
Whi re ribbon effect, 449-450 
Ward line, A62 
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Wordlines, 484--485 
Words, 485 
Work function, 34 
Wl!ltzite latt.ice. 11 

Xenon,130 
X 

Xcray crystallography, and iden tification 
of crystal pljines, 15 

y 
Yield, 440 

z 
Zener breakdown, 197-198 
Zener diodes, 204 

581 

Ze_ner effec.t (tunneling), 1'97-198, 204, '2.24, 
508 

Zincblende structure, 1.0-11 
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SEMICONDUCTOR Pl<YSICS 

h 
E)ectror Momentum: p == m*v = 11,k = X Planck: E = hv = hw 

K. . E 1 ~ 1 1 p
2
• Ii , (" meue: = - rrrv- = - - = - - k- .,-4) 

2 2 m* 2m* 

fi,2 
Effective mass: m* = d2£/dJil (3-3) 

Total electron energy = P .E. + K .E. = E. + E(k} 

1:- rru· o· - distnib ti" f(E) 1 
e<£, - t1/llT for E -- EF (3-10) rer • - rrac e • u on: • = f!,Et- E,Vkr + 

1 
,,-..-

Equilibrium: n 0 = f""ff.,E)N(E)dS = Nj(E,)· = N,;e- (E,-E,J/kr (3-15) 
E; 

'tl(.x) = ~(x) = }_ dt; {4-26) 
d.1: q d..t 

qi 
µ. a: - (3-40a) m~ Drifi . 

µ.~ { "' µ.'& {low fields. ohmic) 
t: vd =' --- (Fig. 6..,9) 

1 + µ.'&/v, == v, (high fields, saturated ve-J.) 

Drift eurrent density: ~ = J,. = q(nµ.-n + pµ.v)"I/,, = <1'l, (3-43) 
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dn(:c) 
Jn(x) = qµ.11r1(x)'.S(x) + qD.~ 

Conduction Current: drift diffusion (4-23) 
tip(x) 

lr(x) = qµ,.p (x)'S(:c) - qDP ~ 

iJp(x, t) iJ8p 1 il{, 8p 
Continuity: = - = -- - - -

in {Jt q ,iJX 'Tp 

88n' 1 u. 8n - =-- - -
ol q iJX 'l"n 

(4-31) 

d'Bn 6,:i 6n 
For steady state diff.usiou.: -- = -- = -<42- D,;r. L} 

ifBp Sp 
tir = L2 (4-34) 

p 

Diffusion length: L "" VDT E
. . . D __ kT (• _29). mstem relation: ..-

µ, q 

p-n JUNCTIONS 

v:o 
__ kT In Pp ___ kT In~ __ kT ,_ N .N ,i (~S) Equilibrium: UL _,_ 

• q p,. q nf/N# q n1 

(5-23) 

Ap;, = P{l,,o) - Pn = p,,(e..mu - I) (5- 29) 

.Ideal diode: I = q_A(~P p,, + ~• np)(eqVikT - l) = 10(e'Mk7' - 1) (5-36) 
p ,, 

{ = J '(e' IV(DkJ: - 1) 
Non-ideal: 

0 
(5-74) 

(n = 1 lo 2) 

With light: l 0r = gAgPl>(L,, + L. + W) (8'-1) 
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Capa.citance: C = I !~l {S-55) 

[ 
q N N ] 112 EA 

Junction Depletion: C1 = EA 2_£(Vo _ V) '(lld : N,, = W (5-62.) 

Stored charge I"' I" 
e:xp. hole disL: Qn = 11A op(x0 )dx. = qA Ap,, e-,J1..,.dx,, = qAL

1
,Ap,, (5-39} 

II 11 

I (x = 0) = Qp = qA L,p ·Ari = qA DI' p (eqv/ti'r _ 1) (S 40) 
p n T T "'" r n -p p ,..p 

MOS-n CHANNEL 

Flat band 

Ir.ivcrslon: . kT. N. ( ) <{, (mv.) = 2<{,,F = 2 - In - 6-15 
·' • q n, r2E,<f,, ] 1,/l 

W = - - (6-30:) 
qN. 

Substrate bias: i.\ Vr = ~ (- V8 )1f2 (n chamJel) (6-63) 
C, . 

off download .i r 
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µ • .ZC1 { I 2 ~ 3/2 \3/2 } lo = --r:- (Va -V,s - 2'1>,- 1V0)Vo- 3 c,. [(V0 +2<(>F). -(2<!>n ] {6-50) 

l o = ,;,,,:_c, [{ Ve - Vt)Vo - lVZ] (6-49) 

Forshor( L~ 1,, = ZCi(Va - Yt)v~ (6-·60) 

dVc kT [ C11 + C;,] 
SubthreslH,lld slope: S = d(log Io) = q la l O 1 + C, • (6-66) 

Dp[ Wb] 18 = qA LP (Ap" ·1- 1:ipc) tanh 2LP (7- 19) 

Tc csch WiJ 1..,, . w h (wi) 
B =-=----'-~ = sech- = l - -

le;, ctnh W ,;/ L1, LP • 2t4· . 
(7-26) 

(Base transport factor) 

{7..:25) 

(Emitter injection efficiency) 

(Common base gain) (Common emitter gain) (For-y = l) 
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SOLID STATE 
ELECTRONIC DEVICES 

... 
--< • .. 1 

K~y, li~ruras 

BEN G. STREETMAN 
SANJAY KUMAR BANERJEE 
'borh of Umllmity 1/Texas.-111 Austin 

This dru;sic introducmry c<:xtbook in its sbHn edition retains che rwo ba~ic 
goal~: ('I) develop the basit s<!lllic0ndu1;ror phy_sid: comiept~ co uudcrsr.u,<l 
current and future devicey aa<l (2) pnwide.s a sound understandin_g of 
c111-reflt,-semiconductoc• devices and rcchnology so d'1ac tbeir applications 
ro clccrronic ;md opcocl~cttonic eirouir,; and sy;rcms can be apprcdatt'<i. 

The book is useful for advanced und0rgrnduacc and posr:graduace.scudenrs 
of clccrrkal and deeU'<1nics dnginecring-antl ~hould al$o pm\'C useful fQr 

I pracdcing cngin~rs and ~ticntim, interested in updating their 
undemanding of modern efmctronfos. 

The ba~ics of somic1mduc1:or materials and canduetion processes in solids. lncorpor,ucd to hdp 
SJudi;nts unclcrsm,d p-n junction~, bipolar and metal oxide ~emicol\ducror transistors, ~ptoc:lt:\.,renic 
;md orbcr d~vice.~. 

f.im:nsive discussion of dl'cuit and other applicatiori c.<xamples t0 provid~ scudems wim fccdbaek about 
the practical relevance of i:hc rhliorr. 

Keyequarions for semiconductor devices are listed on the inside covers of the book, arranged 
themarieally co hdp scudems digest \:O\H,eprs. 

Provides a·rnmrnary of key concepcs ac end 0f end·, chapter, and chGpm ohj1:ctives ut the beginning 

Approximacdy 200 problc111s along wirJ~ cum:ht references rha, extend conccp~ in rhe text. 

New to this EdiLi'Ofl 

[)i~e;usston of advanced MOS nl)d bipabr pl'Occs.~c:t ancbmucturcs such :\S hi.gh-k gace didlccvri'cs, 
polycmttter Bffsand gmdud Si<t~ base HB'fs. 

Con5olid~ted trearmencof opcodtrnonic devices, di~"t.-u~sc:ssourcc~ ~'Uch as"'vhi(e LEDs for 
illuminarion, dcf~wrs ,nith ;is SACM :md wbv'cguidc phorocliode.~, und advanre i•n $Olar tells. 

Updated dis<.1mi<m of.device Fabrication processes and CMOS i1m:gra.ced circuit technalogy pro,,id~s 
a useful understanding of how scmitionclua1or devic,e,~ art\ made. 

Summary of key COJTcqpts 31 end of each chapt-er. 

Answers ro Sdcc1cd Prol,lcm.i in the back of the book. 

Rs. 295.00 

www.phlndla.com 

ll"'T Ill' 
~ 786l.2D 330207 
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