
Chapter 4 

Excess Carriers in Semiconductors 
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4.1 
OPTICAL 

ASSORPTION1 

OBJEPW~S 

l . Understcr:id h'ow phowns inter,acl wilh ,pirect and indirect b<mc(gdj:j 
semiconductors 

2. Undersfdhd ge!'lerotion-rec9mbiogtion of-exc~ss catri~r.s, possll:>!y 
through trap sites 

3, lptmduce quq,si~Fermi< levels i~ nc;>n·~uilibrium 
4. Calculate diffusion currents from carrier com:enlrotion gradients.and 

diffu.sivily . 
5. Use-)he continuity equation lo study, time dependenceeoF carrier 

ooncentralion~ 

MosLseaµconductordevic;es oper-ate by lhe ·creation of chargecau:i,ersio ex­
cess of the. them1al e.quilibrium values. These e.){cess carriers can be cree ted 
by optical excitation or electron 'bombardment, or as we shall see in Chap­
ter 5, they can be injected across a forward-biased p-n junction. However 
the 'exress carriers arise, they can domlna te the conduction processes in the 
semiconductor material. In this chapter we shall inv.estigate the creation,~f 
~ce.ss carriers by optical absorption and .the resulting properti'e~ of photo­
luminescence and photoconduclivity. We. shall study m.ore closely the mech­
anis)TI ofclcctron- holc p;iirrecombination and the effects ofc;il.rrier trapping. 
Finally; we ,shall ctiscuss the diffusion of excess carriers due to a carrier gra• 
dient, wtiicb S!)rves ~ a basic m:echanisni of current conduction along with. 
the mechanism of drift in an electric field. 

An importimt technique fqr measuring the band gap energy of a semicon­
ductor is the absorption cif incident ptiolon~ by The material. Jo this exper­
iment photons of selected wavelenglbs arc directed at the sample•, and 
relative L(ansmission ef fhe various _photons is observed, Since photons wlth 
energies greater than t he beni:l gap energy are absorbed while photons with 

11n 1h11 contoxJ lh• word •opi;cal- does not·ru,,:es..,rily hnplv 1ha1 thu pli<>lonr obu,,b«,d aro In ih.. ,;,lbh 
par1 c,f 1hHp<>cirum, Mo~y .,.mioandlJl:!!>r< ob,o<l:, pho)<>n, ,n tno infra,od r~ton, but ihl• i• induded In 
1he torm •oirti<,ql ob,01p~or1.' 
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energies less than the bantl gap are transmitted, this experiment gives- an 
accurate measDTe of lhe b/illd gap ·energy. 

It is apparent that a photon with energy l,11 ~ £ ~,can be absorbed tn a 
semiconductor (Fig. 41- I). Srnce lhe valence b.and con,tai.ns maqy eleo1ra11S 
and the conduction band has many empty states into whi.d1 the electrons may 
be e>:ci.ied, the probability·of _photon absorptloo L'> h(gh.As Fig. 4- l indicate.,;, 
an electron excited to the conduction bani:! by optical:absorption may inilial­
ly have mor\! energy tM.n is c~umnnn for t(;)nductinn band e lectron~ (almJ:>Sl 
all ele-c:trons are near£, unless the sample is very .heavily lfopecl) .Thus thee¥­
citecl electron loses energy to the lalttcc in scallering events until jls velocity 
reaches the l'hennal equilibrium velocity of other conduction band electrons. 
The electron and nole created by 1his abso-rption proee$s a,re ~cess c:o,rrier$: 
since they are out of balance with their environmem, they must evenmaJly re­
comNne. While ihe ex·c;ess carriers exisL in I heir resp~ctive bands, l~ow.:vcr, 
they are free to coo tribute to the conductivity of t ile muterial 

A photon witll energy les,~th;m Et, is 1,1nable to ex.cite a□ ele<:fron frqm 
the v.aJence band to U1e conduction baaed. Tbus in a pure semiconductor, 
there is neg_ligrble abs-orp Lion of plmto.ris with lw < EN.This expJ;i_i:m why 
some lllaterials an? transparent in. eertain wavelength rnnges. Weare able to 
''see throngl1" certain insulators,~uch as a good NaCl mystal ,because a large 
energy g,ap containing no electron states eldsts in the mate.rial. If the band gap 
is about 2 eV wide.-onl.y long wavele.ngtii~ (infrared} and Lhe red pal't o[ the 
visible spectrum are transmitied; on the other band, a band gap of a bout 
3 eV allows infrared and ihe ~nii re visible spectrum 'LO be tran~mitted. 

lf a beem of-photons withlw > Eir falls on a semiconductor, lhere will 
be some p.redie1able amoun1 ~>f absorptio□. determined !,y the properties o[ 
the material. We would expect the ratio of u·ansmiLted to incidenl l1~bt in­
tensity to depeucl on the pbotc>n wav.elen_gth apd Ille thickness of the sample, 
To calculate this dependence, let us assume lbal a i?hoton beam of intensity 
] 0.(ph<llons/nn;-s) is dii'eotecl at a sample of-thicknC$S .l (Fig. 4-2). The be11n1 
conlams only photons of wave'ltlngth A, selected by a monochromator . A s 
the beam passes throt1gh. the ~ntpk. ils 'intensity al. a distan r..-e x from the: 
surl'..we can be calculated by considecing the probabilit~ of absnrp1ion within 
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Figure 4-1 
Optica I absorp,­
lion of a photon 
wllh hJJ > E9 : (cl 
An EHP·rs creoled 
dvrlng phoion 0.b­
s9rpl,an; tbJ ihe 
ex.cited electron 
g ives up energy 
lo the laltice by 
Kettering evenls; 
tciJ the E\lecJron re­
combines with o 
hole In lhe vo­
le.nee banq. 
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Figure 4-2 
Optical absor~ 
lion experiment. 
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any .increment dt. Si.nae a photon wbich has survived 1.0 x without absorption 
has no m~mory of how [ar-\t bas traveled, its probability <)f a11sorpti.on in any 
dx is constant•. Thus the de.gradation of the intensity - df(x)ldx is propor­
ti'onal to t!)e intensity remaining atx: 

- dl(x) == a.I(x) 
d~ 

The solution to this equation is 

l (x).= l0e-= 

(.:f-1) 

and the i.ntens.ity of ligh.l transmitted (lirough tlle sample fh.i.clmess I is 

The eoefficie:nl a. is ·c.a.µed the ab,wrption coqficiem aad bas units of 
crrC1. This coefficient will of course vary with the photon wavelentth and 
with tl].e material.In a i:ypicaJplot of a vs, wavelentth (Fig. 4-3.) , tbere i's neg­
ligible absorption. at long wavelengths (hv. small) and considerable absorp­
tton of photo11·s with en~rgies larger Lhan E8• According to Eq, (2:-2.), the 
relation between photon energy and wavelength is.E = hc!>-..1£ Eis given.in 
electron vol~ and >,. in microm~er~, Lb.is becomes E = .l.2411\.. 

Figure 4A.indicates-t:he band gap energies of some of the cOll11Ilon 
seiµicoriductors, relative to the visible, infrared, and ultraviolet po,rtions of the 
spectrum.We obse.rve that GaAs. Si, Ge. a.nd InSb lie outs.ide ·the visible re­
gion, in the fofrared. Other semiconductors, such as OaP and CdS, have band 
gaps wide enough to pass photons in the. visible.r ange. Tl is impo,tant to nole 
here tl'lat a semiconductor absorbs photons with energies equal to the band 
gap, or larger. Thus Si absorbs·nolonJy band gap•lighL(-1 µ.m) but also short­
er ·wavelengths, including those in the vis.ible part of the spectrum. 
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Wlj.en electron-hole pairs are gem:ratc;d in a semicol}ducior, or.vhen carri­
er$ are-excited into higher impurity levels from which they fall to their equi­
libriu!Il states, li.ght can be gh:en off. by the mareriaL Many of the 
semiconductors are well suited for light' emission, particularly the compound 
semiconductors with direct band g_aps. The general property of light emis­
sion is called luminescence. 2 Tb.is overall eategory can be subdivided according 
to the excitation mechanism: If carriers are excited by pboton absorption. 
the ·radiation resulting from the recombination of the excited carriers is called 
phocolumineseen.ce; ifthe excited carriers are create~ by high-energy electron 
bombardment of the material, the mechanism is called cachod<1lwni11escence; 
if the excita:tion.ooou.rs by the introduction of C\Jrrent inlo the sample. the:re­
sulting luminescence is called.electro luminescence. Other types of excitation 
are ppssiblC?, b11t t\iese three are th:emc.ist important for device applicali.o.ns. 

'The ami.,ion p<oceue• c,oolldered hero >houlcl not be .confusod wilh rodiolion due fo inco,><Je>eenc• 
which occur, in hooted moleriol,. Tl\e ¥0riou, f11mln11Konl mechont.m, oan b~ c:on,ldered ' cold' p roce,,: 
•• o, comporocl lo Iha 'ho1• piooou of ln.cond•«once, whieh lncrool,Jll with Jernp,~ra~,re. In feel, ma>I lu­
mlnfiocanr proceo-,e, beccmlo rnon, offlcienl ~ lho lomperal\/re is lowered, 
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Figure 4-3 
Dependence of 
opllcol o6orptiorr 
coefficient l~ for d 
se·m·itc:ondu_ctor on 
lne wavelength of 
incidenl ll!;Jhl. 

Figure 4-4 
Borid gop~ of 
some common 
semiamductors 
relolive to the op-
ticol specjrum. 

4.2 
LUMINESCENCE 
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Figure 4-:5 
Excilotion and 
tecomb,noti,;in 
mechon1tms in 
phololumines-

cence With o trop­
p\flg !eve.I for 

electrons. 

4.2.1 Photoluminescence 

The simplest example of light emission fr0m a semicomh1ctat occurs forcli­
recl excitation.and reco,nbin.atiori of an.BHP. as depicted n\Eig. 3-Sa.If the 
recombination occ_urs directly rather than viii a defect level, band gap ligh.t 
is give)) off in the proce..~s. For steady sfate excitation, the recom.binatien of 
EHPs occurs at the same rare as lhe generation, and one photon is emitted 
for eacli photon ab~orbed. Dlrect re.combination i~ a ta.st process; the mean 
·ufetime of-the EHP ls usually on the order a! 10- a s or less. Thus the entis­
sion of p~t6Q.s stops w,ilhin aw.rox:imately 10'--!!· s afte.r Llic excnation is 
turned off. Such fast hrm.inesocnt proc·esses are often.referred to as flitores­
cerrc.e . . Ln some marerials . .however, c.miss/on c9nti,nues for periods up lo sec­
onds or minutes after the excitation is removed. These sJow processi::s are 
called ph-o,•phor1,1scatce, :ind the materials a.re· called p,hosphor.v. An exam­
ple of a slow process Js shown in Fig. 4-5. This rnate1·ial 00mal.ns a dcl'ecc 
level (perhaps d:ue to an iinpuricy) .in the band gap which has a strong l t!O ­

dency to te;mporarily capture (rrap) electrons from tile oondnotion band. 
The events depicted in the figure are as fo119ws; (a) An incoming photon 
with /iv1 > E11 is absorbed, creating an EHP; (b) the excited electron giveS 
u-p energy lo the lattice by scattering unlil it neurs the bottom (,)f· 1.lle con­
duction band; (c) the electron is trapped by the im-puriiy level E, and. re­
mai□s trapped until ii cm, be LhennaUy reexcitc;d to lhe·co·nduction hand 
(d}; (e) finally direct recombination oecurs as the electron falls to an empty 
s1are in the \ialenc:e band, giving tiff .a photon (h111,) of appro;,;iooately the 
band gap energy. Tue delay time between exei tation and recombination can 
be relatively Jong if-the-proba.-qility ofthei:mal rcexciration from the trap (d) 
is small. Even longer delay times result if the electron is ret.r<!_P_ped se:veral 
ti.mes before recQI11bina.lion. If the trapping pfObability is greater than tlte 
probabitity of recombination, an eJectron may make.several trips between 
tM trap and the to:nd.uctlon !,land befc>Ie recombination finally occurs. In 
such mate:rial the emission of phosphorescent liglii persists for a reb,1tively 
long t.rine aft.er the excitation is-removed. 

--~ .- ---r-1- - ----- f..~ 
1u 1! (c)! 

- '-~--- r-:, 
.,.,,...,,,._,.,Al'VV\,_ " " ! 

lei 

' [' '•••o• ••~•••o••••• •' .. ••••• , 
-·~··••~·•·:·····~·-········· ................ ··-~·-·~·· ·~···· ~:;::::::::::::::;::::::::;:: 
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The color of lig·bt emitted by a phosphQi:.such as ZnS depen.ds primar­
ily on the impuri ties present, since many radiative trnnsi~ions involve impu­
rity leyels wilbfa the band gap. This selec.tion af colors is particularly useful 
in the fabrication of a color television screen. 

One of the most eommoh exampl~s of photoluminescence is· the fiuQ-­
resceor l:nnP,, lypkallysuclia 1alt!p is composed of a.glass tube fiUed .~vith gas 
(e.g .. a mixture of argon and m,tirc\11)'); wiih a fluorescent coating on the in­
side of 'the tube. When an electric discharge is induced bet ween ·electrodes in 
the tube, lhe excited atoms of the gas emit photom , largely in the visible and 
ultraviolet regions of the spectrum. 1lris light is absorbed by the luminescent 
coaling, 110d the visible pllotcm~ are emitted. Tlte efficiency of such a lamp is 
C011sidcral1.ly better ihan that otan incandescea.t bulb, and the wavelength 
mixture in ligbt given off can be adjusted by pr0per selection·of Lhe fluores­
cent material. 

A 0.46-µ,m-thfok sample.of'GaAs is illuminated with monochromatic 
Ligbt 6f J:ir) = 2 eY'l'he ab~orptibn ooe[ficieµt «is$. X 104 CJn1

. 'llie 
power .ilieiclent on tll&sample:,.istl.Q m.W. 

( a} F~d ~e total erierm>,a'b,sorbed,b.y the,sampte· l?~J second (Jfs). 

(Q) ~ihd'tlie rat m,,;tl l;)1erg.y given µp by the ele~l'<)nJ> 
to t he !attic . bination (J/sj. 

(e) Find the num6~ ,of photoa.s per secong .gi~n ofLfrornTecqmbi­
uation_events, assumwg perfect, quan~um efCici1mcy. 
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EXAMPI.E,,4-;l 

- ------ ---------
(a~ Fr~q. (1~3), 

J, = ~ie:~ = 10- 2'exp,(-5 ;i1. '194- X 9.4.6. X 10- 4) 

=10.:ze-2•3 = 10-1 W 

SOLUTlON 

Figure:4-6 
, Excjtctio.11 arid 
band.to,bond 
retombinolkm 
,leading lo ph·oti)­
luminescence. 
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.4.3 
CARRIER LIFETIME 

AND PHOTO· 
CONDUCTIVJlY 

J,Q - J =9-mW=!l xiq~J/s 
t ti) The fraetioaof each ph0Lon ene.rgy unit \~hich is~nverted to ~en1 

is 

.2. - ~ -:~:!, - Q.285 

lJIU:s tlre'll~ount qt'ea(}fg.J rop:veflfULto b'~ f>e.ll sep6n.d -~ 

miss cx,9 '& 10~ .. 1!.ffl :x 10..,;\ J'fl 
(c) Assmnin~:oneemitted ph0tonioreacb: pl:foton>absotbeq {perfect 

q'il@tµril ~~~enwlt we ha,Ve 

9 )i( t{) .I? .ol w ..;•J!.16 i. , • -,a:J 
1.fi X 10-19IJ/eV . = .,,.._p ~ ~ • 1'•~0t,p;11,.,,s 

"1t'fly,_nafj-1rt?~QJutiW1: R*mi.i!Ja 'a.!f'Il\wattQlta~uDis;fo,JI'~ e!J...3.7 
6.43 mW at 143-e-V✓photan. 

~-==&./31 x 1oi~ p1iptons/s --~-~ 
4.2.2 Electroluminescemie 

There are many ways by which ·electrical energy C!.&.n be used to genen1te 
photon emissionln a solid, In LEDs an c;leclric cur:rent causes the injection 
of minority carriers lnlo regioll.s of lhe crystal whe·re they can recombine 
with qiajo.rlty carriers, resuJLlng in the CJ:T)issio17 of recambiqation rildlati<>o, 
Tlrls important effect (injection eleclloluminescance) will be discussed in 
Chapter 8 in te~s of p-n jll1l.ction theory,. 

The first electroluminescent effect to be observed was the emission of 
photons by certain p,hospbors in an.aJtei:natingeJectricfie.ld (the D~au ef­
fecO. In thJs device, a phosphor powder such as ZnS is,beld in a binder ma· 
(etial.( often.a pla$ti<:) of a hj.gh dietei:tric cotliltant. When an a-c electric,l'ield 
is applied,]igbtl.~ given off b¥ the phosphor. Su.ah cells can be useful as light­
ing pa.oels, although the.it- effici.enay bas thus far 'been too li;iw for .ll)OSt ap­
plicalions·and their reliability is poor. 

When ex:cess electrons and boles are c.reated in·a seniicon,ductor, there is a cor­
i:~sponding increase in the conductMty of the sample as indicated by Eq. (3-43). 
If the excess carriers arise from optical 1 umin~nce, the r~ulting inc;rease io 
conductivity is called photoconducriv.ily, This is-an important effect, with useful 
·applications i.11 the ana~ysis of semiconductor materillls and in the opero.tion,of 
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several types of elev.ices. [n this s~ction we snail ~mine the -mec,hariisms by 
which excess elec,trons and holes recombine and apply th.e recombinatlon ki­
n~tlcs 10 lhe analysis 0f pholooonduciive devices. fiowever. Lhe imp'orta:Qce of 
recombination is not limited to cases in which tbe excess carriers are·cr<".ated op­
ticvJ.Ly. Ln fact, virtUally every semiconductordevioe depends in some way .on th_e 
recombination of ex=s electrons and holes. Therefore, the concepts developed 
in this section wiU be used exle11slvely in I.he a'l]a l.y.se.~ of diodes, traosistors, 
laser,s,and other devices i.n later chapter& 

4.3. \ Direct· Re(ombinotlon of Electrons,ond Hole_s 

ft was po:io1ed out in Section 3, 1.4 that electrons in the conduct.ion band of a. 
semiconductor may "1ake transitions to the valence band.(i.e:; recartlbinc wiui 
boles in the valcmce band) either directly or indirectly. In d.ireot recombina­
tion, .an exi;ess populatio11 o:r eleclrons and holes decays hy ajcct rons, f~.P.&. 
from the eonduction band lo empty states (ho.les)ln the valence band Ener­
gy lost by an eleclron in making Lhe tTIIJlsition is given up as a photon. Direqt 
recombination occurs sponlaneousfy; thal is. the probability that kUl ele.:.tronand 
a hole will recombine i.s constant in ti111e, As in Lhe case qf carrier scat.tering, 
Ibis constant probability leads us to expect fill exponential solution for lhe 
decay of Lhe ,exa~ carriers. In this case the rate oJ r.Jecay df electrons~ l any 
time tis proportional to the number of electrons remaiufog at t and the num­
ber of hoLcs, with some co11s9nt of proportic,,11;tllty far r~omhination. ar The 
net rate of change in the conduction band elecu-011 concentration is the ther­
mal gen.eration rate a,n7 .fromEq. (3-7) minus the rect1mbination rate 

dn(i) 2 ) 
~ = a.,n1 - a,n(t)p(t- {4-4) 

Let u,s assume llie excess electron- hole population is created a.t t = 0,for 
example by a short flash of light, and the initial excess electron and hole·con­
centrations 6.11 !,llld 6p are equali3TI1i:n as the eJ(\!!l:fons and hoJes recombi□e in 
pairs, the instamaneous concentrations of exce.ss carriers 8n(t) and 6p(i) arc also 
equJi], lhus we can write the total concentrations ofE-q. ( 4-4) in 1enns of lhe equi­
librium -values n0 and .Po and the excess carrier conce1nrn1ions 6n(,1) = Bp(t). 
Us_ing Eq. (3-24)we.nave 

dtn(r) , . 
~ = cr,11~ - a,(n.rJ + Oll•(r)]TPo + fip(r)J 

= - ~[(110 -+ p0}8n(t) + 8n2(t)'] (4-5) 

'We will use 6nM uni! &p{~ k> rnaon ln,!ontoneou, IU(<,,U c.;,rr1'1 COOC""'lr~l)QfU, Clfld .1.it, 11,p fo, th•lr vol­
ue:, ol I • 0, lot•r we wlM """ 1ln,lfor .<ymboli,m lo, ,poftol_ dist, iburion•, ,ud, 01 linf"1 ond 4n[x = O}, 
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This nonlinear equar.ion would be-difficult Lo solve .in .its preseor"fo:nn. 
fortunately. it t-"al'l .be simplified for the case ofJow,level injection. Lf the excess 
carrier concentrations are small, we can negleot the 8 112 term. Furthermore, if 
I.he material.is extrinsic, we-can usually neglect the term reprcilenting the equi• 
librium minority carriers. For example. if the materia.1 is p-type (p0 ► n0).Eq. 
(4-5) beooqies 

(4-6) 

The solution to this equation is an exponential decay from the original ex­
cess-carder ~oncenlratiou IS.n: 

(4-7) 

E)(cess electrons in a p-type semiconductor _rec.ombine with a decay con• 
st'anl ,;11 = (a,p0F 1, talled•thc recomhinaiion lifefltne. Since the calculation is 
.made in tem1s-of the minority carriers, 1n is often ealkd the.minority carrie:r life· 
time. Tue decay or ex.ct'.SS holes inn-type material oocurs with TP = (u~\)- 1

• In 
the case of direct i:ecombinatior~tbe e.-xcess majoricy carrieradecayat tlxactly:the 
same rate as the minority catrie(s. 

There. is a large percentage change .in the minority carrier electron. con• 
ceatration in Example 4-2 and a, small percentage change in lhe majority 
hole concentration. BasiGaily, the apJJroximations of extrinsic material and 
low-le-vel injection allow us to repre.<;cntn(t) in Eq. (4-4) b;i.' the excess con­
centration &n(L) and p(1) by the equilibrium value Po· F.igure 4-7 indicates 
that this is agood apptoxim"atio.l) for lbe example.Am.on: geneni,lexprcssion 
for tbe carrier life time is 

l 
T,, cx,(no + A,) (4-8) 

'TJ;lis expression :is validlor n- or p-type mateidal if lb.: .llljection level is low. 

EXAMPLE A--2 A numerical example ·.may be beTpf • • . • - roximati9~ 
m,!l-de)lll ilie ~ of . . U:t w a sample- of 
GaAsi~do • itli 10U rr~ tonJcrri • sic'carril,r concentr-atiott 
iZ!f . '-~; mo , 11· 
fio rtt1inl e·a · • 
in 3 are cr.eate al 
•d eijf • • 
as . . Tnlf'fi we sh y 
ula o 'et.re~. . 
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S11 = on~ tt-
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4.3.2 Indirect Recombination; Trap•piug 

In co.lumn 1V semiconductor-s and in certain compounds, the prohabi.lity of 
direci .electrcm-hole recombination is very small (A ppendix Ill). TI1ere .is 
some band gap light given off by materials such as Si and Ge during recoro­
bimltio11, bu1 this radiation is ve:.ry wea~ and m;iy be detected only by seusi­
tive equipment. Tiie vast majority of the recombination events in indirect 
materials oc.our via recombinarion levels within the band gap, and the re,sulL­
ing energy loss by recombining electrons is usually given. up to the la ttice as 
heat rather lhan by lhe emission of phptol}s.Any impul'ity or lattice defect 
can serve as a recembiua·tion center if it is capable .of receiving a carrier of 
one type and subsequently c.iphlring the ~pposite lype c>f tarrier, th!ll·eby 
annihilating the pair. For example, Fig. 4-S illustrates a recombination level 
E, wbfoh is below EFaLequilibrium and th~ref9rn t~ substantially filled with 
el-ectr0ns. When excess electrons and holes are created in this materj al, each 
EHP recombine.~ a,tE, in two steps:(~) hole cap LU re and (b) electron capture. 
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Figure-4-7 
Decay of excess 
elecirons and 
holes by re.combi­
nation, for An = 
f:.p = o. Ip~. wlth 
no negligible, and 
T a l O ns !Exam­
ple 4-2). Tre ex­
ponentlol dec:oj 
of &n(t) il lineor 
an this semilogo­
rilhmic: 91oph. 
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figure 4~8 
GoptureprocessliS 

al a recombino• 
Hon .l0l/el: (o) hole 
topture ol a filled 

recombinofion 
center; (b) elec• 

Iron capture ot on 
empty ce·nter. 

- -- J 

....•.•.•..•. . Q . . .. • . • ....... t' ,,, 

Since the recombination ce11tep; In F'tg. 4-8 ·are f!Ued a·~ eq_uilibrium. 
lhc fin;t e¥enl in I.he recombinaLi.on process is hole capture. lt is important 
to note that Lb.ls event iB equivalent to an clectTOnai E, falling to Lile v·ajenci'.:. 
band, ldi:lving behind an empty state .in the recombination level. Thus in.hole 
capture, energy is given up as hearro tbe-lalt\Ce. SimilaTly,enetgy is given up 
when a conductionbund e.le.clronsubsequenUy falls te the empty state in.E,. 
When both of rhese·events have occurred, the recombination center is back 
toJts original :state (filled '"''ith an electron). but an EH.Pis missing.'llrns one 
EHP recombina,lion has ta\ten -place, and tl,e center is readyto participate in 
another recombination event by capturing (I hole. 

The can:ii?-r lileti:111.e t-esulllng from ~direct recombination is som(lwhat 
more complicated than is Lhe ease for direcl recombination., since it is nec­
essary to account for unequal times.required for capturing each tyPe e.f cat­
rier. In particular, r.ecombioalion is o(Len delayed by the lemleney for a 
captured carrier 10 be ll1ermally reexc\ted 10 its origi.n'al band before cap­
ture of the opposhe type or carrier can occur (Section 4.2.L).'F6r example, if 
electron captUie (b'). does not follow immediately after. hole capture (a) in 
:Fig. 4--8, the··hole may be thermally reexcited to the valeaee band.Bne-rgy is 
teq_ui:red for this proc~ which-is equivale-n1 to a 'lfalence band e\1!1.,'tr9n being 
raised ro the empty stale in the recombination level. 'this prcx:ess de1ays the 
recombination.since the hole must be CJipturedagain before reeomb1o.ation 
can be completed. • 

When a c;.m:ier is trapped temporarily 111 a center and then is reexci t­
ed witho.ur recombination iaking p)ace, the proc.ess is often <;:alled.remporary 
trapping. Although the nomenclature varies somew.hal,it is common to refer 
1.0 an impuriiy or defect•center as a tr(lpplng cl!ll!er (or simply frap) if, after 
·ciapttue.af one tYJJe of carrier, the most probable next event is teexcitatlon. 
lf tile most probable next event is capture of. the opposite type of carrier, 
the centeris predominutely a recombination center. Toe recombi.oa!ion can 
be slow or fast, dep~ding on the average time the first carrier is held before 
the second carrier is captu.r.ed. In general. trappin~ levels l.ocated deep in the 
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band gap are slower in releasing trapped.carriers than are Lhe Jevels.lcicated 
near one of tbe bands.. Tiris results from Lbe fact that more energy is required, 
for exao,pli~; to reexalte a !rapped electron from a center near lhe middle of 
the gap to the conducti.on band than is required to reexcite an electron from 
a \~\'fe\ closer to the conduction band. 

As an example of impurity levels in semiconductors, FJg. 4-94 shows 
the eoer:gy level positions of various impurities in Si. In t~is diiigram a su­
perscript indicates whether tb:e impurity is positive (donor) or negative (ac­
i;ept0r) when ionized. S0me impih:ities introduce multiple levels in tbe,band 
gap;Ior•example, Zn introduces a level (Zn- ) located 0.31 eV above die va­
lence bat1d an,d a second level (za• ) near the ml.dd.le ofthe gap. ):;f!.c1l Zn hn­
purity atom is capable of accepting two electrons from the semic0uductor, 
one fu tlie lower level and Lll'en one in the upper level, 

Tue effects of recombination and trapping can be-measured by apho­
l<XJ(Jndt.tctive decay e_1<periment.As Fig: 4--7 shows. a popti.lalion of excess ele.c­
trons and boles disappears with a decay constant cbaracteristio of Lile particular 
recombination process.,Th~ conductivity of the sample ciuring the decay is 

u(t) ~ q[11(1)µ,,, + p(c)µ,,l ( 4°9) 

t ,-,0:tdl;·,u 1- u•J ] 
0 ,:-----------------------....1 Er 

•U+ (0.033} , p➔ (0.044) • l\st(0.049) ·Sb+ (Q.039.) 
0.1 

0.2 

0~ 

o.~ 
()_5 

• Nr' (O.J5) 

+--- --- -zn= ,(oss) 
05 

0.3 

Q2 
• l ,l - (().'i(j) 

-s~ (Ql8) 

. Mn~ (o.53) .. • Au- (O~~ Ci 

• Cu- (()A9) 

0.1 
• tr (0.0451' • Oa - (0.06S) • Ai- (O.057) o r1 --'--'---------------=--""---. .£, 

'V,ikn0&r h.uld 

' Refet@r\(:eo: S, M. S.:• end J, C. l,vl~, "P.o,t,IMfy, Mob\llly, and lmJ"'<ily' la..,f, fn GoA>, Ge end Si o l 
300 K. • Solid Slale E/ectrooic,, vol. 11 , pp, S.99"'502 !June 1961ll; E. sd,ibl, ond A. G, Milnes; ' Oeep 
lmpurilie, in.Silicon,• M01e,;o/, 5cief!Ce and E11yinoermg. vol. ?, pP, 173-18() [19671, 
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Figure 4-9 
Ene.rgy levels of 
impurities in Si. 
The enor1:Ji,es ore 
measvred from 
rhe nearesl band 
edge (E, or !;;) ; 
donor levels ore 
designated by o 
phJ_s sign and 
occ:eptors by ,o 
minus sign. 
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figure 4- 10 
Experimental. 

.arrangement for· 
photoconducfive 
decay measur,e-

rrients, and a typ'i-­
cal ascllloscope 

trace. 

Therefqre, the lime dependence of the carrier concentrations can be moni­
tored by recording the sample resisrance as a function of time:. A typical ex­
perimental arrangement is shown schematically in.Fig, 4-10. A source of 
short pulses oflight is required, along With an oscilloscope for di~playin.g the 
sample v.oltage as rbe resistance varies. Microsecond light pulses can be ob­
tained by periodic:ally discharging n c;apacitor through a .l'lash tubt:"conlnin­
ing a gas suah 3$ xenon. Fur shorter pulses. speeiai technigues such as the 
use of a pulsed laser must be used. 

4.3.3 Steady Stohl Carrier Generotiori; QuosHertni levels 

In the pcevious discussion we emphasized the transient decay of an excess 
ERP populaLion. However, the various re-combination mechanisms are alsQ 
important in a sample at thermal equilibrium or with a steady state EHP 
generation~recombinati~n balauce. s For example; a seroiconcluctor at equi­
librium experiences thermal generation ofEHPs at a rateg(T) =- g1 described. 
by Eq.,(3'- 7). This generation is balanced by I.he recornbina('lon ra.te so that 
th.e equilibrium concentrations of carders 1111 and p0 are roaiotained: 

g( T) = a..n; = et,n0p0 ( 4-1 ()) 

This eguiJibrium rat.e 'balaoc:e can includ!l generation fl:om defect center~ as 
well as band-to-band generation, 

U: a steady light is sh0ne on the sample. an opticaJ generation rate g00 

will be added to U1e thenn,1l generation, and tbe car:rie.r concentra tions n 
a1}d p will incre~e to new steady state-v~lues.. We ean write tije balance be­
tween generation and recombination in terms.al the equilibrium carrier con• 
ceµt.raLions and thed.epa:nures frt>1aec1uilibrium l:i11 and 6p: 

g( T) + 8nv = a.,np = a.,(n~ + !.in)(p0 t ~) ( 4-1 I ) 

(1 I 
.l'losh gene ra1or Flltur 

I {// 

t 
□ 

O •cillo:<m,µi, 

'The 10,m equ///brium •releu lo a coodiliand'no l!l(lernol OX<iloflon.ei«epl lnr IDfflp~,n1u,.,, ond·no nsl 1110-

lion of dm'l!• l~g., o samp~ at o ~°""""' r•m!'•rotur~, in tho d.ark. wlih no field, opp.11odJ S~y.!lol• 
1ele1> to a nonequlllb<Jum copdittpn fn willcli all proces,e, Ort' e<><Jstonl oqd ore balon~d by oppq1ing. 
proco...,, !••!:! , a sample will, o uons!anl curr,nl or o con,tont opllool genercifon of EHP• I"" bofonc•d 
by recombln<>Jlon). 
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For st~dy stateTeco.mbinationaridno trapping,811 "' 6p; thus Eq. (4-11) 
becomes 

(4-12) 

The teDl;) cr.,llfiJo is just equal to the thermal generation i:ate g(T). Thus, 
neglecting the 8n2 termfor low-level excitation, we can re'iVl"ite Eq. ( 4-12) as 

) 
6n 

gop=o.,(n0 + Po 6rl =- (4-1.3) 
T#. 

Toe excess ca:rtie-rcon.centnition can be written as 

6r,:6p=gor,T
11 

(4-J4) 

More general expressions are given inEq. (4-16), which allow iorthe 
case -r P * Tm wh.en trapping is present. 

As ~ :ii, i<!Ul!llr;,,,l~l ~ a~e tliat l:011 • /cm op- EXAMPLE 4-3 
rlcally;ey osecond in a Si sample with 11, = 
'2 µ,Se~.' state exces~ electfon,(or h i -~ 
1013 cm- oil} . (4---14),Wlu'le the perce!).ta ec, 
:Wn COl\l\i~Ofr~l:iQn is s,nall,11ie p:un_ority came . ges~{tbm 

P.o =-n; /n0 = (2.2~ X 1021>)/1014 = 2,2,5 X 106 cp1·- 3 (,1•1/11iW>fiulu,). 

to 

p ~2 X !Ol~cm-1 (.wanrlyswte) 

·:Note that the equilibrium :equaiion 1Ti'.Po = nf-&nnot be used with. ~lie 
su.bscrip_ts-:removed; _that Is; rl]I-¥ rfwh·en ex{;~~scamers·ate pt~ent. 

It is .often desirable to refer to the steady state eleclron and hole con­
centrations in.teems ofFe:rmilevels, wb,ich can be,i-nclu.dedin band diagrams 
for various-0.e-vices. 'The Fermi level Er used in Eq. (.3-25) is meaningtutonly 
wl).en no excess carrre:rs are presertL However, we can writ.: expressions for 
the steady slate concentrations in the same fa.rm as the equilibrium expres­
sions by defining separate (/1.1.tL.ti-Fermi level,~ .Fw and FP for eleGtrons and 
holes. The resultin.g cai:rier cencentralion. equations 

n = 11,e<F.- f.)t~T 
• 

p = n,.eVs-FJ/kT 
(4-15) 

can be cons.idered as defining relalionsior the qua~i-Ferrnl levels. 0 
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EXAMf'll: 4a.4 1n Example.4--31 the·1ste;µiy,st!!te elt"ctron ce_n~nl~n ili 

Quas 
fJ. q 

"!? 

Fi ur~4-J 1 

-t . ' 
9r,p~ Hl" 
EFIPJc~ s 

(~Q1',!Ple '1'-4}. 

0 = no .jJ 6n ::, U ~ l:01~ = (4,,S X lQ,1h)eCF,.-~ZOJ!Z>9 

where·k-T ~ 0.0259 eVat room temperature. Thus the el~troruquasi• 
Fermm~vel pqsitien Ji0 - .81 is ffiun_d ftopl 

F,, - E:i=0.07$9 &i(B ~ i!J!) =0.~3e¥ 

and Fir. lies 0.233,e~ abpve the Jn:trif)sia level, By a similar C:li!ful11tion, 
1 • bol~1qUi\f1--FdrIDJ level \J~s p,i~6 ey pelo~ E, (Fig. 4-Jl) . .fn this ex, 
omgle, the eqwlibJlimn Fermi level is O lru9 ln{61671x 1O~) = 0.228 eV 
nbpv~ I.he. joJ:ri~i6' level. 

--'------ ---B~ 

- - 1- - - - - Fu ~ E1, 

.tfl.~,:V 

-- -'"i- --- --81 
d,l:11{, 'i::.V 

- -•-----l'~ 

-----------'B, 

The-quasi-Fermi levels of'Fig. 4- 11 illustrate dramatically·tbe devia­
tion from equilibrium eausea qy the optical excitation; the st¢ady state F,, is 
only slightly above the equilibrium EF; whereas f~ is greatly displaced below· 
E,,. From the figur~ ll is obvious that the excitation causes a large pereent­
age change in minority.carrier hole concentration and a re la:tively:.small 
change ir1 the electron· ce)ll!enltation, 

ln summary, the quasi-Fermi levels-F~ an.d !-~ arc the steady state ana­
logues of the equilibrium Fermi level EF. Whene)(Cess carriers 1tre present, 
the devi.a1ions of£., and F p from EF indicate how far tlte electron and hole 
populations are from lbe equllfb.rium valu~ n" andp0. Agivenconcenh'ation 
of excess EHPs causes. a large shift in the minority carrier quasi-Fermi level 
compared Wltli th.ill for the majority carriers. l'he separation !lf the quasi­
Fermi 1.evels F,, - FP. is a ditect. measure of the deviation from eq uiij brium ( at 
egumbrium F" = F,, = B.F)· The concept of guasj-fiermi level$ is very useful 
in:visua:Uzingminority and rnajod\.y canier concentrations in devices where 
these quantrlies vary with position. 

4.3,4 Ph9IO(onductive Dev1tes 

There are a number of appbcanons for devices which change r.h.eirresistance 
when exposed to ligh\. For example. suoh light detectors can be ll.'ied in ihe 

Petitioner Runergy USA Inc., Ex. 1030, p. 132



f:xcess C0rrlers 111 Sem,co11duc1ors 

hcime to control aulom.atic nigbl lights whkh turn on.al dusk and i'um off al 
dawn. They can also be used to measure illumination levels..as in exposure 
meters for qJlmei'as. Many systems include a light beam aimed a.t tl1,e-photo­
conducror, which.signals r.be presence of an objcc.t between lhe source and 
detector. Sucb syste1)'.l.S ill'e usef1.4 in moving-object counter~, burglar alarms, 
and many other applica.tions .. Detectors are used in optical signahng.systems 
in wbich infortnatioa is lransmJtte4 b,y a light beam andisniccivcd at 4 pho, 
tooonductive cetr. 

'Considetations in choos:ing a phoi.ocbnductor far a. given apPlio:ition in­
clude the sens1tive-waveJengtb mnge, time respouse, and optical sensiti:vi1y of 
il)e niaterial.1n gen~ral, sernlci.1ndui:1ors are most sensitive co photon~ wi1h 
energies equal to the band gap or sljgh.rlymore energetic thau band_ga.p. Less 
energetic photons are no1 aoso~bed. and photons with lw "P Ee& are absor t;>ed 
at the.surface aodcomn'bme bltle to the bulk conductivity. Therefore, the table 
ufbimd gaps (A-ppenrlix ill) indicates the photon ene,rgies.to w\1ich moo semi­
conductor photodetectors respood. For example. CdS (E

6
, == 2.42 eV) is com­

m6nly used as a phoLo,condu,ctor in rhe visible range. and nam)w-gapl'naterial_s 
such as Ge (0,67 c.Y) and foSb (0,18 e V) are useful in the infrared portion .of 
Lhe spectrum. Som·e ph.otoco.11dllctor~ respond to excitatloJ'\S or car:riers frorn 
impurity- levels within the band gap and therefore arc seru;itive to photons of 
le{ls 1han ba~1d.gap energy. 

The optical sensitivity of a photoconductor can be evalua-ted by exam­
ining lilt: steady ~la leexcess carrier c.oo·c:e-ntr~lic:ms genera1ed by l.!ll .optkal 
generation :rate,g0 ;,- .H the mean rime ea.ch cauier spend!i in its respectlve 
band -before tap\ure is T,. and. T v· we have 

(-1-lh) 

and Lbe phl1toconduclivi/y change is 

For simple recombtnati.on. -r" and T1, will be-eyua\. tf trapping is pres­
ent, however, one of the carriers rua-y·spend little time in its bOll.el before 
being trapp·ed. From Eq. (4-17) it is obvious ~bat for maximllm photocon­
ducd\le respons1;:. we want hlgb mobilities and long liietimes. Some semi.­
conduc,tors are especially good caruHdatcs (or photoconduct\ve, d~vices 
becau~e <1.f U1eit h.igh mobility; for example, lnSb has an electron mobility of 
abaut 105 tmJ.N-s and therefore i, ased as a sensitive infrared detector iJ1 
mm1y applicalic;ms. 

Ute lime re!;ponse oia photoconduct.iv'e aeII isJrmited by the rei:ombi­
nal.101\ times. t·be degree of.carrier lrnpping. and the time required for carri­
ers to drift through lhe devic¢ Jo an electric field. Often tl1e·se properties can 
be ,.i,djusted by proper cha.ice of matetial a:od device geometry. but 1n some 
cases improvements in rei.')?onse time are ·ma_de a) the-~xpensc of'sen11itivity. 
for example, the drift time.cao be-r.edut.-ed by making the device short, but tbls· 
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4.4 
DIFFUSION OF 

CARRIERS 

substant:laUy,reduces ther.esponsive area of lhe device. In addition, it is often 
desiJ:abJe that rhe deviGe liave a l.arge dar,k resistanc1; and for this reason, 
.sbortening·tbe length may 1101 be praaticaL There is usually a compromise lle­
tween sensitivity. response lime, dad;. ~stance, an.d other requirements !n 
choosing'a device fora -particular application. 

When excess carriers are-created nonuoiformJ y,iti as.em icouductor, I.he clec­
b:on and h6\e concentrations vary witb positi.Qnin the sample.Any suc,h si:ia­
t ial variation (,gradienr) in II and p calls for a netmotionof tbe carriers from 
regions of high camer concentration to rebrlons·()f low carrier conce.ntmtiqn. 
This type of motion is calJed diffusion and represents. an important izharge 
transMrt-prm:ess in semico:nductors. The t.wo basic :proces:;es Q{ current con­
duction are, diffusion due to a carrier gradient and drift in an electric field. 

4-4. 1 Diffusion lli-ccesse~ 

Whim 1\ bo\ile of perfume is opened 111.one corn~r-ofa closed room, U1 escen1 
1s soon detected throughout the room. If there is no convection or other m:t 
moli-O;a of air; the sceot spreads by d,11fosion. The dilfusion is the natural re­
.suit of lhe random mor/011 .of. lhe indjvidual molecules. Consider, for cxam­
p'le, a. volume of arbilraty shape with srented 11i.t molecules inside and 
unscented molecules outside the volume.All the molecules undergo random 
thermal modon ancl collisions with other molecules. Thus each D1olecule 
moves in an arbitr.ary directiou uulil it c:ollidcs with another air ~olecule, 
a(ter-'wbich l t moves in a new di rection.If the mqliOJJ is lruly n;1ntlom, a mol­
e-cu le at theudge of che volume has ec1ual probabilities ol'moving into or out 
of the volume 0n ils'hex1 step (as.smiling the curvature of tliesl.LI:face is !'lt'.lg­
ligibJe on the molecular scale). 'fl1erefore, after a mean free time t, half th.e 
1'nolecules at Lhe edge will ha¥e mo\•ed into ll1e volume and hiµf wi ll have 
moved o-ut oftbe volume. TheneteffeuL is that tlic vol1101e contaiaing-scent­
ed melecules bai; increased. This pr.aces~ will colltinue unLiJ Lhe molecules 
are-uniformly disllibuted in the room. Only then will a given-volume gain us 
many molecule.s asifloses in a given time.In othel"words, net diffusion, will 
continue·as long as gmclienls exist in the distribution of scented molecules. 

Gu-riets in a semicond.uotor diffuse in a carri~ gradient by r.u,4om 
the=l motion and scaltering from the lattice and impurities. For example. 
a pul,se of.ex_ces:; ele.d rans i □Jected al x = Oat time r= 'Q w.ill spre.'ld out in 
time as-shown in Fig. 4- 12. lnitiaUy, the· excesr, electrons are concentrated at 
~ = 0; as time passes, however, electrons qi fr use lo regio11~ of low electron 
concentrution until finally n(x) is constant. 

We can calculate the rate at which lhe electron.s dlftuse in a one­
dimensional problem by considering, an arbitrary distribution n(;t) s1:1cb 
as ,Fig, 4-13a, Sioce the mean free path lbetw.een cQlllsions is a small 

Petitioner Runergy USA Inc., Ex. 1030, p. 134



Excess Carriers in ·-scim icon.duc10rs 

/. <> 0 

0 ,r. 

,, (.,) 

II (.r) 

"' 
·' 

, 

;..__, 
I H- / 

,r o 
',\ ff -I• / 

(a) (I>) 

inoremental distance, we can divide x iato segments iwide. with n(x) ev~l­
uated at the center of each segme-nl (Fig. 4-13b ). 

The electrons in segment ( l) to lhe left of x0 in Fig. 4- 13b bave equal 
caances of moving left or right, and in a mean free ti.me , one-J1alf of them 
will move into segment (2). The S<!ffiC is Lrueof electrons wi1,hin one mean fr_ee 
path of x0 to the right;-one•half of t.lJ.ise electrons will move through x0 from 
right to left in a m~an •free Lt.me. Therefore, th.e net-n IJ.1l)ber <:>f ele~tt.oo,s pass• 
ingx0 from left to right in one mean free lime is ¼(n/A) - ¼(n21A). where the ' .. - . 

135 

figure '1-12 
Spreading ef o 
pulse of electnins. 
by dlffusloii. 

Figure 4-13 
An orbitrary elec­
tron cono.enlrotion 
grodlerii in one P:1· 
mension: (a) divi­
sion o( nix\ into 
segments of 
length equal too 
mean free palh 
for the eleclrons: 
(b} exp~nded 
~iew Df two of lhe 
segrnent:S centered 
of -"o• 
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a.rea perpendicular to xis A. The rate o( electron flow in the +x-direction per 
unitar.ea (the electron flux densit)' lj)n)'is given by 

(4--18) 

Sinc.e.the mean free path./ is a small differential length, the difference 
m ·electroq concentration (n.1 - n2) can be writte1f Ill> 

n(x) - n(x + 6.x)-1 (·4-l 9.) 
n1 - n, = Ax 

where xis taken at th.e center of segment (1) and 6.x ::. I. lo. the limit of small 
6.x (i.e.,small mean free path /between scaltetin_g collisions). Eq, (4-18) can 
be written in terms of the carrier gradient dn(x}ldx: 

~ (x) =- I~ lim n(x) - ,:i(x + ~) - P dn(x) (4--20) 
n 2( ~-,o. 6.x 2t dx 

The q_uanllty z2/ZJ is ClJlled the electron diff1L,·ion- coefficien? D,,, with 
units cm2/s. ·,n,e minus.sign in Eq. ( 4-20) arises from. the del:initi.on of the de­
rivative; it simply indicates that the net motion of eleotrtm.s due to <ftffusioo 
is in the direction of decreasing electron concentration. This is the result we 
expect, since net diffusion occ_urs from regions of hJgh particle conceotr~­
tion to regions of.low·particle concen.tr:ation. By identical arguments. we·can 
show th.al holes in a hole. concentration gradleni move wuh a diffus\'on co­
efficient D1,. Thus 

dn{x) 
tf,,,(x) = - D,, -'d 

• X 

~ (x) = _ !) 4p(x) 
P P dx 

(4-21a) 

t4-2lb) 

The diffusion current crossing a unit area (t he cmrrent density) is the 
particle flux denshy rnuJ tipHed by the charge of the ciurfeI: 

. . dn(x) dn(x) 
J,(diff.) = - (-q)D., di= +qD.,~ (4-22.a) 

J (d.ff) = _ ( )D dp_ (x) = _ D df!(X) 
1' 

1 
• + q P dx q P dx (4- 22h) 

'ii rpoffon fn !hr.., dimeniiop• were in.duded, I~• dilfv,ioo wauld be smaller.in the x-<11,ec:tton. Advally, ~•­
<;li ffu,ion ~oell,,,ient .•h"'l,I~ 6.-f=Olcvlotep from tho lroi, ~ne,9y df,!ribution, c,nd .CO/!ering m.e.chooum>. Dif, 
lusl9n coefftcl"'11• ore us~olly dillermlncd el<petlmanroll)I for o porflculor IT)otcriol, o>..<lrucribed in Soclfr,,, 
4.4.S. 
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Exrnss Carrier~ m Semicor-,duclors 

1lisjrnportan1 to note that electrons and hqles rno\'le togl,!theri.nacar­
ner gradient [Bqs. (4-21 )l, but tbe re1mlting cUTTents arejn opposite dlrections 
[Eqs. (4-22)] becaus_e of the dppl>Site charge of elecqon:s an_d h.ole.<t 

4.4. 2 Diffusion and Drift of Carriers; Built-in Fields 

1fan electric field -is present in addition to tl'le carcier ,gradient. the cun:ent 
densities will each have a drift component a11d a diffusion component 

. ) dn(x) 
J,,(x) = qµi.,n(x )'$(x + qD. ~ (4-23a) 

drift diffusion 

( ) ·( )' ( ) dp(x) J',..:<: = qµ,p[} X ~ X - q£>,,~ 

and the. total cur:renl density is tbe sum of tne contributions- due lo elec­
trons and holes: 

(4-24) 

We can best vtsualizcihe relation between the particle.flow and.tj,e cµr­
renl of Eqs. (4-23) by considering a diagram such as sbown in Fig. 4--14.ln this 
figure an electric field is assumed to be in the .1:-cliJ:ection, along wiih carri!lr 
distrlbutions-n(x) and p(x.) wbicb decre\lse wrth increasing-x. Thus the deriva­
tiv!J-S in Eqs. (4-21) are negative, ,Ind diffusion takes place in. the +:i:-dJ-rectio11t 
The resulting elect.ronand ftole diffusion curnmtsJJ,,(diff.) and JP (diff.)] are in 
opposile directions, according to Eqs. ( 4-22). Holes drift in the direction of tlie 
electric field [<l>P (drift)]. whereas electrons drift in tbeopposite clireotion beczause 
·of theit oega1iv_e charge. The resulting drift currer;t is in the +x-clitect ion in 
each case. Note that !be drift and diffusion 1:omponents of the current are ad­
ditive for boles wben I.he field is-[n the d.irect ion of decreasing ;hole concentra­
·tion, wb.ereas the 1wo components are subtractive for electrons under similar 
-cQnditioos. The total current may be due primarily lo the flow of electrons or 
holes, dependin,g on the,-elative concentrations and the relative magnitudes 
anddirections of e lectric l1eld and C'AtJier gradients. 

- - - - +- c/, r(dilIJnnd d>r(ilriflJ 

- --• Ii' ltii!f.J andJ1, (Jnf1) 

- -- - -- '<f," (dlff.} 

,__ _ _ __ ,11 ;, (llrifl.\ 

---- J .• (tl!J:r.) 

j II (J,i(I, ) 

}37 

Figure 4-14 
Drift and diffusion 
direcilcins for elec­
trons and holes in 
a corrier gradient 
and on ele<:tr\c 
field. Particle .Aow 
diredlons ore 
lndic-ored by 
doshad arrows, 
and the resulllng 
currents ore r ndi­
coted by $olicl 
arrows. 
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Figure 4-15 
Energy bond dio• 

gram of o S'?ffii• 
conduclor in 0 11 

electric field '.&{xi . 

Ari Ul)portantresult of Eqs. (4-23) is Lhat minority carrier..~ can conttib111e 
.s1gnifican tly to the curren l through diITUsion. Since the drift terms are ,PT0-
porlional to carriei:conoentration, minor.i.ty carriers seldom provide much drift 
cw'tenL On the otlier J'Ullld, diffusiqn current is proportional to the g,mdienJ of 
conamtration, For example, inn-type materiru the minority holeeoncentration 
p may be many orders ofmagnitudesmallerlhao the electrop concentration 
11, bul the gradienl dpld., may be significant. As a resul t, minority carrier cur• 
ICnl~ through diffusion can sometimes be as large as majority cartier cutrenls. 

In discLL~sing tJ1e mo.don of carriers in an. electric field. we should in· 
dlcate U,ie in.fiue11ce of the f.ielc;l <m the energies of electrons in the ba1td di­
l'l&rams. Assuming an electric field 1(x) in the x-direclion, we can draw the 
eoe:,;gy bands as in Fig. 4-15, tQ include the change in potent.ia·1 energy or 
electrons in the field. Since electrons dr ift in a direction opposite to the 
field, we exp.ect the pot en till I energy .for electrons to Increase in Lhe di.rec­
tlon of the field. as in I'ig. 4-.LS. The clectroste,tio potential "it(,,:) varies in 
the opposite directib:o., since iL is defined m teans of posil ive chal'ges a-nd is 
therefore related to the.electron _potential energy E(x) displayed in. the-fig­
ure by'V'(.t) = E(x)l(- .q). 

F rom the defioitton of electric field, 

d'V(x) 
dx. 

(-1 - 25) 

we can relate '&(x) lo the ekclron pole.nt1at energy iJl the bandcLiagram b9 
<;hoosi:ng some reference in the band for t.he electrostatic potential. We are 
interested on.ly in the spatial variation 'V'(r) for Eq. ( 4-25). Choosing £; as a 
convenient reference, we cart.relate 1he electric field ro this reference by 

----

L. 
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6<ce5s Come rs in Semkondoclors· 

·n1.erefure,Jhe variation 0fband energit:S.wiffi <&(x) as drawn in l;ig. 4- 15 
is correct. The dfrectlon of the slope in the bands relative to ~ is simple m re• 
member: Sinc.e Lhe diagram indicates electron e.n.ergi~s, we know the slop~ in 
the bands must be such 1haL electrons drift "downhill"in the-field. Therefore, \I! 
points "uphill'' in 1be band di.igram. 

At equilibrium, no net eu.rrent flow~ in a semiconducmr.111'us anyflac­
Lualion Whi.cli would begin a diffusion current also sets u.p an electric field 
which redistributes carriers by d1in.A1texamination oftheTequirements for 
equilibriwn iru:lic:nes lhnt the dillusion-ooefficienl .ind mobility musl be re­
lated. Setting Eq. (4-23b) equ11l to zero for equi11brlum, we have 

''(x) =!!ii _!_ dp(:c.) (4-2-7) 
• µ;, p(x) dx 

Using Eq. (3-256) for p(.A;), 

%(x) =Qe _I (rlE1 _ dliir) 
JJ.

1
, k T d.t (ix 

(4-28) 

llJc,; equilibrium Penni level does nol vii-zy 1viLh x, and 1he derivative -of 
E,is given by Eq. (4-26). Thus.Eq. (4-28) reduces to 

~ (4-29) 

This result is ob~ai.ned for .:i1her carrier type-This i(i1portant cqn;ilion 
is called the Einstein relm1o r1. II llllows us to calcuta-re either Dorµ from a 
measurement of the other.Table-4- 1 ll~ts typical -values of D and JJ. for sev­
eral setniconduetors al room tenip_eramre. It is cleat from these values that 
DIµ = 0.026 V. 

A'a important result o( the Mlance of drift and diffusion al equilibri­
um is thnt bullr-in .fields accompany gnldie1its in E, [see Eq, (4-26)]. Such 
gradients in the bands at equflib rium (E,-consran t) can arise wben the band 
gap vu.ries due to cbungeS ia alloy composllion. More commonly, built-in 
fields resull from doping g1adients. 17or examp.le. a donor distribulion.N,i(x.) 
causl!s a gradient iu n0(x), which rnu~t b~ [)ala.need by A built,-in electric 
field '£(x). 

Toble4-l Diffusion coefflcient oJid 111oblllly of eleqto,n end hole> for lntrln1lc 
semlconductors,al 3·00 K. Nole: Use F,9. 3-23 for doped ,emic.anducio,.-, 

o ... tcm2/s) 00 (cm2/s) µ.. {cm2/Y·s) µ." lcm~/V-sl 

Ge 100 50 39.00 1900 
Si 35 12:5 135.0 .MlO 
GoA.5 220 10 8500 ,mo 
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4.4.3 Diffusion and Recombinotion; l he Continuity Equolion 

ln'thc di~cossiqn of di~fus iun of excess carriers, we have thu!l far neglected the 
important effects of recombination. These :effects mu.st be included in a de­
scription of conduction proce~~es, however, sl,nce recombinatiqn c;an caµse a 
varration in the carrier distrlbutio11, For •example, consider a differential length· 
tu of n semicondµctor s.,trnp'Je wilfi area A LI). the yz-plane (Fig. 4- 16). The 
hole curren:1 density leavlng the volume,Jp(.x + A.t-), can be larger or small • 
er th'lln the current density entering,Jp(x)1i:lepeilding on tJ1e .gen_eration.and. 
recombination o[ carriers mkingplace wrthin the volume. 'The net increase in 
hole corice,nrration perunit Lime, i'lplilt, is the difference bptween the hole flux 
peI unit V-Olume entering and leaving, minus lhe reeombinntion rate. We ·can 
convert hole current dinsily to hole particle aux density by dividio-g JP by q. 
·nie current densities are alreadyexpressed per uoitarea; thus di:viding-T,,(x)/q 
by A;r j;iv~s lbe rrQmoer o( carriers per unit volUrT\e entering Ax.A per uajt 
time, and (l lq)Jp(:r + A.r)l.!ix is the number leamogper unit volume and time: 

<tpl ,,.!. J.. (x) - Jlt +~)_lip 
iJl, , -"~ A,t l/ dx 7i, 

( 4-Jll) 

Rate of increase·of hole concen:ira· rcc.ornbination 
tlole bulklup ti,\n in ox A po.r uruuimc tJtrt 

As Ar approaches iem; we -can wiite Lhe current change in derivative, form: 

ap(x. 1) ,18p = _ }_ ~ - 6p 
ut el l <J ilX ·'T P 

The expres.~ion ( 4-Jl a) is called the wr1ilt~uity equation for hqlcs_For 
electrons we <::H n write 

,J'6r, 1 iJJ n. 6n - =- --:.J.- -

r/1 q ilx; 'l'n 

.since the e.Jectronic charge i;; negative. 

A.n111, A cm1• 

( 4 '.I I b) 

Figur.e 4-16 
Curren! entering 
and leaving o 
volume .!lXA 
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Excess Corriers ill Semicondu.ctors 

When the current is carried strictly by diffusion (negligible-drift), we can 
~lace lll-e currents in Eqs, ( 4-31) by t b.e expressions Jor diffusio•n current; 
for example; for electron diffusion we. b.ave 

( 
cl6n 

.I._ cillf,) = qD. ­
ilx 

(.4- 32) 

Substituting this inlO Eq. (4-3lb) we obtain the tlifji,.vion ·e.qu.atio.,i 
f.or electrons. 

(4-3311) 

and similarly for holes, 

(4-33b) 

These equations are useful ln •solving transie nt proble~ of diffusion 
with recombination. For example, a p ulse of electrons in. a semiconductor. 
(Fig. 4-12) sprea$ out by diffusion 11nd disappears by reco°'bln.ation. To 
solve for the electron distribution in time, n(x, t), we would begin with the dif­
~'Usion equatiqn, Eq. (4-33a). 

4.4.4 Steady Slate CQrrier Injection; D.iffusion Length 

ln.many preblem.s 11 steady state dlstn'butiofl ofexcess earners is maintained, 
such that the time derivatives inEqs. ( 4-35) are zero. In the steady state case 
the diffusion equ.!ltioos become. 

d 18n 6ri 61i 
--- --m-
dxi - D ;r,1 L~ 

(4-34a) 

(4-34b) 

{steady stme) 

where L" "" ~ is called the ,electron diffiJsio·n lei1g1h and L,,. is the dif0 

f\1$i.09 length. for boles. We-no longer need p;i.rtia.l· derivatives, since the lime 
variation is zero for steady stal'e. 

The _physical signific;ance of the diffusion length can be ·understood 
besl by an example. Let us assume that excess holes are somehow injected 
into a semi-infinite semiconductor bar at x = O,:and the steady state hol.e in­
jection m.aintains a constam exces$ hole concentration a t the injection point 
~p(x = 0) = !;,.p. The injected.holes diff_use along. the bat, recombining with 
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Figure4-17 
lniJ;1Ction of h0les 
ol x = 0, glv1ng o 
steody stole hole 
distr(bution p(ic) 
and o resulting 
diffusion current 
dehsity J.(x) . 

0'---------------r 

a characteristic lifetime TP' In steady stale we expuct the dislributio_nof ex­
ee.ss holes lO decay 10 zero for large values of x, becaus.e of the recombina­
tion (Fig.4-17). For th.is problem we use tile sieadys111te cJiffosion equatian 
for holes, Eq. (4-.J4b). The solution t.o this equation has the form 

(4-35) 

We can eyaluatp q and C1 fro1n lhe boundary conditi.on.C\. Since recon:1-
bination 1nusr .reduce op(x) to zer.o ror .large vulues of-x. gp = ,O .al x = qo and 
therefore C1 = 0. Similarly. lhe condition fip = Ap au = 0 give$Ci = t:,.p, and 
the ~olution is 

(4-36) 

The injected excess h ole concent-ration dies:aut c-x-p011entially inx due 
lo recombination, and the diffusion length Lp represents the distance at.wit.fob 
the excess hole distribution is reduced to 1/e of iti; valae at the poiru of in­
jecti.on. We can show I.hat lp is tlw 1111el'a.ge distan~:e a hale diffuses before ~e­
comb1ning. To eak:ulate :m average (liffosion length, we_mi;lSt obtain an 
expression for lhe probability that an injected hole recombines i11 .a particu­
lar in'lervaJ dx. The probability Iha! a hale injecled at x = 0 sut~•ive.s to x 
without reeombinalion i.s '&p(r)//i.p = exp(- x/L1,). the qtlio of the steady 
state concentrations at..r and O. On the olrer hand. th~ pmbability that a hole 
at x will recp,nl)in.e in the subsequent imerval d;c is 

8p(x) - 6p(x + dx) _ -(d8p(x)/dx)dx _ J_tlr 
&j1(x) 8p(x) L r 

(4-37) 

Thus the total probability that a hole injected at ,r. = 0 .will rec.om blue 
in a given di is tbe procl,uct of the two-proba\')ilHies: 
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Exce.ss Carrier~. in Semiconductors 

Then, using the usual averaging techniques described by Eq. (2-21), 
the average distance a hole diffuses before re.combining is • 

(4-3\1) 

Toe ~te.ady state .distribution of excess holes causes (liffu~on, and there­
fore a hole currenl, in the dire'Cti.on of decreasing concentration. From 
Eqs. (4- 22.b) and (4-36) v.:e have 

sm·ce p(.-c) =- p0 + 6p'(x), the space derivative involves ooly the ·eioc~s 
concentration. We notice that since 6p(x) is proportional to its derivative for 
an expo.nential distribution, the diffusion current at any xis just proportion­
al to the excess -concentration 6p at that position. 

Although 1h.is example seell\S rather restricted, its usefulness will ·be-. 
come apparent in Chapter 5 in the discussion of p•n junctions. The injection 
of minority carriers across a junction often leads co exponential distributions 
as in Eq. ( 4-36), with the resulting diffusion current of Eq. (4-40). 
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EXAMPJ.E ~5 In a :very long 15-tyreSi 'bar w.i,th•cross-sectlonal area = 05 cm2 a11d N0 = 
l @f7 em- 3; ~ in.@~t 1},ol~ s4cb t.nat t.lfe;steaqy S\,!ll!, ~ce,rs ;tiol~ concen­
t ratfon is .S x J.016 cm~3 at x = 0. What is the steady state separatian be­
twe,,eJl,.£ aoq 'E0 a,t .c = l opo '!.? "What ·1~ th~ QQie cuqepJ t)ler;e-? Hoy.,. 
_muchJ~ rhe excess,stored ho'lec1ia1;geo? Assume 1hat lirn = 500 cm1N-s and 
'fp = i o-io II-

SOLUTION k-T· . 
D = -· - µ. . = 0'.02.59 * 500 = 1 :C95 cm/s • p q p 

L = 'Vii:i..-= xfil.2.95' -x o- JJJ = "3.6 x 10- 5 am p, 'P,~p . 

A ,o-> - -~ p = Po+ l>..pe ir, "° 1011 + S x t0'6·e 3.6x,10 

= L.379' X JOI? = nie(,E,,=:F,Vf17: = (1.5 )¢ 10!0 cm- 3)e'<li,-F.~)lkT 

E - £. = ('l:n 1.:3J9 :x 
101

'
7
)· · 0,0~9 = 0.415 eV' 

.f p \ 1,5 X lQID • • • 

.Ee - Fp = 1,1/2 eV + 0.415 e.V = 0.965 eV 
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We c;m ¢afoiilateflie-liole curr~ijt from Eq. (~} 
_.le 

'dp DJP, r,, 
T = - gJf:D -= q'.&-~ (A n}e 

P P dx • " L
9

.· "' 

'Ill"' 
= 1;6 X 10- 19 X 0,5 X S X 5 X 1016 e - :l.6)it\O!.! 

~ 1,.,09 ~ 1G3 A. 

Q-j, = qA(~p)Lp· 

=' 1,6 X 1Q- 19 (0:5)(5 X 1Q16)t3.6 X 1Q-:.S) 

= L44 x.10~ 7 C 

4.4.5 The Haynes- Shockley Experiment 

·One of 1:he classic semi'cqnductor experiments is 'the demonsLratic;m of drift 
and diffusion of minority carrieFS, .first performed by 1 R. Ha}'lles and 
W. Shockley in 1951 at the Bell Telephone Laboratorie,s.llu: experimept-al­
lows .independent measurement of the minority .carrier mobility I-" and di!· 
fusion coeffitjent D. The basic-principles oftbe Hayries~Shqckley e~perimeot 
are as.follows: A pulse of holes is created in an n-type bar (for example) tha:t 
contains' an electric field (Fig. 4-18); as the pulse drifts• iiuhefield and spreads 
out .by diffusion, the excess ho1e concentration .is monitor-ed at some poinl 
down the bar; the time re.quired for the hole~ to drift a given dislap_c"e in Lhe 
field .gives a measure of the mobility:: and the spreading of the pulse during 
a given time is used to calculate the diffusion coeffi.cieni . 

. r= L 

I 

Figure 4-18 (a) '-I -~.t 
(J 

Drlft and diffusion 
of d hole p!llse in 
on n-type bar: (a) 
sample geometry; 

\b} position and 
shape of the pul~e 

for several times 
during ifs drift 
down the bar. (b) 
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Ex.cess Carriers in Sorn,conductors 

lnFig. 4- 18 a pulse of excess carriers is cr'ea:ted by a ligh.tftasb lftsome· 
_poinu = 0 in an a-type sernkonductor'(no ~ p0). We assume that the excess 
carriers have a oegJjgible effect on the elecLron concem:r:ation but change 
the hole eoMent}:ation significantly. The excess holes drift in the direetion. 
of the elecliic field and eventually reacb the poinLx = L. w.h.ere llie.y are 
p,onitored. By measuring the drift time l,t : we can calculate the.drift veloci­
ty v 4 and, therefore, the hole mnbility: 

L 
~=~ (4~) 

(4-42) 

Thus the hole ,mobility cap be calculated d.iri;;ctcy from a measur-emeni of the 
drift time for the pulse as it moves down the bar. In.contrast wltb. the Hall ef­
t'ec.t (Section 3.4.5), which can be u...ed with resistivicy to obtain tile mdjori­
ty carrier mobility, the Raynes.:Shockley experiment is used to measure the 
ininoriiy carrier mobility. 

As the pulse dn'f(s in the'& field it also spreads•oul by diffusion. Bymea­
sucing the.spreatl i:n the pul,;e, we ean calculate D;,. To predict tbe distribution 
of boles in the pulse as a func110n of time; let us first reexamine tbe.c.ase of dif­
fusion of a puL~e wilho~t drlft; neglecring recambinati.011 (Fig. 4-12). The eq1,13.tian 
which the hole distribution must satisfy is·the time-dependent diffusion equation. 
Eq. (4-33b ). F9r lhe case of negligible recombioation ('T'p long compared ,vjth the 
times lnvolved in the diffusion). we can write. tbe diffusion equation as 

aap(x, i) .D .rh,p(x. c) 
;Jc - P a.i2 (4-43) 

The function which satisfies this.equation is called a gaussian distribwion, 

6p(x, t) = ~= e-.s?/w; ~ /J.P ] 
'J;;i)j 

(4-44) 

where AP is the number of boles per unft area created over a .negligibly small 
distance at r = O. TM f.acto:r .in brackets indicates that lhe peak value of the 
pulse (al x = 0) decreases with time, and the exponential factor predicts the 
spread of the'pulse in the positive ~cl:negative x-directions (Flg. 4-19). lf we 
designat~ the peak value otthe pulse as .8p at any Lime (say rd), we .can use 
Eq. ( 4-44) to calculau,D P from the value of 6p al ~ome point x. TheJJlOSL con­
venient choice is the peint ~h,, at which tip is down by 1 le of its peak value 
op . .At this point we can write 

-1,:,~ <>" -(Ar"")'/4{) I t! op = ope 1 • , ' (4-45) 
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Figure 4-19 
C_cloulolion of l;>p 
from l~e shape of 
the 8p dislributton 

after lime 111. No 
drih or recombi-­

notion is included. 

Figure 4- 20 
The Haynes­

Sh~kley experl• 
meor. (a) circuit 

schemolii:; (I?) typ­
ieol lro.ce on the 

oscillo'scope 
~creen. 

- AP 6p = . 
2 '1!1' D,,,d 

0 

Si nce /ix cannot be mcasur,;:d directly, we use n.o experimental setup 
such as Fig, 4-20, which.allows us to ctisplay"the pulse Ol} a~oscilToscope as the 
carriers pass under a detector. As 1ve shall see in Chapter 5, a·.forward-biased 
p-li junction seJ:VeS as a:n exceltcnt injector of minority carriers, and a revefse­
binsed juncrio.n serves as a detector. The measured quanlil)" in Fig. 4-20 is the 
pulse 1vitllh flt ffi:iplayed on the oscilloscope in time. lt is related to 6.x by th~ 
drift velocity, as the pulse drifts past the detector point (2) 

('4--17) 

I rr 

1--- - --1,, 

{bJ 
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~ n-type.Ge-sample 1tused in the'Haynes-Shockley experimentshown EXAMPLE 4-6 
fn Fig. 4-20. The lenglh.of·the'sampti!'is'J cm, and fhe pro~ (;I.,) and (Q) 
are-separated by 0.9'5 cm. The battery voltage: Eo.is'2V. A pcdse-arrives at' 
pofut ~2) 0.25 m~ aftep injection-at,(u,}; t}t~:wid'tl'i Qf tfie P.ul.$e t.r,,1s4 ll.:7 µs. 
Galcufa:te<th:e hole .mobility and diffusion coefficient,,a nd cheok the. re-
$)jJts against the Ei~t-ei-p relation . 

. ~ '(d = 0.9~/(0.25 X ~Q-
3
) = 19()0 J/(V- :\ SOUJTION 

µ,fl '.!: Z/l • cm SJ 

(A:.¥)2 (ALL)2 
Pp= 1Stll = 16~ 

(ll17~ 0,%,)2 X 10- 12 
2 . 

• "' t6(0.1S? x 10-P = 4-9.4,cm 1s 
!3.e;::: 49.4 =-0:@6 = kT 
~p 1900 • g 

4.4.6 Gradients in the Quosi·Fermi levels 

lnSec1ioo3.5 we saw that equilibrium implies no gradient in the Fenni level 
E i,. Jn con trost, any combination of drift and diffusion. irnplles a gradient .in 
the steady stare quas_i-Fcnni level • 

We can use tbe re~--ults of Eqs. (4--23). (4-26), and (4~29) to demon­
strale the power or the concept.al qua:si-Fenni levels in semiconductors [see 
Eq. (4-15)1- If we take the general case of J1 0nequilibrium electTon co.ncen­
tration with drift and diffusion, we must write the total electron cl.U:r~t as 

, ) _ ( ·)'"( )' dn(x) .!,._\:\'. - qJJ..n -x <> x + qD,. dx (4-4ll) 

where the gradient in electron concentration is 

dn(x) = ~[meff~-~)/k7l "' n(x) (dF,, _ dEi) 
dx d:c ' kT dx dx 

(4-49) 

lJi;ing_the Einstejn relation, the total electron cur.rent becomes 

(4-50) 

But Eq. ( 4-26) indicates thal the subtractive te1m in the br14eke1s is just 
g'8.(x), giving a direct cancellation of t/JJ.,Ji(x)'i{x) and leaving. 

(4- 51) 
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SUMMARY 

Thus, the pro~~ses o"f electron drift and dilfusionnre summed up by the 
spatial v.ariaLion_ of the quasi-Fermi level. The s~ derivation can be .{(lade 
for holes.and we can write the current due fo drift and diffusion in the form 
ofa modified Ohm's law 

J ( ) ( ) 
cl(F,,/ q) 

n X = qµ.,11 X ,_ 
• (M 

( ) 
d(P,./q) 

Cln X dx (4-52a) 

J ( ) _ . ( ) d(Fe/q) 
p X - qµ.,R X dx (4- 52b) 

Therefore. any drift, difCusion, or combination of the two in a semi­
conductor resul,tsfa cur.rents proportienalto the gradierits of the two (l\11;1si­
Ferrni levels. Conversely, a laek of current implies constant quasi-Fermi levels. 
One can use a hydrostatic a,nalogy for quasi-Penni levels and ldentify it as 
water pressure in a systern. Just as water flows from a high-pressure region 
LO a low-pressure region, until ln equilibrium the water pressure is the same 
everywhere, similarly. electrons flow from a high- to low-electron quasi-Fermi 
level region, unl.i) we get a tlal Fermi level In eqti.illbrium. Quasi-Fermi lev­
.els are sometimes. also known as electrochemical potentials because, as we 
just saw. u,e driv~g f9rce. for carriecs is governed panly by gradients of e lec­
trical potential (or electric field), which deiermines· drift. and partly by. gra­
dien ls of ca:rriet concentration ( which i:; related to a tbennodynamic c-0l)cept 
called cJ,emieul.potential), giving rise to diffusion. 

4.1 .E.rrns carriers, above the equiHbrium values qontributcd by doping,.m:iy be cre­
ated opriMlly (or by electrical b.insin& in devices). Gcncration~recombinanon 
(G-R) of clecLron-hole.pairs (EHPs} can occiJT by nbsorption of the _photol\5 
Wllh enerl?J' gr~ruer t:hruJ the band gap, balanced by direct ·or i.oditect recom­
bination. 

4.2 G- R prace.sses-c11.a bee mediated by tr11ps.. especially deep 1u1ps nenr midgap. 
Band-to-band or I fc\p-Assi:stad G-R proc~ lead to an average llfclime fQr the 
e)(cess carriers. Carrier lifetime multipl°ie.d by the optical generation.rate e.s­
rol>lish.!!S a stendy s1a1.e e)((;ess population of cnmers. Tlie square root of carri­
er lffctimc;: nmltiplied by the diffus-loo coe{fic.ient cletermlnes the dii':fusi,;in 
lei\11,Lh. 

4.3 ln. eq11illbri11m, we have a r·ons1nn1 Fern1i lr ve/.ln noitequillbrlum with excess 
carriei:s; fiermi. levels ai-e. generalize.cl to separate quasi-Fermi ,/e~t:ls foe elec­
Lrons and h<>les. 'Il1e qunsj.:Fermi l ev~I splitting is a nicas-ure of Ule departure 
from equilibrium. M inority carrier qlllls1-Fermi levels change:: more than ma, 
JoriLy carrier gi;ias1-Penni levels because. th,e relativi;, change of minority carri­
ers is larger. Gradients in the quasi-Fermi lcvcldc-termiae the net drift-diffusion 
current. 
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4.4 Diffusion flu:,: me~rcs the flow of eimiers from higli- ro low-concemr/itio.n 
regions and is given by the diffitsivicy times the concentration gn1die1lf.Toe di· 
roction of di:ffusfon curreni is opposite to-i_('re lludor the neg;uive electrons. but 
jn the same direction fot the positive holes: Carrier diffll5ivity i.s relatcd'tomo­
bllity b¥ the thermal vol~ge kT/q (Einstein relation). 

4.5 When carriers move in .a semiconductor due to drift -or dlff!lsion, the time­
dependent earrier.toncentrations atdiffere;nt pofuts is-gi:ven by the ca"ter co11-
tirl1li1y equotiou, which s;iys tbm i[ more c.arriers _flow into a point t1Jan flow 
a u1, the concenrralion v.1111n~fea~e as a' function of' tir,ne and vice versa. G-R 
pro.cesses alse affect carri~ concentn1t_fons. 

4.1 With "EF locaw.l 0.4 eV arnive (be valen01! bim(,! in a Sj ~ampl.;; what chlftl!,e PROBLEMS 
state would :{ou eicpect for most Ga a.toms in the sampl'e? Wbat would be the 
prcdomlnllll.t charge stale of Zn'.i AU? /11Qte;l3y chl!rge stale we mean.ru:111.ml, 
singly posjtive, doubly11egiltive, etc, 

4.2 A Si sample witll l 011'/cm' donors (s q,1ica1Jy ex;c;ited such thnl t01l'/c:m3 

clectron-hole·pai:rs are generoted per .second uniformly io the sample. The laser 
causes tho sample to heat up t(} 4'50 K. Find the quasi-Fermi levels and t~e 
ch.ange in conduc.,tivity of thesnmple upon sb!nmg tlte hghL Electron and hole, 
lifetimes ~re both: 10 µr,. D,. = .12 crr/(s;D, = 36 mµ,21~;111 = lQ11 Cll)- 3 a.L 450 K. 
What is tbeclumge in conduauvity upon shining light? 

4.3 Constnl.cL,a semilogarithmic plot such as Fig. 4-7 for Si doped with 2 x t015 

donoi:slcm3 nnd having 4 x 101• EHP/cmJ t rented llniform!y at/ = 0. Assume 
·that 'r,, = ,.-P = 5 µ.s. 

4.4 Calculate the recombination coemcien1.o:,Jor the low-lc:vel excitation described 
m PwbA .3, Assume.that this valueofo,.applies when the GaAssamp.le is uni­
lbnilly exposed 10 a steady state.optical gene ration raleg,11 = L01~ EHP/cm1-s. 
Find the steady sta te c,coess carrier concentration A11 = Ap. 

4.S An intrinsic Si .sample i.s doped with dcmors from one side such tha t N4 
"' N0,;xp(-n.r).{a) Fh)d a.n c1tpressi90 ror the built-in electric lleld at equilib-
1111.m over the range for which N,1 }> n1, (b) Evaluate the iie.td when a = l 
(1,1,11\>-1. (c).Sketah a barid dlagi-amsuch m; in Fig. 4-15 ~nd in,dicate the din;c­
tion ofthe field. 

4.6 A Si sao,ple witl1 1015/cul d'onors is \Jruformly optically t:)l..t:1ted al room tem­
perature such that 'I 0'"rcml elecli::e,n-bote pai ,:s are generured persecorid.Flnd 
,he separation of the quasi-Fermi levels and the·ohanga of toliductivity .upon 
sllirling Lhellght. El1Jctrot1 and h9le lifetimes ore both lO·t,LS, Dp = 12 ~,n1/s. 

4.7 Ann-type Si .. sample with N,, = 101
., om- J is .steacbly illuminated such that 

•'Cov. = tO'-' EHP/cm3-s: 1E-,, ~ 11'11 = lp.s for this excitation.calculate the .separation in 
the quasi-Fermdevels. (f.~ - Fp)• Draw a band diagl'.am sueh as fig. 4-1.1 . 
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4.ll For a Q-clll-'long doped Si bar (Nd = 101" cm--3) ,vith a aross-sectional area = 0.05 
cm2, what is the'curreot-if w;: apply l0V fli:ross it'? l f we gen,e'rare 102° electttm­
hole pairs per second per cm:' uniformly in the bar and the l.ifcdrne ir" =- T P; 

lir"s, what is 1the new current? A.si;ume Lhe low-JcyeJ ct, doesQ'I chat1g_c for 
high-level injection. If the voltage is then increased 10 100,000-V, wbat is 1he 
oe,v current? A~sume I-Lp = 500 cmiN-s, but you musrcboose the appropriate 
value for clectronS: 

4.9 Desiw anp ~etth a pbotoconduc.tor, m ing a 5-µ.rn-thioldilm of CdS, aSl)umin_g 
that .... ::- TP. = 10-6 sand N~= J.OH cm· 3.1nedark resistance (witlig1"'= 0) should 
bi:: 10 MO, am;l the device must Cit in a square 0.5 cm <ma side; therefore. some 
sort or fc,lded or zigzag pallem 1s ln order. With an -excitalion ~r ..!lo,,= 1oi• 
EHP/cm3-$, whar i.s the rc~istance cti.ang_e? 

4. IO A I 00-mW larer beam with wavelength >.. = 6328 A is focused onto a Ga:As 
$ample l 00 t'-llJ. Lhicl<. 'Ille absorption coeftlcien1 at 1111s wavele ngt)J iS 3 x ut 
cm- 1

• And the number of photons emitted per second by radiative recorobt­
nnlion in the Gill'\.s, assuming perfect quantum ef.ficle.n.ey. What power is de­
.livered to the sample os heal'! 

4.11 A55Ume that a _photoconductor io the sbape of a bar of length /., and 1'1rea A has 
a constant voltage V opplied. and 11 is illuminated such that g~" EffP/cm3-s are 
generti1ed uniformly 1brougJwu1. Tf µ,; ► µ..,,. we can assume the opliallly ln­
duced change i.n current t:,,/ is dominated by tbe.mobilily µ,. and ljfe.time ,., for 
eltctron:,. Show that 6.1 = qALg,,p-r.lT-, for this photocondu.01or, wherc-r, i& the 
transit time o( electrons drifting down the Length of the bnr. 

4.12 .For the steady $late minority hole distrUiutipn !hown In Fig. 4-17, find the ex­
pression for lhe hole quasi-formi level position £, - Fr(:r) while p(x) ~ p1, 

('ie .. , wlri1e.Fp is below £F)• On.a handdlagrmn,cltnw ihe ,'Jlrihlion of Fn(.1:), 'Bl! 

careful- when tliemmonly carriers are fe.w (e.g., when 6p i.s n,), Fr still has a 
.long ·way ro go to reach E.,. 

4.13 Jo an n-rype ~ 1con.d11etor bar. there is o.n increase in electroa conce-n1ra11on 
from •left 10 clgb1 and an ,e[ectric f,ield poinili}g to the left Witb ii suitable sketc\1, 
indjeate the directions of, tlie i!lec;tron drift 11nd diffusiop QIII'ent Do.w and ex­
plain why. If we double the electron «l:11.centralion cvc.ryWhcrc. what happens 
10 t1tc diffusion current o.nd lhe drif.t current'? lfwe add a constant co.ocootra­
tion of electrons everywhere. What happens-to the drift and diUu.tjon curre111:;? 
E.,pla.1n you.r answers with apprnpdate equr,tions. 

4, 14- 'The ourren:Lreq_uired td Ieed the ftb[ejnjection alx= 0 in.Fig. 4-17 i.~ obfained 
by eyaluatmg Eq. ( 4-40),a.t;t = 0.'l'll.e result js lp(xc: 0) = q,A/J1,!:i.p/LP.Show 1h111 
tJ,is current c1m be t.al't:ulntec! by irttcgrotiog the charge stdred in the steady 
stale hol0- clisl cibulicm 6p(;.r) and the1~ .dividing hy the average hole lite1i11)e -., 
Bxpirun why this approachgi.ves lp(x =0). 

4. 15 The-dlte.otion of th.e builL-in t:leGlru; nekl can be ded11ce.d y.,i lbor.rt math by 
skeTchi'ng- che resolt of a doping grad.lent on the band diagram. Surrtlng with a 
.lla.1 Fermi ,~vel at equilit•rhtm. place E, near orfadrom E"as the doping.i~ 
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varied ror tile two oa.~es of a gradieni i:t1 donor or qc~.cptor doping as in..Preb. 45. 
Show the etec.Uic.field ditectionln each case, based Ori Eq. (4-26). lf a ini,ror• 
iry ~er is injecl.edinto the Impurity gradient region, in· what direction is it ac­
celemrcd 'In-the two cas:es1 This is an interesting effect thlt( we wiJJ use l!llet'in 
cliscw;siog b1polor transistors. 

4.16 In ProbA.5, lhc dfrecl.lon o[tbe bufu•in ~Je.cttic Ileld'due to a gradient In dop­
ing w:is detenninedfromEqs (4-23) and { 4-26) .. (n this problem, y9u are as,ked 
to t:Xplain qualitatively why-tlu: neld must arise and find lts direction. (a,) Sketch 
a dcmor doping dlstribution•as in Prob. 4.5, and explnin the field required to 
keep the mobtle electrons from diffusing down the gr-adient Repeat fot ac­
ceptors and holes. (b) Sketcili a mlcroscmpicwgion of the doping distribution, 
shawm& ioni2,ed donors and thetesulring rn9blle electrons. Explain the 0rlgJn 
aod direcrion of th.e field as the electrons,1.mempt lq diffuse wwa.rd lower oon­
centratJ.ons. Repc<1t for amepl~n-s.and ho'lus. 

4·,17 We wish to u.~e the Hay11es- Sho'ckley e.~perime:al to calcu!at'e the ho1e lifo.t:itru: 
Tr in an n-lype sample. Assume tbat the pe.ak voltage of the pulsedlsplayed on 
thl:l oscillescope screen is propor1ionµJ co Ch" nQle concentration under llie col­
lector terminal at time 1,, and thac the displayed pulse can be approximated as 
agaussian. ;i,~ in .gq, (4-44)., which decayi; due to rec.Qmbination by e- r/T, . The 
electric field is varied and 'the following data are taken: For t,; = 200 µ.s. the 
peak is10 mV: for rlf =-50 µ.s,'lh.: pea.k is 80 mY.What is T1,? 
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Qul!Sfion 1 

Consider.a p-type semioonduclor that ho.s a ba-nd.gap of l..0 eV and a minority electr0n 
lifcr)meof 0. I µs. and irnniformly illlllli.irtated b} lfJ;\hl having photo,n ene.rgyof2.0 c:V: 

(a) Whal rate t.iJ uniform exces.s carrier generation is rc:q1tlrcd to genemte,a uniform 
electron concentr~tion of 10111lcm;? 

SELFOUIZ" 
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(b) How much optjcal powe.rper cm3 tJ)iJ~be abso1bed iri,order lO create th,e e),C­
cess carrier population of part (a)? (You may leave y0ur answer in units of 
eV/s-cm3.) 

(c) Il the carnets recomblne via pbotO{I emission, approximately how llllmh opti­
cal pewer per•cm~ wil.1 be generated? (You may leave your a:nswer in units of 
eVfs-<m11.)' 

Questlo.n2 

(11) What do we mean by "deep" versus "shallow" traps? Which are.more-hannful 
for semiconductor d_evice.s and why? Wliati5 an example of a deep trap in Si? 

(ti) A.re ab_sotption lengths of slightly aboye b;md gap pl\otons longer in S1 o.r OaAs? 
Wby7 

(c) Do absorption ooefficients of photons increase or decrease with photon energy? 
Wby'I 

Questfon3 

Consider the followin& eqailibnum band diagram for o portion. of a semiconductor 
sample with a built-Jn e.Jectrlc f:it:ld 1: 

~ne,gy 

L positi\ln 

(a) Sketch the Fermi level as a. fuoctlon llf position rhrough the indicuted point,££, 
acr-cm the ,,ridth of the ban.d diai,rram above. 

(b.) On the band diagra111, sketch the direction of the,electric field. Is the field con­
stant orposition dependent? 

(c) On the-foll0wing graph,skelch and labe.l both lhe electron and hole roncentra-
1itms a~ a :fuoctiC!ln of-p()&iti.on across the·full width of the sample. Note that tn.e 
carrier concentration scale is logarithmic such. that exponential variations in tbe 
carricrcortcentratjon with position appear as straight lines; Note atso that the 
horizontal axis corresponds to ,the intrinsic carrier concentration of n1. 

Petitioner Runergy USA Inc., Ex. 1030, p. 152



Excess Cci!riers .in Sernlconduclors 

log(n), log(p) 

-------------+-\ __________ _ P9Sillon 

log(n1) 

Question 4 

(a) Indicate the directions of tbe hole and electron flux aensities <!, .due 10 ctiffusfun 
and drift under lhese equilibrium conditions corresponding to the pr.evious 
Question 3. 

(b j Indicate the directions of the hole ,111d ele.ctton current den~itie~; due to. diffu­
sien and drift un'der these eq11illbri11m conditions. 

Queslicm S 

(l\) What are rhe reievsnt equations that mu.st b,e solved in general for a semicon­

ductor device problem? 

(b) In gE:neral how M!IJlY c.omponen1s ofi:onduction cUJTeat can you )lave in a se{!li­
conductor devi;:e?What are they? 

Question 6 

(a) Consider a region in a semiconductor with an electric field directed toward the 
righl (➔) an<fcimfor concentrations.increasing10wzjl the le(f (+-).1ndicate llie 
directiens of particle fluxes <I> (oirelc one for each) lli'ld clu\tge currents/ due to 
dr(ft .a11d ruffusion within that region. 

(Ii) Based on your~swers 10 parl {a). indicale the direetians of the chaTge currents 
j .due Co drift aod iliffuslon within tnal ·region. 
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Chapter 5 

Junctions 

08.IECTJVES 

l . De~l'in,ne,the bdridi diagram of q p-n iunclTgn iii. equllibrium10n~ Use 
, the P.oisson equation to colculote electric fields and polenliols 

2. Delwmine current Rciw c»mpone.n& in Ql'J 11ideol~ dtoc#i,:ond why 
reverse feo~ge in qfl ideal' diode is independent of bicis; srudy; 
gppli.cotions iri Tectifiers 

a. Unpe!'Stand deP.lelion capocifance,due ,lo dopant charges, and 
diffusion ccr~tG~ due to roobile corfie15 

4. Study sec;ond·order effeats-hi"9h·level iniection; 9eneJ-c:ition,­
recdmbitJof/lm ln ~lelion ~ iop, ~ries, resi~ton,c.~. a rid grodlflcl jUJ19ions 

5. Study meral-semiconduotoriundions (Sd\o~ Ofld ohmi<j) and hetere· 
junctions, in terms of.vacuum level, electn:i!1•affini15'1, and worl< function 

Most semiconductor devices contain a1 least one junction between p-type and 
a-type-l)lllteriaL These p-njunctions,arefundamental to tlle petlonnanceoffunc­
tions such as.recdfication,amplifie&rion,switching, and othet operations.in elec­
tronic cirJ;uits. Jn U:tls cbaplerwesball discus:; the equi4btlumstate o[ the junction 
and the flow of electrons nnd boles ncro:;..,,a jw1otion undel' steady state and uan­
sient conditions. This is followed by a discussion of metal-semiconductor junc­
tions and heterojunctiom; between i;emiconductors bavinirdifferent band gaps. 
With the background pr.ovided in this cbap~r on junction p,operties.. we qan 
then discuss specific devices in later chapters. 

5.1 Although lhis hook deat,;-primarily With how devtces work rather than· how 
FABRICATION OF they.are made. ii is ins'tructive to have an overview oft bee fabricaJion process 
p•n JUNCTIONS in order Lo appreciate qeyice physics. We have already discussed in Chapter 1 

how single-crystal substrates and epitaxial layers needed for high quality de­
vices are grown, and bow the doping can be varied as a function of depth. 
However, we have not djscussed ho,v doping -can be varied la terally a.cross 
lhe stir.face, which Is key to making inlegr:atcd c-ircuits on a wafer. Hence. it 
is necesl,~dry to be able to form pa,Liern.ed rnasbon the wafer oom:spon,ding 
to the circuitry, and introduce the dopants selectively through windqws in 
the mask. We w.i!Lfirsrbrief.ly desq:ibe the major process steps that form the 
underputaings of modem inte.gra1ed circuit manufacturing. Relatively few 
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unlt proces.~ steps ~an be used in different pemrntations and combinati-0ns m 
make ev,eryth,ing frnm simple diodes l(> the mo, L comple.x micropro.ce~sors. 

5. 1.1 ThermQI Oxidation 

Many rabrlca1ion i;reps involve hea~ing tip the wafer in order to enhance a 
chemic.111 prnccss. An irnp<>rt.in1 cxampk of this is thermal o:-.idatio11 of Si to 

155 

Figure 5-lo 
Sillcon wafers 
being fooded into 
o furnace. For 8-
Inch a rid larger 
wafers, this type 
of horlzontol load­
ing is often re-
1Jloced by o 
verlic.ol furnace. 

Figure S-lb 
Verficol fomoce 
for large SI 
wafers. The siliGa 
wafer holder is 
loaded with 8-inch 
Si wafers ond 
moved inlo the 
furnoce oho11e fo, 
oxidotion, dlff'll­
sion, or·d&pos.i­
/lon operations. 
(Phologroph cbur­
t~sy of Tokyo Elec­
tron Ltd.) 
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f.onn Si02 'Ibis involves _placing a batch of wafers in a dean silica tquai:ti) 
tu],e whicb can. be hea_ted to vccy high temperatures (-800-lOOO"C) using 
beating coils in a fumac~ with ceramic briek insulatingliners. An ox.ygen• 
conl'aining,gaJ;such as dry~ or l:!20 is flowed into the tube al atmospheric 
preS!;ur.e, aud .flowed out at t;be other encl Traditiono.lly, llorizOntal furnaces 
were used (Fig. 5-la). More recen1ly, ir has becorne co.mmon l(> emplo;y 
v,ertical furnaces (Fig.5-1 b). A batch. of Si wafer.sis plaeed in th,e.~ilica wafer 
bolde-,rs; e:ach faying down'tominimlze particulate cenramination, The waf:'e{s 
[Ve tl'!an moved into tl;le furnaqe. T),e gasei; 'flow in from the top and.flow out 
at t he bottoi.n, pro'lidil)g more uniform flow than in cenvenrional h.oriion1al 
furnaces. The ovei:aJ] reactions thai occur d11ring 0xidatio1;1 are: 

Si + 0 2 ➔ Si02.(clry oxida\ion) 

Si+ 2H20~ Si02+ 2H2 (wet oxidation) 
.In botb.casts.Si i~ con sJJ.med from the surface of tbeesubstrate.Forever:y 

tnicrdn ofSi.O1grown. Cl.44 µm.oJ'Sli~ coa:sL1IDcd, leru:l:;.ng to a:2,2.x volUJfie e,c­
p.ansi.on of l11e consumed layer upon oxldation:"The .o~datlen proceeds by hav­
ing.Ille oxidant (O? or HJ)j :rrioleoules diffuse throngh the already gr'own oxide 
to the Si- S.iOi interface, where I.he above reactions lake plaq:,. One of d1e very 
in1portanr ra!a.soos wl'1y SUntegra.t'ed circuits el(ist (and by ex.te,1$ion wJ1y mod­
em comp,ute:rs exist) is. tbat a stable thermal oxid.e can be grown on Si wlch 
cxccllcmt interf.ace eli;ctrical pr9pertie:,. Other semicon.cluctot nuuerials do not 
have such a, ~1sef:ul native ciltide. We can 11rgue lhai,modem elecu·onlcs and 
compu tertcchnology- <lwe their -existence to this sin:tJJI<! 0xidation groc:ess. 

l'lols ofoxidil thfokne.ss as a fun(.':t\011 of time,at different tempetai11ret 
are shown for dry ru1d wet 011idatltin of (lOD) Si io Anpencllx Vl. 

5. l. 2 Diffusion 

Another the1mal process t hat was used extensively :lo lC fabrication in the 
pasl 1s th1trmal in°diffusion of dopants fu furnac~~ such as U,os~ shown io 
Fig. .S-la. Th~ wafers are Iirsl oxidized and windows are opened in i:he oxide. 
usi.\tg (he pliot<)l\.ULO&raphy and et"hing'&t.eps c.lescribet;Un Sections S.1.6 and 
5.1.7, respecnvel~. Dopants such as B, P. or As are mtroduced 1010 these pat-
1errted w$ferr; in 11 hig!1. teD1pemture (-800- 1 I00°C) diffusion furnace, gen­
ernHy using a gas or vapor source. The do,Ja.nts a:re grndllilll}' t:ra.usported 
from the h.igh concenrratian region ncll.11 the surface into the subsLrate 
lhr◊ugh diffusion, Sinrilar-Ju thal d(}scribud for carriers in Secilion 4~4. The 
maxiamtn number ofimp11tities that can be di.~solv,Gd (the i:11lidsolubillry) 1n. 

Si is shown for vario~ impu.rities as a function of temp.era.iu,e in Appe.n­
-dix Vll. The diffusivity ofuop:mts in solids, /J, has a s1ttong Arrhonias de­
~dence on tempera'ture.1'. lt !$ giv,;tl by D = Dn cx.p-( E"/1{7), where .Gn i~ 
n constant depending on lhe material and the <fopant, and E,1 is the activation 
energy. 'The ,werage distance LIJe dopa{lts diffuse -is re latt'.d fo l!J.~ di rrl.!!Aon 
Jenglh as in Section 4.4.4. ln this case, lhe diffusion length is V Dt. where r.is 
Lhe prnc.essing time. 'The prop.uct D1 is sometimes called the r/1em10/ butfget. 
The Arrhenius dependence 0fdiifusivity on tempeiature explains why high 
lemp,erature~ are requit ed for diffusiort: otherwise, tbe diffusivilie!; are far too 
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low. Since D varies exponentially with T, it is critical to bave ver:y predse con­
trol over the fumace te,111peratures, within seyeral degrees, in order ~o }l'avc con­
trol over the dillusion profiles (Fig, 5-2). The dopants are effeetively blocked 
or masked by the oxide because rbeir diffu.51vity in QX)de is very low. Th.e dif­
fusivities of various dopants in Si and SiO2 are .shown as a function of tem­
(lCrature in Appendix vnr. Difficulty with profile conrro1 and rhe very high 
tempera lure requirement has led to diffusion being suppl.·rnted by ion im­
plantation a~ a doping technique, as discus~ed Ul Section 5.1.4. 

The trend of using larger Si wafers has clianged many processing steps. 
For eJG:1mple, eight-i,llch andla,ger waters at e best handled in a yerticaJ fm­
nace (Fig. 5- lb) rather than the traditional horizo·ntal furnace (Fig. 5- la). 
Also, large wafer~ a re often handled individ;i;i.\lyfor a varie ty of deposition, 
etching.and impla ntation processes. Such smgle-wafer pre>cessil)g has led to 
development or-robotip systems for fast llnd.ar:curare wafer handling. 

Th.: clisllibution of i:ulpudiiesin the sumpleat any timo tluting me diffu­
sion can be ~Jcula.ted from a c;olution of the diffusion eq\tt\tion with apprqpr,i­
nte boundary conditions. lf the i-ourcc or dopant awms at rhe :;urfaue of the 
sample isJimited ( e.g., a given number at' atoms deposited on the Si surfaee be­
fore dillusion).a gau~an dlstribu~on as descr1bed by Eq. (4-44) (for x > ·OJ ls 
obtained. On the other hirnd, if tbe dopant atoi:rts .are Sllppliecl CQotinuo~ly, 
such that the concen1r11tion auhesurface is maintained lit a constan.t·value, die 
distr;'bution follows what is called a complcmenrary error function. En Fig. 5-·2, 
there is some point in the sample at Which the i(ltroduced·acceptor oonceou-i,­
lion just equals the background .donor concentration in !'he originally n-(ype 
sample. TI1is point is the location of tbe p-n j,i1octioo. To the left of thisµoinl in 
the sample of Fig. 5-2, acceptor a.toms predominate and tbe material is p-typc, 
whereas to the right of the jw~ction, the background donor atom~ predominate 
and the material is .n-type. The depth of the junction beneath the surf.ace of the 
samplecan be cootrolleclby the lime and temperalure of the_difl'usion (Piob.5.2). 
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Figure 5-2 
Impurity concen­
\rat[on profile for 
Fobric:ating a p-n 
junction by 
diffusion. 
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In Lhe horizontal diffusion furnace shown. in Fig. 5-la, Si waie,s are 
placed in Che lube .during diffusion, and lhe illJpUrily atoms are intr-0duced 
inl'o 1he gas whic)l flqws through tbesHi.ca tube. Common 'impuri ty source ma­
terials for diffusions in Si are 8 763, BBrl, and BCIJ for borom phosphorus 
sources include PH;,, P,0 5. mi'd POCl3, SoJkl sources are pla.ced in the silica 
tube upstream from the sample or m a separate beating Z<mt: ot rile fUJlla·ce; 
gascpus sources canoe merer,ed directly into th.e gas Jlowsysten"l\and wiih liq­
uid sources inert carder gas is bubbled through the liqaid before being intro­
dµce<l intotl!e;fum,ace rube.'.11:Je Si wafers are held in a silica '' bo:,it" (Fig. 5- la) 
which can be pushed tnto position in the furnace and removed b:)I a silica rod 

lt is ,mportanl to remember the.degree of c:leanlioess required in thes.e 
processing steps, Since typical doping concentr:1~ions represent one part per 
million or le.<;S. deanlines.., !Uld purity of materials are critica~y important. 
Thus (he impurity source and carrier gas must be exlreinely pUJe: the silica 
tube.sample holder, ;ind p.u.~hT9d lllU,S:t be cleane~ a.nd etched in hydrofluo­
ric acid (HF) before use ( once in use, i.he tube cleanliness can be maintained 
1£no unwru,aetl impurities a~e in\roduced); finally. the Si wafers 1hen1selves 
must uodergo·an elaborate cleaning procedure before.cftffusion, inelndlng 11 

unal etch cont;rining A.Fro re.move any unwanted SiO1 from the surface. 

5.1.3 Rapid Thermal Pnx.essing 

Tncreasingly,,uany thermal steps formerly performed in .flLCilaces are being 
done using what is caUed rapid chennal prucesliing (RTP). This includes 
rapid U1ermal oxidatigq, amiealing of ion implanta\.ion, and cbemical vapor 
deposition. wbich. are discussed in theioUow.iag,paragraph..,;.A simple RTP 
system is shown in Pig. 5-3. lastead of having a large balcl:t of wafets in a 
conventional .furna.ce where Lhe tempera-ture canno.t be changed rapidly. 
a single wafer is held (fa~ down l@ arininiize pa-r ticulates) on low-thcm1al­
mass qnarrt. pins, surrounded by a bank of high-intensity (tens of kW) 
tungsten-halogen infrar¢d lamps, with gold-plated reflectors arowid tlle.m. 
By turning on the lamps, the-.high lme.nsity infrared rodiatian:.shines through 
the quartz chaml;ler·and is absorbed by the \\'afcr, causm·g.its temperature 

IOOO"C 

Temp.Romp 
{-100'0:I~) 

Gas nllW 
zrc lltabili1,mibn 

V.ro~ess 

Time(~) 

f.igu.-.i 5-3 
Schematic dlogro [11 of o rapid lhermol proces,or. and lyplcol limEHeJTiperolure ,profile. 
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to ris-i:, very rapialy (.~50-1 00°C/s). TI1e processi1J.g temperature can be 
reached qu:ickly, after the gas flows have been stabilized in .the chamber. Ar 
the end ofthe prpcess, the lamps ai:e.. lurued 0~ !illowing lhe wn[er tempera­
ture to.drop rapidly,oncc again because of the much Jowe.r thermal mass oian 
RTP system compared to a furnace. In. RTP, therefore, LeJJ1Petal11.re is es~n­
tially used as a "switch" ta start or que-n.ch the reaction. Two critical a~pects o( 
RTP are en.swing temper&ture ,u.nifo.rmity across large witfc-n nod a.courate 
temperature·measuremeni, for example with thermocouples or pyrometers. 

A ~y-paranieter ir all thel'.lllal ptocessiq.g dcps is the lhennal budget, 
Dr, Generally speaking, we IJ:y to mrnimizc this qu.antily beoaose an excessive 
D1 product leads· t'o l11ss <1t'cootrol <Mm compact doping profiles, wbi11h is-detri:­
mental to ultra-smalldevices. £n ·furnttceprocessi11g. thermal budgets are mlu­
imfaed by operating at as low a te,mp·eramre as feasible s@ that D i!i small. On 
the other hand, RIP operates ~t higher temperatures (- 1000':"C), hUI does so 
Co:r only dew ~conds (<:ompa('ed to minutes or bours in a furnaoe). 

5.1.4 Ion ltnplontolio.n 
A useful. alternative to high-temperature diffu:,ion..ls tlltHlirectimplantati.on 
of energetic ions Into the 6emkonductor. ln tbi~ process a beam of impurity 
fons Is acceJe·rnted to kine1ic energies ranging from several keV ,o scveruJ 
MeV. and is.dl r.ected onlo the s.urllu;EJ of'tbe se.miconductor. A1i the impuri­
ty illoms enter Llle cry,1rc1l. they iive up. lh'eir -ener,gy to the lattice in colli­
sions and fiu.all.y come to resl' at some av:erage penetration depth. called Lhe 
projected range. Dcp.ending on the impurity and Its implantation energy; the 
range in a given semiconduolor muy vary .from a f-ew huo.dred augstrom$ to 
abou1 l µ.r:p_Formost implantatio;l)s the.1ons come lo test distribuicdalmosr 
evenly abom. the projected range~p-H~ .shown in Fig. 5-4. An hnr,lanteddose 
of <f, ions/cm1. is distdbuted·approximately by agi;!USSiari formula 

N(x) = ~ - exp[-½ (.t:R R")
2
] 

2,rMp. ,,, 

w.h:ere,ARP, called the .1rasgle. measures the half-tvidU, of tbe distribution at 
e- 112 ofi the peak (Fig, ~-4). Both Rp:nod Afip jnc.reasie wltb infileasiug im­
plantation energy. These p:uamelers are shown ·as a function oi energy for 
variau~ implant species into Si in Appendix IX.. 

An ion implanter is shown schema~c.,Uy irt Fig. 5- :'i . .A gali conlainin_g 
Jhe desired impui;ity is ioni.7.ed within llie.1"01lrce and is then.eiurao1erd into the 
·accele;ra1ioh tube. Afteracceleration to the desired kinetic energy1 the ions are 
passed through a mass sep1m1to~ to ensure that only Lhe de!.ired io.u species 
enters the dtif/-l11.be.1111e iert beam _is lhe.n focused and si:anned electrostati­
catly over the surface of the wafer in the (arge1 dwmber. Repetitive scanning 
in a tnstet pattern provides exceptionally unif<1nl} do,ptn_g oflhe wafer surface. 
The target clta.mbercorllmonly includes til.J.tomallc wafor-bandli.ng facllitle-s to 
speed up the-process of~plantingmany wafers per-hour. 
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. Figuice 5-4 
Dislributloffs of Im• 
planted lmpuritle.s; 
goussion d istribu­

tion of boron 
olom~ about a 

projei;jed range 
RP (in this exam• 

pie, o dose of 
l 01' .B aloms/cmi 

implanted ol 
1 '10 keVI, 

ion ,.._ __ ..,_ __ __,_ __ __,.._ _ __, 
0 0.4 OJl 0.8 

Disianca from Sur.face (µ.m) 

An obvious advantage-of implantation is tliat it c.ap_ o~ done at relatively 
low Len1pcratures; this means that doping layers can be implanted without dis­
turbing previously dlfftised regions. The ions can·be blocked by metal or pho­
toresist layer.-. therefore., lbe phololithog:raphjc techniqueN described in Section 
5.1.6 can b.e used to define ion implanted doping JJBtterns. Ves;y shallow (lentils 
ofa micro!\) and well-defined doping layers oan be achieved by .this method.As 
we shall see i,l_l,\ter chapter.~, m/Uly devices require thin doping regi.ons !!,nd 
may be improv.ed by ion implantation techniques.Furthermore.iris possible to 
implant impurities which de;, not dJffuse conveniently into semicondu<:tors. 

One of the major ad:vantages of implantation is the precise control of 
doping cqncenttatloo it provld~ Sioc.e the ion beam current can be me.a• 
sured accw:ately during implantation, a precise quantity of impuri.ty can be 
introduced. This control o,•er doping le\<el. along with th!) unifornti.ty of-the 
implant over the wafer surface, make ion implantation parlicularly attrac­
tive fo, Ute fabrication of Si integrated mrcuits (~hapter 9). 

One problem with this ,doping mer.hod is the lattice damage wllich re­
sults froip_collisions between the ions al')d thelatti~ ato1ns:.However, most 
of this damage can be removed in Si by heating the crystal after the im­
plantation. This process is called am1eali11g. Altholfgh Si c.an be healed to 
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lill 

Lfo'Sou,-CC 

(t,) 

figure 5-5 
(o) Schemdflc diagram of on Ion implortto!Ton _sysfem; [b) schemotk of Ion boom path through moss one• 
lyzer magnet. (Cour1esy of App)ied Materials.I 

temperatures in excess of 1000°C without difficulty, GaAs and some other 
compounds tend to djssocjate a.t li}gh temperatures. F9r example, As evap­
oration from th.e surf.ace of GaAs during annealing damages lhe sam_ple. 
Thctefore, it is common t() encapsulate the G,:!As w:itb a thin layer of silicon 
nitride.during the anneal. A.nother approach to annealing either Si or com­
pounds is to beat the sample only btieOy (e.g., 10 s) using RTP,rather than 
a-corrventionaJ furnace. Aflnealing leads to some unintended diffusion of 
lhc implantedspccies. ltis desirable te n:linimize this diffusion by optimizing 
the annealing lime and temperature. Toe profile afte r. annealing_is ¢ven by 
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(\as.flow 

5.1.5 Chemical Vapor Depo!ilion (CVD) 

At various stages of device fabrication, thin films of dielectrics, semiconduc­
tors and mernls have Le be fanned on I.he wa:fet and U:u~n patterneiiand 
etched. We have already discussed one important example of this involving 
tlierma'.!, oxidation of Si, Si02 films can also beionned by low pre~ure (~ 100 
mTorr)2 chemical vap0r deposition (LPCVD) (Fig.5-6) or plasma-enhanced 
CVD (PECVD). The key di.[[erences are that theIT(lal exjdalion consumes Si 
from the substrate. and very higl1 temperanues are required, whereas CVD 
of SiOi does not consume Si l'rom the s.ubstrale and c-an be·dbne at much 
lower temperattrres, The CVD process rcacrs a Si-c-ontaining gas such as Sif-14 

with an ox:ygen-con.laining precursor, cal(s~g a chemtcal reaction, le11ding 
to the deposition of SiO2 on the substrate. Being able to deposiLSiOi is very 
importanl in-cert.iin appllcations. As a•cowplicated de_vice strticture is built 
up, t·he Si s'Ubstr-ate may not be available fotreactlor:i, Cir thecre may he met­
allization on the wafer thaL cannoL withstand very high 1emperatores. lu such 
cases, CVD is a necessary alternative. 

Although w.e have used deposition of SiO2 as an i!:nportan1 example, 
LPCVD is also widely used to deposit other dielectric.~ such 115~ilicon uitride 
(Si3N4), and polycrystalline or amorpho1,1s Si. lt ~hould also be clear that lbe 
VPE of Si or MOCVD of compmmd scmlconductots disCIL<ised io Chapter 
1 i$ really a special, more challenging example of CVD where not only must 
a l'iln:i be depr.1sited, but single-crystal growth must also be maintained. 

5.1.6 Photolithogrophy 

Parternsc:orresponding to complex circuitry areionned on u wa(er using pho­
r'n/1 thograph y. TI1is in-vol ves first generating a reticle. wh.ich is a tr.anspareru 

FfeaUng.elemonls 

0 ,0 

lJ~ l1 11~ J>wnp 

·O O O O 0 

Silica (Quartz) tube 

Fur,nace bod)' 

Figure 5-6 
Low-pre~sure chemicol vapor deposlti9n jlPCVP) reactor. 

'Torr or Torria>II/ ~ I illm Hg or 133 i'<J 
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silica (guariz) plate contah1ing the pattern (Fig,5-7a). Opaq.ue regions <m the 
mask are made up <>fan ultraviolet ligltt-4bsorbing layer, sucb Miron ol(lde. 
Toe retide typically contains the patterns ·corr-es ponding to a single chip or 
die. rather than the entire wafer (in which c;ase iL would be called a mnsk:). ll 
is usually created by.a eompucer controlled electron beam driven byTbe cil:­
cuit luyout data, us.il\g pattern general ion software. A thin layer of elec11·on 
beam sensitive material called elecl!on beam resist fa placed on the iroo­
o,cide-covered quartz pl;ate. and the ,1:es1st is upQSed by lhe electron )Jeam. 
A resist ts a thin organic i;mtymer layer that ua.dergocl\ chemical chimgcs if 
it is exposed to energetic particles such a~ e)eclrons or photons. The restsl is 
exposed selectively, corresponding to the patterns that at<? rcqiJ]:red. Aiter 
e;tposure. the resist is developed in a chemical solution, 111,m:are two types 
of resisl The developer is either used to remove the ,exposed (po.~ittve te­
sist) or unexposed (negaci:ve resist) mnterinl. The iron oxide layer is then se­
lo¢vely etched off in u plasm11 to gcnllratc the ar prbprlate pauerns. The 
,eticlc can. be used re.peatedly to paltcr.o Si wafori;. To m,tke a typical inte­
grated circuil a dozen or more relicles arc required. corrcspol)ui11g to tlif, 
ferent process st-e ps. 

The Sl wafers are fil'sl cove·red -..·vith an l,llt.r-a:violet lignt-scnsitive (1r­
ganic mate.rial orphotoemulsfon called ph1J10res1sr by dispensing the .liquid. 
resis t onto the v1af.:,'T and spinning il rapidly (-JUU0,ptn) l(1 form aumform 
e•onting (-0.5 µ m). As mentioned nbo!le, there are two types of resist­
negalive. which forms the opposlre polarity Image 011 the wafer con1parcd to · 
that on 1he retrcle, a nd positiv.e (same polarity). Currently, pos•itive. resist 
l)_a& s'upplanled negative because lt can· achieve far beL1 er resolution, down 

,• 
J • 
'\ 
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Figure 5-70 
A photoll lho­
grophrc rellde 
used for one step 
In the prd<;es5ing 
of o l 6-Mb dy• 
nomic ronclom­
access memory 
(DRAM). lr1 a 
"stepper" projec­
t]on e><posure sy.s­
tem, uhraviolel 
llght shines . 
through the gloss 
plate and the 
i rnoge is projed ­
ed onto the wafer 
lo expose pho­
loreslst 'for one 
die in the orroy of 
cfrcuits and 'then 
-steps to the next. 
(Photo.graph covr­
lesy of IBM Co,l'.) 
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F-igure5-7b 
Scnemolic did· 

gram o f on opti• 
col stepper. 

to -0.25 µ.m using ultraviolet llghc. The light shines on the resist-covered 
wafer thrnugb the reticle,.causing the exposed regions. Lo become acidified. 
Subsequently, the exposed wafers are developed in a basic solution of 
NaOH; ,vhich cause)! tbe exposed-resist tq etch away. Thereby, .the p;ittem 
on tl}e reticle,is transferred to the die on the wafer. After the remaining 
~ isl is cu11ed by baking al -125°C in order to b·1:1rden it, the appropriat.e 
prooess step can be performed., such as implanting dopan,ts through win­
dows rn Lbe ce..~ist pattern or plas,ma e.t.chil!g of the u11derlyh1g layers. 

The exposure of the wafers is achieved die-by-die in a step-and-repeat· 
sysrea, called a s1epper (Fig. 5-7b)'. As the name implies, the ultraviolet light 
shines seleetively through the reticle onto a single die location. After the 
photoexposure is done, the wafer mechanically tl'anslat.es on a predsely con­
troiled.x--y translatio.n stage to the next die lo.cation.and is exposed again.Ji 

Mercury aro ,,.,.­
fight Murcc 
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is vecy important Io be 11ble to precisely .ilign..th.e patterns on tllecretiole with 
respect to pre-ex:istiqg pattern,s on the wafer, wbibh is why tbes·e tools are 
also sc;>metimes known a/i ma$k aligners, An advantage of such a "ste.pper" 
projection system is that refocllliing ',md Tealignmeat can be done at each die 
lo accommodate slight-variations in surface flatness across the wafer. This is 
especially hnp,ortant in printing ullr-a-mnall linewidlhs over.a very large wafer. 
11ie success nf,nodem lC rnauufaclute b~ depended on.nll!l1etous ad\l.llnces 
in deep ultravioJei light sources, precision optical projection systems, tech­
niques for registration between mnsking l'py~rs, and stepper design, 

What make.'! photQlithography (along with etching) so cr:hical is that. fl 
obvious,ly determines how small rand c1oseJy, packed tbe individual devices 
'(e.g, ttaru;i:.tors) can be1Dade. We shall see that smaller devices ope t'ate bet­
ter in terms tif ltight1r speed and lower power dissipation. What ma'k~ mo.d­
em lithography so challenging is the fact that pattern. dimensions are 
com.pantble to the wuveJength ofli.ghl th;:iL js used. Under these circum­
stances.we cannot treat light propai ation usjng.simple,ie.')metrkalray optics: 
rather, the wave nature of light is manjfe.~ted in terms of djff.tactio,n, which 
makes it hatder to controJ the patt=~- The di[frllttion-/1,nf(ed m7nimum 
geometry is gi¥en by 

111111, = 0:8 >JNA 

where>. is the wavelength of the light and NA ( ~(l':5) is the numerical aper­
ture or "size" of tb.e le)l.~ used in the-aligner. This CXJ1iCS$i.on implies i.b:at. for 
finer patterns, we sho:uld work. with larger (and, therefore, more expensive) 
lenses w;id sbor1er wavelengths.As a re.wit, sm,aller geometries reqaire.sliort­
er wayelengths. This ha.s led. the push to replace UV mercury lamp somces 
(0,165 µ.m) , shown In Fig. 5-7b, with argon fluoride (ArF) e'xcimer lasers. 
(>.. = 0.193 J,1i111). Novel exposure techniques employins phase-shift musks, 
oQ!Jcal pro.x:vruty'correction, and off-a,.is lllumilll!,l.(on l1Il e,;ploit Fourier op'­
Ues lo allow resolution near or below the dimension oH he wavelength being 
llli·ed, 'There is also interest in extreme ulttaYiolet (E.U V) sou:rc:es (1:l nm)1 
wb.ich use n plasma lo generate. such short wavelengths, for next-geneTatioo 
'lit!toyaphy. X-:ray lltli,ograpby ,ip volv'ing even sbofter ,vave)eogths has been 
th.e source of. tnl.Wh research for many years, but do.E:8 not s.eem practioal m 
amaru1faclUrin;g environment.A promising advancement involves imprint­
ing 1')allcms,in a pholoresist using a physical pattern, or mold, thereby over­
comii,lg U1e diffraGtfon limits of optical litbogrllpl:\y. 

TI1e other. key parameter in lithography is the so-called dep lh.-:C[-focu.v 
(DOF). which is given by 

(5-2b) 

The DOF tells us the ra,~ge of distances around lM focal plane where the 
image quaU1y is sbai:p. Unfortunately, this expression im,plies that-exposure 
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.v,rilh very short wavelengl1ls IM(ls to poor D.OF. This is-a big challt:rige b·e­
cause U\e-topogi:ap.hy or lhe''hiils and valleys" on a ehi.p during pr-ocessing 
can be 41rger ,han tM DOF allowed hy ~he opii.cs. 

We must there[ore add steps in I.he fabtication process to planarize t.be 
svrface illling chemic:<il mechanif:al polishing (CMP). As 1he name implies, 
Lhe _planariz.ing p:rocess is partly ch.enucal io natui:e (using a bas.ic solLition), 
and part1y mechanical grindlng of 1he la:,rers U6fpg an abrasive slurr'y, As de­
•soribed in Section 1.3.3, CiVIP can be achieved using a sluti-y of fi ne SiO1 par­
licie'$ in anNiiO l-:I sL1lution. 

The expressioufor diffraction-liruitod gllometry [Eq. (5-2a) I e~ylains why 
there is. interest in electron bearri liti1ography. Ti\e ,tie B-roglie re:lation sta Ce.', Lh.a l 
the wavdength of a particle varies inversely with its moroe.otvm: 

h 
,\ =-

p 

Tl11.1J1, more massive or energetic panioies have shorter wa~·elcngths. Electron 
beams are i:a~ily generated., focused, and deflected. Since a 10-keV eledrQnhl:1$ 
a wavelength of ab,>ut 0.1 A, 1.he linewidth limi1s become th!! size of !he focru.-ed 
pe?-m and ils i1Jterac1ion with the photoresis1 layer. T1 is po,ssibli: to achieve 
linewidths of(). I p.m by direct efootron-beam wnting on the wnfer pbotorcsis1. 
Pur1het111or.e, t!,e: comput\!;f•conlll.1llcd electron-bei\m expo:;urc requires no 
masks. Tlus capability allows ex:Lremcly dense _pack:i:t:1g of circuit elements on 
the cbjp_. but direct writing of complex panJ:i:nE is slow. 'Because or the time re7 

-quired for elcctron-heam wafer exposure, it ls usually advantageous to' use 
electron-beam writing I<> make the ,,et.Ide (Ftg. 5~ 711) and then to c..xposc the 
wafer phorores15t by using,photons.Anothef ilpp.roach being considered is't':le(? 
tran pmfeclion lilhography (EPL), using a mask, instea.d of steerhig a focused 
electron beam, in onler 10 solve the throughput P,roblem. 

5. l.7 Etching 

After the photoresisl pattern is formed.it can be used as a mask to etch !he ma­
terial w1demeath. La the early days of Si teclmology, ernl1iug was done using 
wet ch.e01kals. For exa.mpJe, dilute HF can be used to etch SiO1 layers grown. on 
a Si sul:/stralt! wil.li~elfel) L sell!,tfMty. The teim $electivity here refe11s to the fact 
that HF litlacks SiO2, but does not affe<lt theSi substrate trnderneath or tltephc1-
toresjsl mask. ~though mm1y we! cte):les ;ire ~elective. Lhey are UI1(ot1un1.1tely 
imrropic;wb:ich means tbat ·they etch as fast laterally as they eteh venically. This 
is Ulll:ICd!ptable for ultra-small feam:res. H~nce. wet etching n11s heenlargely 
supplanted by d:ry; plasma-based etching which can be made bothselective a11d 
.m1i.mtrapic (etches ver1ica1ly bill not laterally aiQng: the!iUrface). in modem lC 
processing the main use of wet chemical proceSSlJlg is in cleaning_ the wafers. 

Pfosmas are ubiquilous'in l Cpracessing.The most popular Lype oI pla"lima• 
based etching is k.no\\'n as ,•eaCJ/ve iv11 c1dib1g (RIE) (Fig. 5- 11)-l n a typical 
process, appropriate etch gases such as chlorofluoro-carbons (CFCs) flow 
into the chamber a:l reduced pressure (- 1-JOO mTorr) ,and a plasma is struck 
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by applying an rf'voltage.at..Toss a cathode and un a.node. 'The rf voltage ac­
celerate.~ lbe light -t;lectrons in the system lo much higher kinetic energies 
(~ JO e V) Lban the heavier ions. The high. energy electrons collide with.neu­
tral 11toms and molecules LO create ions and moleeular fr!\glllents called rad­
icals. The wafers are .held o.n the r.f powered earhode. while the grounded 
chamber walls act as lhe anode. F1 om ii study of pl.isma phy~ics, we llan show 
that al though the bulk of the plasma is a highly,condu.otmg, equi-potemialre­
gion, !es~ conducting sheath regi'ons form next to t'.he two eJeotJ'oc!es. Il can 
also be shown that the sheath voltage next to the cathode can be increased 
bymaldng the (powered), eathodE· smaller in.area U,an the (grounded) anpd~ 
A nigh Li-c voltage (- lOO-'IOOOV) develops across the sheath nextto the rf 
powe~ed ca,thode. such, lhat po:;iLive ions:gain kinetic energy by being a.ccel­
era:ted in this region, and bombard the wafernormal to the surface. This bom­
bardment at normal incidence conto.oules a physical component to the etch 
that makes it anisotropic. Physical erclring, however,is ratherunselective. Si­
rnultan,eously, t.he highly reactive radicaJs in th.e system give rise to a chem­
ical etch component that is very sel~t-ive, but not anison·opic. The-result is 
1:hat RIE achieve$ a good compromise lie tween anisotropy and selectivity, and 
has become the mainstay of modem IC-etch technology. 

5.1.8 Metullizotion 

After the. semiconductor devices are made by the prot:eS$ing methods de­
scribed previously, they have 10 be conne.ctetl 'to each 0th.er, and ,utimatety 
to the l C pack.age. by rnetallizl!-tion.,Metal films are generally deposited by 
a physical vapor l'lepo$ition technique such as evaporation (e;g., Au on OaAs) 
or sputtering ( e.g., Al on SJ). Sputtering of Al is achieved by immersing an Al 
target (typically alloyed with :.:.1 % Si and - 4% Cu to improve the electrical 
and metallurgical properties of the A~ as described in Section 9.3.1) in an­
Arpla$ma..Ai;gori ioas bo)Tlbard the Al and physically dislodge Al atoms by 
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Figure 5-8 
Reoctive ion elch­
er. Single or multi• 
pie wcifers ore 
placed on 1he rf 
powered cotrode 
to moxlmlre the 
ion bombardment. 
Shown in the fig­
ure I• a simple 
diode elcher, in 
which ·we hove 
i vsl lwo elec­
lrodes, We·con 
also Use o third 
elecrrode to sUi> 
ply rf power sepo• 
rotely lo the etch 
goses iri o triode 
etcher_ The most 
commonly 11~ed rf 
frequency Ts 
13.56 MHz, 
which is o fre­
qve,1c:y dedrco1ed 
to indll,striol use 
so that there is 
minimal interfer­
ence wi th 1odio 
com mun icolfons. 
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RF 
vow~r supply 

Sputter 
target (Al) 

- DiJ'ertfon oJ' 
momentum trnnsfor 

Ar 'Plasma 

JncotniI!J! 
jou 

Figure 5-9 
Aluminum sputtering by Ar"" i'ons. The Ar' ' ions.with energies of -1-3 lteV physirolly dislogge Al oloms 
which end up deposlfi!lg orr the Si wolers held ill .close proxiinily. The c.pomber pressures qre kept low 
such thal Iha meon free path of the ejected Al atoms i$ long compared to the lorgeMo-wefe-r seporotion. 

5.2 
tQUILIBRIUM 
S:ONDlllONS 

i;nomentum aansfer (Fig. 5- 9). M,any o! the Al ato;ns ejeclcd from. the tar­
get deposit on du: Si wafers held. in close proximity to the target. TheAl. Is 
then patterned using the metallization reticle and stibseguenlly, etched by 
RIE. Finally, it is sintered at -4-50°C for ,...30 minu.tcs to fo.rm a go.od e.\eotri­
cal, ohmie co'ntaul to the Si. 

Aft~r the intereonnection metallization is complete.a protective over­
coat 11f silicon nitride is dep·osited uiing plasma-en'banced CVD. TI1en the 
individualintegraled circuits can be separated by sawing or by scribing and 
brealting the w?fer. The final steps of the process are mollnt!og indiviaual'de­
vfoes in appropriate pad::ages ao.d connecting leads ro the Al coataat regions.. 
Very precise lead bonders .ire avallabJe for bonding AU 9r Al wire (at>oul 
one thousandth of an .inch io. diameter) to the device and then to the pack­
age reads. Th is phas,e of device. ra l;lricati oil •~ called back-end proce:~sing, and 
is discussed in more detail in Chapter 9. 

The m.iln steps in ma'klng p-n junctions using some of thf-se unit 
processes are illustrated in Fig. 5-10, Similarly. we will disuuss l1ow the.key 
semiconductor devices are made using lhe.$e same unit processes· in subse­
q11en t chapters.. 

In rbis ch.apter wewish to dev.e.lop both a useful ma!,hemalical description of 
the p-n junction and a stroog qualitative u:nderstandhlg of its properties. 
Th.ere 11n.1_s:t be.some compromise ii;t th.ese tw.o goals, sinoe'a complete tnatb· 
ematical treatment would obscure the essentially simple physical features.of 
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Figure 5-10 

1. Oxidize the Si ir-.unplc 

Pit 

' 2., Apply a layer of ,POsltlve f j 
phororesist (PR) ._ ____ ....J_ 

IJ111nvil)ler --. 

Mn~v' .. I __ = j 3. Expose l'.~ tluough 
,nasl:A 

4. Remove exposed PR 

Pspo.,wJ I'll t cm 11, o,I 

p='7 
V.. )nllltl.\ 

5. Usu. RlE i:o r.emoye, 
Si02 m window; t:'F J 

6. ln,phmt boron I brougb 
windows in the PR nnd 
Si02 luyer~ 

i111fl1t11th .. "O I' Jt: l.{~10 

t1Tc9 
.• Al 

7, R,emoYe-PR,and :5putrer 
I'll qnttithesunaco. 

S, 1.Jsmg PR and ma.llB; ~ ~ 
repClll S!bps 2-4: eicl111way j = .[ 
Al except In P"'ontact a11:as ,,-

Si co<d,d :i: ID-...,) 
wllllSlO , 

Al D / 
'--TupVleW 

Si:rnplllied deseriplio1i of steps In the fabrication of i:rn junctions. For simplicity, only four diodes per 
waler ore shown, and the reloli.ve thicknesses of the oxide, PR, and the Al layers cire aKaggarotec( 

junction operation, while a c9.mpletely qualltativ-.: de~cripti<;m would not be 
useful in making calculations.Toe approach, therefore, will be to describe 
the jun'ctionmathematically while.neglectipgsmall ef{ec.ts whicli add little tci 
the basic solution. In Section 5.6 we shall' incl.ude several deviations from the 
simple theory. 

Toe mathematics of p-n junctions is greatly simplified for the case of the 
step Ju/lction, which has uniform p doping on one side of a. sharp junction 
and uniform n doping cm the olh.er side. This model represents epitaxial junc­
tions quite well; di~ or implanted jullcllons, however, are actually grad­
ed (N,1- N. vaties over a s,ignificanl dislance·on either side of tbe junction). 
After the basic ideas o[junctiorl lheory are explore(! for lhestep j1111ction. we 
can make th-e appropriate.corrections to extend the theory to the graded 
junction.In lhe.se discussions w~.shall assume-one-dimen,sionaJ c_1,men1 flow 
in samples of. unifonncrnss-sectional area. 
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170 Chapter 5 

fn tbis-section-weinvestigale the _properties of !he step juuction ntequi-
11"brium (i.e., with no extem:al exciration and no net currents flowing in Uie-de­
vjc,e), We-shall find thiit the diffeJencein doping oneach ,side oftpejuncti-011 
CilliSes a pmeotial difference between the ·two types of material. This is area­
sonable result, since we w0uld expect some charge trao$·fer: because o( dlf­
fusion between the, p material (many boles) and then 1naterial (m1;1uy 
eleclwns). ln addltioo, we s11all find ll:lat ther-e are four components of cur­
rent which flow acFoss 1 he ju oction due to the drift and diffusion of electrons 
anµ ho1es. These four con;1ponents combin.e to give zero net ci.tn:en,I for tpe 
equilibrium case. However, the application of bias to the junction increases 
some o ~ t,llese cw:renL compone.nts willi respccL to others, giyiqg nel current 
flow. If w.eunderstand 'tbe nature of the.se four current components, a sound 
view of p-njunctlon opex,al.ion, wilh or withou1 bias, williollow. 

S.2: l The Contnd Porential 

.Let us consider separ11le regions af p- and n-type semicon~uctor mate:rinl, 
brought tpgctberto fatm a junction (Fig. 5-11.).lbis is. not a pra:cilcal way of 
fotming a device, bu~ this " thought experil}lenl" does a\lo;v us to discover 
tbe"tequirements of equi11briwn at a junctfon. Before they ate joined, the 11 

material h;is a large concentrau.on o.F eJeetro11s and fow boles, '1\-:beteas the 
converse is trueior the p material, Upon joirung the 1 wo regions (f1g.5-ll). 
we expect diffusion of <;atriel;S to take place because Qf the large carrier con­
cent ration gradients at t1re junction. Thu.s holes diffuse from lhe p side lnto 
then side, and eJectro.ns dlifu~e fron:i n top. Toe re..i;ulijng difl'l!SiQl'.1 cuueql 
cannet build up indefinitely, however, because an. opposing el.ectric fi.eld is 
created at the junction (Fig. ~- llb). If tbe two regions we.re boxes of-red ait 
molecules and green molecules (perhaps due to appropria.te types of pollu­
fion), evenluall.y I.here would he a horrlogeneous Ihi.xiun~ of the two after the 
boxes wer.e joined. This cannot occur in tire case of the cbarged particles in 
a p-'11 junction because of the deyelopment <Yf'space cbatg.e and lhe elcc\.ric 
fi.eld <&. ff we considttr that electrons diffusing from n to p leave behind 110· 

compensated3 dorior ions (NJ) in lbe n ,nateruil, and botes leaving the pre­
gion leave behind uncof11pensated acceptors (JV;).it is easy to visualize the 
develqp.rnent ·of a region.of posiLive space charge near Ille n side of the j W1c,. 

tion and ne.gative charge near the p side. 'TI1e resul ting electric field is di­
rect'ed f.rom tbe positive c;barge toward lhe negative charge. Tltui; ~ism. th.e 
direorion opposite to that otdii'fusion cuueut for e8.(ll;t type of carrier (recall 
electron cu.rreoLis oppo~ite to lbe directioJ1 of electron tlow).Therefore, the 

•W;, !iloall that nauoral,,y is mnfntolnad in 1ho. bolk, mo1unal1 ~ f;-9, S-11 a hy the pr,e,ence of cme ,jlt.:,ron 
rar.eoeh ionized donor (n ~ Ml 1n I~• ~ material ood Qn• hole lor .ooc~ ionq.•d =,ptor (P =N;) •P 
ih,i p mate,fol (oeg!ec~I\Q minorlly ~omersJ Th••• If <:le,;tron; 19<,ve a, ,oorpo of Iha po,ld•c do<10r lo~• •~ar 
11,n ]ur,j:tioo ore hifj •ncampon1allH¾, a, In fiir. 5-11 b The d'onorr arirl •""'!pioi> 01• flxtld In th~ lottl<11, [n 
co'nlra•I lo 1he ·mobil~ ..lectton• and hole, 

Petitioner Runergy USA Inc., Ex. 1030, p. 170



Jur:ictions 

-1 U=-x 
..________.] 1 [, 'l-ltl 

-t. 

£, _ _ _ _ ----- E,. --- - , .. ,. 
r-., - --- -
£ ,, ---- ---- Ev 

(a) 

CurrL'nl 

Hole diHu~·ian 

l,1!11" Llrfl'1 

.,.. __ _ 
Eli:ctru n cHl'fusio11 

-- - ► l· lu~l1'<111 dril l 

(c) 

field creates a drifl cc)mp0nem of current fro,n n top, opposing the diffu­
sion cucre□l (Fig. 5-lk). 

Since we know thal no M t current ca:n flow ac:ross. 1he-junc1lon at•equi­
librium, the current due to the drift of ea:rriers in the 1: field must exactly 
cancel the diffusion current. Fur~hermore.since there can be no net buildup 
of .electrons or holes o.n eitber side as a function oJ lime. the drift and diffu­
sion -currents mu~t cancel for each type 0f carrier. 

11,(dri ft) + l p(diff.).= 0 

J.{drift) + J~(diff.) = 0 

(Ii 3a} 

(5-3b l 

11).erefore. ihe electric ffe.ld '£ builds up to the poirit wliere the net i;ur,rent is 
zero al equiribrium. Toe electric field appears m sorne re.gion W about the 
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Figure 5-11 
Properties of on 
equilibrium ~ 
funclio'n: !o) lsolot­
·eo, iieulro'I re­
gions.of p,type 
ond n-type materi­
al and energy 
bonds ro, the fao­
lu1ed H;:giom;; • 

!b) junction, show­
ing s.poce a!mrge 
in lhe transition rEr 
gion W, lhe fesult­
ing el~lric field 1 
and contacl po­
!enHol Yo, and Iha 
seporalion of the 
energy bonds: 
(c) directions of 
the four compo­
nents of particle 
Row within the 
lronsition region, 
ond !he fe_suhing 
.current diraclion-s, 
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JunclJoo, and there is an equilibrium potential difference Vi, aeross W. ln Lhe 
eleci.rostalic potenli,il diagram or F\g,5-1 lb, there is a gradient in potential 
In tlie direction opposite to'~. in aczcordance wi th Lhe fundamental relation~ 
'&Jx) = -rl"lr(.t)/d.t. We assume the electric Ueld is zerp in the neutral regions 
,outside W. Thus there is a constant.potential V. in the neutral nlIUlteria~ a con­
sri).n to/·e in the n~tralp material, tilld a potenlial difference V0 ::'V,, - 4rP be­
tween the two. The region Wis called the r:rarrsitiOii region, 5 and the potential 
d:lffen::.nre V0 is t:alled lhe <:l)ntacl poie11tfal. Toe contact potential appearing 
across Wis a built-in potential barrie:rJ n that it is '(lecessacy to the maintenance 
of equilibfillll1 al U!c junction; H does not imply any externa.l potential In­
deed, the contact potential cannot be measured by placi11g a voltmeter aaross 
the devices, because new CQIItacl potenlials ate formed at eac.h probe, just 
canceling Ye~ By defiaitlon Vii is an equilibrium qu.antity, and no net current 
can result frorn it. 

Tot: contact pOLenHal scparules the ba.ads as i.11 fig. 5-1 lb; lhe valence 
and co.nduclion energy bands are higher on lhe p side of 1he junction than 
on the .n side0 by cbe amount q Vi,, The separation of the bands at ectuilibri­
um ts jusi that required to m,ak.e. the Fermi level c0J15tam th;i:oughoui the de­
vice. We diseussed the lack of spatial variation of the Fermi level at 
equilibrium in Secti~n 3.5. Thu.s i ( we lcnow the band diagram, including EF> 

for each separate rna.terial (Fi.g. 5-1 la), we can find the band separa1ion for 
rhe Junction at equilibrium simply by drawing a di;lgram sad, aJ! Fig. 5-l lb 
with the Fermi levels aligned. 

To obutin a qu.anlifa,tive relal.iouship betWeel} V0 and the doping-con­
centrations on each side of the junctim1, we must use the requirements for 
equlJi.brium in the drift and d1ffus1Qn cLLrreni equations. For example, the 
drift and diffusion components of the holecurrent just cancel at .equilibriun1; 

This l;lqUa1ion tau he reammged to obtain 

(5-4b) 

'when wo wrile V.i-'l, w• rof61 to tho .,..,rw ol '& u, compolod in lhe ~ i<e<Uon. This voluu w,11 of com• 
bo negollve. siocc ii ii clired.J o,ppo,..10 to 1f1r lroe dl1eclion o('l! "' •h<>wn in Fig. S:..I lb. 
'OlhCJ nom .. 1'01 lhi, ••8icn 010 lhe ,poce·ol1ar901"!11cn. ,ince •po~ chorgo e~1,1,. wflhlo W while nou• 
lrolily l1 mcfrtjolnl!d ovt,ide lhb ro9lon, o,,d 111• dciplotion rrigfo11, , inc• W ri a lmost depleied of GQrrieu 
oontpo,ed wilh Iha m l of lh• cry,10l. The. coolad p<1!ao1iol Yo i• olso colloc! lha.dilfu•iD11 po.tential, ,ince ii 
t9pr.e,efJb q pq1e.mlal bc-tm:,·wh1ch dlffu~tng t!=mler.1 ,nutl t\Jrl'f'Qtint m eo1.n9 from one ,Tde-of ~,e jvudion , 
16 1he olher. 

•Th• elodron ,no,gy<flogram cf Fig. 5- I I b Ii rela1, d 10:1h,.,,J,,,1ra>1oric po!Cnllol dlo9,0"1 'by-q, 1he 
oogallv~ d,c,rge on 1h~ .iodron. Sina,,,. l,q high.er pol<tnfiol l~an 'V,, by Ill!, omoonl Yo, lhe.elet;lr<;>n en­
•1gi0Hm th~ n , ide cre./a~r 1lw~ ihl",• o~ lhe p 1ide by q.Yo, 
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Junctrons 

where the x-direotiori is arbitrarily ta.ken ffom p to n. The-eleclric field can 
be written in terms of the gradient io the potential. ~(x) =-d'V{.r)/dx,so that 
Eq. (.S-4b) becomes 

q d'V'(.r ) I dp.(x) 
----- = - - ---

kT dx p (x) dx 

\3/ith the use of the Einstein relation for µPIDr,• This equation can be solved 
by integration over tht:tapp1·opriate lhn.its. rn this case we are interested in the 
potential 0n ei1her side of Lhe junction, 'if'p and1' ,., and t.he ltole con\:entra­
tion just at the edge of the transi tion regi0n on either side, pP, and p,,. For a 
step juncti<m itis reasonable to take the electron and hole eoncentrarlon in 
the neutral regions outside lhe lians.ition region as theirequilibrium values. 
'Since we have a:;sumed a one-dimension.al geometcy,p and 'If can·be taken 
reasonably as [unctions of x only. Integration.of Eq. (5-5) gives 

q · ) Pn --(·'V - "'I!' = lnp -lo p = ln-kT " P " ,, P,, (5-6) 

'Tile potential drfference 'v\ - VP inhe contact potential V(j (Fig. 5- llb). 
'Lnus we c~n write V0 in ternis of rbe equilibrium hole concentrarkms on ei­
ther side of (he junction: 

kT Pp \'1i = - l11 -
(/. Pn 

(S-7) 

If we i;onsider the step junction lo be made u,p,of material with N. 
acceptors/cm3 on the p side and a concentration of N,1 donors on then side, 
we can write 'Eq. ( 5-7) as 

(S-S) 

by considering the majority carrier concentration to be the deping concen­
tration on eaeh side. 

Another usefu l form ofHq. (5-7) is 
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17,4 Chapter 5 

EXAMPUJ5-1 

SO~UTION 

By using the equilibrium coadition.pp11J1 = 117 = p11n,,. we can extend Eq. (5-9) 
lo include tile eleclron concentrations on either Side .of the juncti.on: 

P,p = lln = eqVofkT 

Pn np 

This relation will be very valuable .in caleulation of the J- \I. characteristics of 
th.e j~ction. 

~hl>rl!pt'Sflp-rjJuncJ,i~n (jas ty.,= 10}~ c ,anti N~ ~+015' 

cm"' on'lb.e other. 

(~) Ga)c1,1Jate tll,-eFermi ~ •• ~ns at ~l•K~the p,an.d fl l:egioris.. 
(b) Draw an e<.(Uillbrhl for the ju.nction and dcteL-

ailife tbecontl!ctj,ot the diagram .. 

(c) C<fuipar'~ t:h;;,reslilrs 6f - V:0.11s calculat~fr:t>,m.Eq. (5-,8). 

/J, 1018 
(a,) E;p - E-,- = k7 ln :, = o.0259 lnc({u; x 1019) o.~7 ev 

·1111 .• 5 x 10\S 
Et- - E1ri = kT 1n.-:;- = 0,02.59 Jn •• lO = 0,32? e.,V 

11:f (l,.Q' ~ 1,~ -} 

(b) qV~ = 0.467 + ll'329 = 0.17.96·e'V 

NaNt1 $. ~ ~(j::13 
(c) q\lp = kTln-2- -= 0.02591'n ., 

1020 
= 0.79§~V 

n i 2~5 X .~ 

~ , p . \ I''-"'" 
B;p - tl~7.-Vr "-· '------~•• 

- - - - - - - - -- - - EF 

E,I! \ 1 lf.'.\21
1.:9 

' . - - -- ~ i'fft 

• ------ ,Ith,, 

5. 2.2 Equilibrium Fermi Levels 

We have o.t>served that the E'ermi Level mu~t be constapl ibroughoul lhe de­
vice atequilibriurn. This observation ca11 be easily related to the results of the 
previous section. Since we have ass,µmed that p,, and Pp ;i.rc given by their 
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equilibriurn values outside U1e t.ransitil'.)n region, we can write Eq. (5 -9) in 
terms of the basic definitions of these q_uantities using Eq. (.3-19): 

Pp = e9VQlkT N .. e-CJ:.'., ,--:E,,)JkT 

p,. N.e~CE,"- E,.;)/kr \5- lln} 

,11V\i/ff = e(E;,,- E,,)f•T el E,_-E.,.,)/kT (5- J J b) 

q 'Vi1 = E.1, - E,.,. (S- 12) 

The Ferml ·revel anp valence band C.'llergies are 1vriLten with:subscFjpts to in­
dicai:e the p side and the n side of tbe junction. 

From Fig. 5-1 1 b the energy b~ds on either si_de of the junction a re 
separated by the contaci potential v0 times the electronic charge q ; thus Lhe 
eoe.rgy differen.ce E,,µ - e:,,.,, is just qV0. Equation (5-12) results from the foe~ 
that the Fermi levels on either side of the junction are equal at egullibrium 
(E,,.. - EF,. = Q), W~en bias is applied to tbe junction, the potential l:iarrier is 
rai$ed or lowered from the value o:fthe contuct potential. and the Fermi le<p 
els on either side of the junction areshi~d with r~spect to each other by an 
energy in electTon volts numericallY'equat to the applied v.oltage in Vo.Its. 

5.1.3 Spoce Chorge at o Junction 

Within the traosition,region,eleotrons.and ho.Jes are in transhfrom one side. 
of'the junction to the i:>Lher. Some electrons tliffuse from' n 10 _p, and SODl.Cl arc­
swept by the electric field from p too (and converseJy.(or holes); there are. 
however, very few carriers within the transjlion re,gl0n al. any given lime, 
since the elecni.c fie ld serves ro sweep out carniers whleh have "'-andered 
inlo W. TO. il goq,d approximstion, we oEm consider the space ch~ge within 
th.e transition region as due only to the uncompensa.tced dtmor aud ac<>eptor 
ion•s. 'Ibe char,g~ density within W Ls plotted tn 'Fig. S-12b.Ncglecting card­
er,s within the ,space chargercgion, lhe charge density on then side is just q 
times the con~eutratioii:of donor loJ).S N,1, and the n~gati,ve charge density on 
the p side is -q t imes tile concentration o! acceptorsN •. The assumption of 
carrier depletion witbio W a'Pd neuttalfty qutsi'de Wis known as the deple­
tion (lpproximation. 

Since the dipole about Lhe junction must ha:v,-e an equal numl:ier of 
charge" on either side/ {Q. = J.Q_I). the transilionregion may extend into the 
p <1nd n regions unequally, depending on the re lative doplng,ofthe two sides. 
P-0r example; if the p sideis more lightly doped than then side (N. < NJ), the 
spa~ chru;ge region must e-i<tenq far1he:r into the p marorj,al tban into the n, 

, A simple way of ral!'Offlh~ring ,~,. e,quol d10!9e ,r_•~~lremOfl,I 1. k, nql• thol ele<trlc a •• Jlne, mul l bo9i,n 
ond end on <hnrgo, of opposi!e •iai> ThDr~<>r.., ii· O_ ond 'Ct we,e not or equol mog11ltude. rho alcctrlc 
fiol.d would 061 b" conlained "\'ilhTn W but woulcl e,clend tarlher in!<> t~o p or n "'ll'lon, until tho•t!)Closed 
chorge, becnoie equal.' ' • 
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Figur.e 5-12 
Spote ·chorge 
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transition r.egion, 
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free carriers.; 

(cl the electric 
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l.l (,) 

t IV - ·1 
(c) 

- rpo $ 

t!,f = l (,1N I 

lio 
!Ir £' • ., 

to •~uncover" an equivalent amount of charge. For as~ple of cross-sectional 
·a.rea A, the total uncompensated charge 011 either side of the junction is 

where x110 iS the· peneLration of the space cbar.ge region into the p macerial, 
and x,;0 is the penetration into n. The totahv.idth.of.the transition region (W) 
is lhe sum of Xpo and x:r,0. 

To .calculate the electric field di.stribut!on. within the transition region, 
we begin with Poisson s equation, which relates the gtadient of the electric 
field to the local space charge at any point x: 

~(x) q + 
~=;(p - n + Nd - N;). (5-14) 

This equation is greatly simplified Vvi thin the transition region ifwene­
g.feot the contribution of the c;Lrrters '(p - 11) 10 the spqce charge. Witl1 
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this approximation. we have two regi0ns of constant space char~c: 

,n q 
dx = ~Nd, 

di q 
- = -N 11,.; E f!"I 

0 < x < ~no (5-t5a} 

(5-lSh) 

assuming complete ionizationofthe impuTities {NJ = Nd) irnd (N" == N.). 
Wecru, see from these two equaticms thata plot of'&(x) vs.x within the tran• 
sitionregion has Ma slopes, positive ('t~ increas)ng wlthx) on then side ttnd 
negative ('~ becoming more neg;nive as x increases) on the p side. There is 
somemaximurn value of the field "SQ at x = U (the metalh.trgical j unction be• 
tween the p and n materials). ,md !'&(x) is everywhere negative within the 
transition region (Fig. 5-12c). 'These conclusions come [rom Gauss 's law, but 
we could predict the qualitative foatures of Fig. 5-12 wi thout equations. We 
ex-pect lhe electric field '€ (x) to be negative throughout W, since we know thar 
the'& field actually points in the-x-direction. from n top (i.e., from the pos­
Hlve charge:s of the transition region dipole toward the negariv.;i c:Mrge.s). 
The- electric field is assumed to go to 7..ero at the e<lg.e-s o[ the transition re• 
gion, sloce we a:re neglecting any so,all ~ tield ill tbe oeIJltal il or p regions. 
1-"inaUy, there must bl! a maximum '80 ttt the junction. since this point is be• 
tween the charges Q~.and Q_on eit.her side of I.he ~rnmitioo region. All the 
electric flux Jines pass through the x = 0 plane, so th.is is the obvious point l1f 

maximum electric fic1d. 
The value of <gu can be found by int<!gra tmg either part of Eq. (5-15) 

with appropriate limits (see Fig. 5- 12c in choosing the Umits of integration). 

0 < ~- < .r,,o (5-11\n) 

Therefore, tl1e m.ixu:r1um value qt the electric field is 

.(5- 17) 

Ir is simple 10 relate the electric Cield to Lhe contacr potential V0, since 
the '6 field at any x is tbe negative ofthe potential gradient at th.at po,lnt: 

(5- IB) 

,n 
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Thus the negativ.e of the contact potential is simply the area under the i(x) 
vs. x triangle. Th.is relates the contact potential to the width. of th~ deple­
tion region; 

L l q · 
Vo = -<.e .. w = - - 1Vi.tn11 W 

2'"11 2 e (5-19) 

Since ll:te balanc(l of chai:ge reguire111entis x,..,Nd·= x~"' and Wis simplyxp0 +­
Xn0, we can write X,,o -= WN j(N F + N") in Eq. (5-19): 

Va = .!:. i N,,N,i w 1 
2 e N,, + N,i 

(5-20) 

By solving for W, we have an eJ<pression for thew.idtb of the transition 
region in ,te:rm~ oi the contact potential, the doping concentrations, and 
kno~vn constants q and e 

W = [2eY0 (N,, + Nd)]l/2. = [2eV0 (~ -t- -1 ) ] l/2 
q N,,lv,i . q N,, Nd 

(5-21) 

1here are several useful variati-0ns of Eq. (5-21); for ex.ample., V.11 can 
be written in terms of the doping concentrations with the aid of_Eq. (S-8): 

(5-22) 

We can also calculate tl1e penetration of the transition reg,ion into then and 
p materials: 

(S-2Ja) 

(5-2JbJ 

'As e:iqJected, Eqs. (5-23) predict tbat the traQsition region extends fax­
ther into tbe side with the lighter doping. For example,if N0 ~ N11,;,;p-0 is large 
compared with X-n<J- Tbis agrees with our qualitative argument that a deep pen­
etration is necessary in Hghtly dopeti_material to "uncov,er" the same amount 
of space charge as for a sho.rt penetration into heavily doped material 

Anotl'ier lmpor1ant resull of Eq. (5-21) is that the Lr~ition wil:lth W 
varies as tbe square root of the potential across the region. In the derivation 
totbls point, we have c;onsidered only the equilibrium cimtactpotential Vi,.Jn 
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Junclions 

Sect.i,on 5 . .3 w~ shall see that ai;i applied voltage can increase or decrease the 
potential acrnss rbe Lransition reglon by aiding or opp0sing the equilibrium 
e jectrlc field. Tbererore, E9. (5-21) prcdi~ts lbat an applied voltage will in­
crease or decrease the width of tb.e transftion region as well. 

'I;be junctiq~ desdiiieed-i'h Ex;uµp* K-1.bas acitcill~r w.:9.ss section wftb ·a ~PI.E 5-2 
di:uneter of 10 µ,m. Gakulate '1'.·nul ~;IJ, Q+,.and~,ufor, tbisjunctlon·at•eq,ui-
lJbriu,:n (3CJQK-j. Sk.et.e!i ~~) and cbatge' o~_nsJty,t°'scale, as in Fig. 5-12-: 

A = '11'(5 >< il~~~ = V ,85 >< 10~<cm2 SOltmO,N 

0.4$'7 
'""'1 = i + goo -2,27 ):( J.0-3 µm 

@- = qM,,. lf{d, ;;, qAx_g/111 = (l:.6 X 10-19lC7.8S, X 10-7](2.27 X 1011) 

= UIS X 1_o-J4t; 

CJ!. = _!L, ,Al = ..!L . N. == l.(i X 10-19 . 27 X • (jl-1) 
.~ E~q,Pil - E"X'j,b / a .(!11.§}($,$§ X 1 0~ 4} 2 • :1 

= -3,48. X 104 V/$. 

s_x 10~9 

0.5 
'.----llf------L..·--1-"- ~ (•fl'.11)') 
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5.3 
FORWAAD· AND 
REVERSE-BIASED 

JUNCTIONS; 
ST£ADY &TATE 
CONDmONS 

One useful feature or a p-njunotion js thatcurrent flows quite freely in the 
p to n d[rection, whe·n tlie p region has a positlve external volt.age bias rela­
tive to n (forward. bias and forward eurrent), whereas virtually no current 
flow§ when_p ismade negative relative ton (reverse bi\1S ,111cl reverse cu.rren~). 
This asymruet1:y of the ,current fl.ow makes the p-11. juncuon diode very use­
(L.1'1 as areccifier. While tectific;ition is an imp ortant appllcatio,wtis only the 
beginning· of a host of uses for the biased junction. Biased p-o junctions can 
be u.sed as v,oltag.e-variab\e capacitors, photocells, ligltl emitters; and many 
rnore devices which are basic lo .modern electron ics.. Two or more juocnons 
can be Ulled to.form transistors and controlled swltches, 

1n this section we be_gia with a qa.alilarive description of cun:endlow 
in ii bia~e.d juru:tion. With llie bl!(lkground of tbe previous section, t11e basic 
f-ea:rures ofourrent flO\V are relatively sh:nple ro understand, and these qual­
itative oopcepts form ttle b11sis for the ,nJafyti.cal des1,., ipUon of Iorw:fl.l:d and 
reverse ·cutrents in a J_unction. 

5.3.1 QUQlitative Description of Current Flow at a Junclion 

We assume that an applied voltage bias V·appears across the transition re­
ii0t1 oJ U1e junction .rather than.in_ the neut.J:al n and p Tegions. Of cou.se, 
there will be some voltage drop in tb.e neutral material, if a ourreut flows 
through it. 8111 Inmost p-njuncdon devices, tbe len.flth ofeacb ~g,ion lssmalJ 
com,pared with itS area,and the'dopiagis usually moderate to heavy; thus the 
resistMce js small in eaoh neutral region, and 9n!y a small voltage drop can 
be maintalned .outside the space cliarge (lransition) regi.on. For almost all 
calcul~tions ii is. valid ~o assume that an applied vol1;1ge appears en,tirely 
across the transition region, We shall !alee V to be vositivc when the exter­
nal bi.as is positive on the p side rela1 ive to the. n side. 

Sim.,e.~ applied voltage changes the electrostatic potential barrier,and 
thus tile .electric field within lbe t:n¢sit1on regi?n, we wpuld cxp\lc~ c;hanges 
in the vaiious e-0mporrents of currentat the junction (Fig.5-13).!)1 addition. 
the separation of tho energy bands is affected by th!! applied bias, along with, 
ilie widtl1 otthe depletion region. Let us begin by; ex.aminingqnalitativeiy the 
effeel$ of bias on tb.e imporlaQ.t fuo,t1,1res of the junction, 

11,e aleotroJ'tatic pot11111ial barrier ar the iunction is lowered by a for­
ward bias v1 from the equilibrium c6ntacl potential V0 to the 5:Dllllier value 
Vo - Vp This. lowering of the potential barrier occurs because a forward bias 
(p posltiVe with r~spect to n) raises the electro.si.itii: potential on the p side 
relative to the n side. For a reverse bias ( V = - V,) the opposite occurs; the 
electrostatic poiential of l,he p side i~ (41pressed relative to the n side, 3Jlrl 
the potcntfal barrier a t the junction becomes larger (V~ 4• V,) . 

T.lw electric fiefrC within lhe transition region can be d~duced from tbe 
potential barrier. We noti'ee thar rhe field decreases with (orward blas, siooe 
lhe~pplied eleclrictield opposes the buflL-iQ field. With reverse-bias the field 
at lbe Junction is increased by the applied field, which islo the same direc­
li.o.o as 1~1!! equilibrium field. 
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Junctions 

(a) 

Equllil111111n 
,(11 = 0) 

l'ar1kl~ C1Lrren1 
tiaw 

(1) - -
(2) - --
(3} ~- --
l~J - ➔• • ►-

(l) Hot~ di{Cusion 
(l} Holo drirt 

(b} 
F.-,rward bias 

(V ~ "1) 

l'MLick 
f l<)IV 

I rztv11- 111, ,­
-t---· 

C urrc,n1 

_, -- -
◄---- ----► 

-➔• - -

(c) 
RcVersebios 
(V= - 11,) 

r7 

Pnniclc' CLlrrcnt 
n1,w 

- ... - -
... -1' • 

··- --

(3) Elcctr:oo diffusion 
(•ll Eketron 'driff 

The ehahge in electric field a I the junction cal.ls for a·ch~e in the tran­
siiio11 regio11 width W , since it is lltill necessary that a p.roper number of po~­
itive and. negative charges (io the form of uncompensated donor and acceptor 
io11s) be exposed for a gi9en value of fue '€ field, Thus we would expect the 
width W to decrease under fon.,.ard bias (smaller 1, fewer uncompensated 
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Figure 5-13 
Effecra of o bias at 
0 p-n junction; 
transition region 
width and electric 
field, electrostotlc 
potentlol, energy 
bond dia{lrom, 
and por~cle Row 
and current direi;,­
lionswithin W for 
lo) ~quilibrium, 
·(bl forward bias, 
and {t) rever~e 
bias. 
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cha-rges) and to increase underreverse bias. Equations (5-il) and (5--23) can 
be used ti.1 oalC'Ulaie W,;.tp0, and.r,,0 i.f Vi1 \s repl.ru;ed by the new barrier beigh[8 

Vi1-V. 
Th,e 1feparatic11 of c1'e e11~rgy banps is a direct fun qion• of tlre eleci:ro­

sta tic potential barrier ai the junction.The height of lhe electron energy bar­
rier ls simply the electronic ol:uu:ge q times the ln~ight of Jlle e.le,::trostatic 
f Otential barrier. Thus the bands are separated less [q(\I~ - v,)J under for­
ward bi.as than at equiliprlum, arrd more [q(V0 + fi,}] under reverse bi3.h. We 
assume the Fermilevel deep insidl!'each nemral region is es$entially the equi­
librium vahre (we sh;tH return ~.o Lhis a~umptibn lale,r): llierefor~ the shift­
ing of the energy ban'd.s under bias, implies a s:eparation of the Fen11i levels 
:on cilllcr side of the juncti,ol),, as meJ1tioned in Section S.2.2. Under forward 
bias., theFenni level onthe.nside EP.,, is abpve EFp by tbe ene~gy <JVt;forre­
mse bias, E.Fp is qV, joules higher than F,,,,. In ene.rgy r.uii/,r of electron 11olts. 
rl1r Fermi fttVels in ine two ne.urraJ regions i,re separmetl by 1m energy (e VJ 1111-
metu:ali,i· eqiwt to the applied voltage (V). 

The di[fus,on cur.rem is composed of majority carrier electrons on the 
n side surm o1,1ating the potential energy barrier t.o cjiffuse (a tbe p side. and 
hole.~ surmounting their banlecr fmm p to n·.9 There is a dl,~trlbution of euer~ 
,gies.for electrons in tlie a-side conducuQn band (Eig. 3-16); aad S<•me elec~ 
~£-til01i in th~ 11.igh-e'nergy "t.aiJ" of the clislribution bav.e en~1ugh enemy-to 
oiff'u~e from n to p at equilfbrium in spite: of tbe b;:tr.rier. W.lth [cirward bias, 
however, l.};ie ba!'ri-er is lowered (to V~ - V1), and many more-electr<!>Qs in 
th!! n-side conduction oand ha VI! sufficiem energy to diffu.se JTom n top over 
lhc smaller bnrrier. Tben,"fore. Ure electron cliffusion currant can be ·qwte 
large with forwa rd bias.Srmilarly. more holes , .an diffuse frorn p to.o under 
forward biafi beelluse of the lowered hl\rrier. For revet~e-b[as th.e barrier be­
comes io large (\/0 -r V,) that virtually no ele-oirons iu.th.e n-side conduction 
bru1d_ oc holes in Ure p•srd,e. vale.nee b,\lld have eno1igh ene~gy to sunnoUAl 
it. 'Therefore, the diffusio11 current is usually ncgl.ig.ibte for re.ve-rse bias. 

Th-e drift c,~tre,it Is relatlvely °'se.nsltive to the helgbr of the poiei:Jtial 
barrier. This sounds strange at fitsl, sinee we nonnall.y think in terms of ma­
terial w)lli ample carl'leis, tlnd lhe~fore we e>.'Pebt drift cµrrea l to be simply 
_proporbonal lo the uppJied field. The reason for this apparent anomaly is the 
fact that the driit current is .limf red notl'!y how fnst carri~ are swept down the 
barrier, lmtrather how often. For example.minority carrier electrons on the p 
side whieb, wander j.l:\lo the li:ansition regi(.ln \'Jill be swept down the barrier 'by 

'Wot, b,o, oppl,~ to the ,i•n_~f,on, the. 0 in the •ob1,,mp1• of""' Qnd ,;,o do,e, nor "nply equHJw,um In 
Sl~d, II 119"*"' ibi,._or!gin <if a n11w ••I o/ =al~oliu-. 4 • Q <l~~ "° = O, o> d•nn•d lntu 11, fig. 5-1.5. 
'Romcmbor that ihe P,Olonhol "'""9Y llarr/or• !Qr sl.i,:llqn,,cmd 1,ul~U!;• dlr!)ded.oppo,.~~ly. Tho burner lo, 
oloctron• 11 ClpP<ltefll from lhe _enllfm, ~d d10gro,y1, "(hi,:.~ "olwD)'> dw·-:,n lor •'"'Iron ""'"!l"'f- Fo, bot~, 
lhn polonlfol energy-bunltt1 at Ina /unc:ll~n ~os iii<, 50mo •hape a,. th.• dor;ira,iol.o pot•hllol bonier (th" co11-
se<si011,/do1<>r betw<,ien a!oc11,,.io)I< pcitontlal ond hole energy I• Tq). A •lmRlo chect of 1heoe two barrier di­
·roctions (on be rr,11& by h1klr_,g lhe ~iror.lion• ln wl;i,;h i:drrien a,e ,wep1 b'y,1he 'ii Reid whhln the t,an,,1,on' 
<egiorr-..-hote1• ,wop! '" tlio dlrocGon of ''-, f.om n top f1W!tpl d<,wn lhe polimdal •kllf• for 1,,ot.,,J, M .1.., 
t«>n Is ,wepl oppd1l10 le~. l<Dffl p lo n (,wept do-11,e polOll•lol en•rgy 'Ml'' for eloolron•). 
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the 'i iieJd.giYing rise to the electron component of drift current; However, this 
current is small nor becausc of the-size of tbe barrict butbecause there ate very 
few minority electrons in the p side to participate. Every electron on tbe.p 
side whlch,diffU~e$ ro the t:tan,ljitiort ~on Will be §Wept dow,,· the potential 
enctjD' '.hill, whether lbc hill is large or smaU. The electron. drift current does 
not depend on.how fast a.nlndividual electron.is-swept from p lo n, but ralher 
on.how many electrons are .. swept down tbe barrier per secondSimilar com­
ments apply regarding. the tlriftof 11'\IDOrity holes .from tbe-n side to the•p side 
of the junction. To a· good approximation, therefore, the electron andhole drift 
0UJ:r13nts at IJ1e junodon are independent of (he applied voltage. 

·nle supply of minority carriers on each side of the junction .required to 
p¥1.lcipate In t~e drift ,c.om_ponent of current Is gemmited by thermal exci­
ra-tion of electron-hole pairs. For example . .an E.HP created aear I.be junc­
ti9n on the:p sicie provides a minmity-eleclrOn !rt the pmaterlaLIHhe BHP 
fa geoer.at:ed within a diffusionlengtb L" of the rEansition region, this electron 
can,diffuse to thejµncfioT\ and qe swep~ 'dQwn the bamc:dotlie n side,'Il!e­
resulting cun:entdne to.drift of generated carriers across the junction is com­
lll!)oly called the gemrrution currentsmce its tnagnitude depends entirely on 
the ra le of generation ofEHPs. As we-shall discuss later, lbis.genera.tion. cur­
ren:t can lie increased greatly by opticnlex,citation of EHPs near the junc:Uon 
(the p,n junction photodiode). 

The 10ml ciirr~t orossing the junction is tomposecl or tl}esum of the dif .. 
fusion and drift components.As Fig.5• 13 indicates. the eleolxon and bole diffu. 
sioncun:'i;ols are both dtrected.from p-10 n (although iheTiarticle fiowdirections 
are (\pp<>Site to each otheI), and the drift cun:ents are fromn to.p.Thenet curs 
tept,cros.sing t11e junction :is zero at eqillllbruim, since the drift and diffusion 
components cancel for -each type-of can'ier (the equilibrium.electron and hole 
com_ponents need not be equal, as in Fig. 5- 13, as Tong iis lbe net hole outrent 
and t he net electron ·current are each zero). Undec -revecse bias, both diffusion. 
i:omponents-are negligi):ile: because ot the hhge barrier at the juneti.oni~md the 
only current is the relatively small (and essentially voltage•independent) gen­
eration current from n t\J p.'This, gc;netation curtenl is snow~ iri Eg, 5-14, ui a 
sketch of-a typical 1-V plot for a p-n j:unctlo_n. In this figure the posifoie. d.!rec­
tion fq.r the cis:rtenLJ is l:aj(en from p to-n, and 41e applied voltage Vis positive. 
when the positive ba1tery terminal is connected top and Lhe negative terminal 
to ,th The mµy current Uowing ln.tbls _p,,n juncliondiodefornegl!tive Vis the sin all 
current I(gen.) due to earri.ers. generated in the transition tegion or nunority 
carriers w_hich diffuse to the jii.n1Jtio11 arid !\IC coll.ected. Tue current at V = 0 
( cquilibrium),is zero since the generation and diffusion currents cancel; 10 

l= l (difi)- ]J(gen.)]-== Q tor V=O 

'"rh• IOIOI ourrenl /ls tne· >\1!'1 or th• gatieroJiof, ond dJJ\vston co,i,poqen11, Kow.-. 11,,,.. COfflPO'-""'I> 

!Ire oppo,i1ely cl.1,.,c:ted, with /fd;r!.J bo,i,9 pQsltlvo·ond Jlgen,l l,,,roo negdR"" !or the cho~n ro/eren,;e-di­
r«llon, To ofolckon~.ulon ol ,fgru, wa u1e h,;i., th,.magn"ude•c,rth• dri~c,,r(tlnl l/{gM.1! end ,nducio if> 
negclive-sia_n in Eq. (S-2AI l b.u,. when we l"!'il.,.lh• 11>rm- l/,(0,e.Q )I, then, i• no doubl tho~ thn eonoroJioQ 
<Vlfillll is. In tho negorivo. c:llrfl!nl dlre<~Ofl.1h11 opprooe~ ""1pho,ix .. rh...tacl lt,dt lhe lwt> =po••~" oJ 
<lll!'ln! odd ,rith <>PP'!lire •1!1"• lo s••~ 1he lot"I c~IT• n' 
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Figure 5- 14 
/- \1,chorocferistic 
of o p.o jvncti.on. 

V 

~ ,1~ I 
,~~-

J 

/ (d,ff.) 

V 

As we sha!J. see in the next section, an ,ipplied fcrwat!.l bias V = 'V, in­
creJL~es the probability that a carrier can diffuse.across the junction, by the 
factor e'Xp(q {'tf kT) . Thus the diffusion currenq.mder forwnrd bias is ~ven by 
its equilib'rium valuemuliiplied b~ exp( L/ Vik T); similarly. foneverse bias lhe 
diffusion current is the equilibrium value reduced by the same factor. with 
V = -v,. Since t he equilibrium diffusion current i.s equal in magnitude to 

jl(geJ1,)J, lhe diffusion current with appJ,ied bias is simply ll ('ge.n.)I exp(qV/kT). 
The total crnrrent l is then tlie diffusion current minus the absolute value of 
the generation ou.rrerit, which w_e will now refer to, as 10: 

(5-2.5) 

In Eq, (5~25) the applied \'0ltage V can be positive or negat ive, V = V1 
or V ,:, - v,. When Vis positive and greiUe.r than a fe\V k Tlq tk T/q = 0.0259 
Vat room temperatur.e), the eJtponential term is much greater than unity. 
Toe au:crent lhus ·increases ~ponenUa!IY ,vith forward bias. When Vis nega­
tive (reverse bias), the exponential term approaches z.ero a11d the current is 
- (0, which js in then top (negative) direction. This neg~tive generation ~T­

rent.is also c:alled the reverse saturation cummc. The striking f&i ture of.Fig, 5-14 
is th,c nonlinearity of the L-V ct1ara,cteristic. Cuve~l Ociws relatively Iteely 
in .the forward direction of the diode, but alm-0s1 no currem flows in the re­
verse difecl'ion. 

5.3.2 Carrier lnjettion 

From the discussion in the previous section, we expect the minority carrier 
concentration en each siQe of a l>"n Junction to var.y with the applie,;J bias 
because of variations in the diffusion of carriers across the junction. The equl­
'ibrium raHo of ho}e e-011ce.ntralions on e~h side 

P.v = e'lVo/kT 
Rn 

(5- 26) 
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becomeswitb bias {Fig,5~13) 

p(- .tp0) = e9(Vo- V)/kT 
p(x.o) 

(5- 2'7) 

This equation uses the altered barrier V0 - V to relate the steady sta te 
hole con~ntrations ·on the two sides of the transition .region with either for­
ward or reverse blas (V positive or negative). Por- low-leve:l inj~ction we can 
neglect changes in the majority carrier concentrations. Allhongh. lbe absolute 
in.crease of the majority-carrier concentration is equal to the in.crease-of the 
minority earrieJ eop.ce9t.ration in.order to maintain space charge neutrality, 
the relative change in majority carrier oooc:eotratlon can be assumed to vary 
oolyslig\ltly with b~s compared with equilibrium values. With this simplifi­
cation we can write the ratio of Eq_. (5-26) to (5--27) as 

p(x;,o) Vf'·T ---;;- =< e9 ."- taking p(~xp_0) = Pp (5-28) 

Withforw~rd bias, Eq. (5-28) suggests a greatly increased minority carrier hole 
ooocencrirlion at the edge of the lrrulSition_region on then side p(x,,0). lhan was 
the case at equilibrium. Conversely, the hole concentration p(xrdl) under reverse 
bias (V-negative) is tcdw:ed below the equilibrr_um value p,,.. Tue e,.ponentia1in­
cr-ease ofthe hole concentration at x,,,:1 with forward bias ls an example of minorl.ty 
CilTrl.er i11jecrlon.As E'ig. 5-15 ·suggests, a.f;onvru:d bias Y results in a steady st.ate 
Injection of excess holes into the.n regionand electrons into the p region. We cwi­

easily calcul1tte Lbe ex~ hole concentration ilpn at lhe edge of the transition 
region Xnei by !>Ubtracting the equilibrium bole concentration from Eq. (5-28), 

(5 29) 

and similarly for excess electrons on the p-side, 

(5-30) 

Eron, our study of cilffusion of excess eartlecsin Seccion 4.4.4, we expe_ct 
that injection leading to a -&teady concentration of t.pn excess holes at.Ts.a will 
p~oduce a dis1riJ;,ution of eli.eess Mies in then 1Uaterial. As the boles diffuse 
deeper into the n region, they recombine with electrons in the n material, 
and the resulting excess hole distribution is obtained as a solutitm of the p,if. 
fusionequation, Bq. (4~34b). lf the nregion is long compared with the hole 
diffusion length Lp, !he solution is expone;ntial, as in Eq. ( 4-36). Similru:iy. 
the .injected electrons ·in th'c p material diffuse and recombine; giving an 
exponential ~slribution of excess electrons. For coi;i,venience, let us defin~ 
two new coordinates (Fig. 5-15): Distancos measured in tlie x-drrection in 
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--- - --------- , 

l 
11(.t,.). 

n,> - ---l,~,,--
p(x.) 

1/11{:r") ~ lln• e - •i,li,,, 

(a) 

·$. ... - ------------·~ 

---r--------,£,. 

(b) - -----------E.,,l 

Figur.e 5-15 
forword-bios~d junction: I□) minority cmrier dJstributions on the two sides of the transition region c:md 
d.efinilions of dfstonces x. ond x0 measured from Jhe transition regfon edges; (b) vorioHon pf the quosl­
fermi levels with position. 

then material from xn0 w.ill be .. designated x,,; distances in the p material mea­
sw:ed 1n the -~-.dJ.r.ection_ with -xpo as the origin will be called ~p· This con­
,vention will simplify the mathematics considerably. We can write the diffusion 
equation asi,n Eq. (4- 34)· for each_ side of the junction and solve Tor the dis­
tributions of excess carriers (&n and 'op) assuming long p and n re~ions, 

I on(xp) = l:i.npe.-x-,ll. = np(eqV/k:T - 1)e-.r,/L,, I 
I op(xn ) = b.pne- ~..IL, = Pn(eqV//c'C - l)e- ~,.{Lp I 

(S-3la) 

(5-SI b) 

The hole diffusion c1ment ai- any point Xn in the a marerial cil.n be eal­
eulared from Eq. (4-40): 

. dop(x,.) D p .fL Dp . 
lp(x,.) = - qA.Pp dx ~ qA L tip;,1F' , = qA L op(x,. } (5-32) 

ll p p 

where A is the cross-sectional area of tl.Je junction. Thus the bole diffusion 
c~renL a.t eii.c.h position x. is prop,ortio.na1 to Uw excess h ale con.cenliation 
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at ilial point.11 The total bole current injected into t.b,e n material at the junc­
tio.n can be obtained sim_p]y by evaluating Eq. {5-32) at Xn/J'. 

qADp qADp 
lp{Xn == 0) = ---i;--APn = - L-p,;(eCJV/kT - l) (5-33) 

p p 

By a similar analysis, theinjeetion of electrons into the p material leads 
to an ele€Lron current at the juncti'on of 

'.[be mi.nus sign ir1 Eq. (5-34) means that the electron.current is opposite to 
thex,J>'"\iirection; that is, the true direction 0U~ is in the +x-direction, adding 
to Ip in the LOtal current (Fig, 5-16). If we neglect recombination in the tr~si­
tion region, which fa known as the Shockley ideal diode approrimatic,m, we 
oan consider that eachinjecled electron reaebing -xp0 must pnss-thtoughx...,, 
Thus lhe total diode current Lal x.,0 can be calculated as tlse sum of lp(x. = 0) 
3Tid -I.(x,, = 0) . If we take the + .x-.direction asthe referenee direction for.the 
total current l , we inusi use aminus sign ,with In(.1:p) to account for theiact that 
:x,. is defined in the -x~direction: 

QADp qAD,, 
I = lp(Xn = 0) - l,,(xp = 0) = -;:;-6.Pn + T ti.,,'P (5-35[ 

I = qA.(~p,. + ~n/T}eqV/kT - I)= lo(eqV/k1' - J) {~- 3(1), 

,Equation (5-36) is the diode eguatio11, having the same form as the 
qualit,ative relation Eq. (5- ~). Nothing in the derivation exclude_s the pos­
sibility that the bias voltage V can be negaiiv,e; thus the diode equatioJ1. de­
scribes the total oumm,t througb tbe diode for either forward oneverse bii!S­
We can calculate- the current for reverse bias by· letting V =- V,: 

If V, is larger than a few kT/.q , tb.c total current is just the reverse-satura­
tion current 

11W11h oarrier ifijaclion due to blo,, Q /, cleac 1h01 ths .•qu,libw,m Fam,l l~v~b connol b1? U>ed to d!»~dbe 
carrier coAcr;,olroHon!i in fh(l: dpv,ce U l!i neca,uary to·u$e 1hi! q>J\(i8:PI of q1,1.0s~F.enni level,, t<,king inlo DC• 

counl the -spotlol voriallono of lhe carrier conamtcollon,. 
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Figure 5--16 
1wo methods for 
calculating jvnc• 
tion ourrenl from 

the e,<i:ess mlm;,rJ. 
ty carr ier distribu­
lioos: lo) diffusion 

currents ot the 
edges of lhe Iran• 

srticm ·re.gion; 
lb) charge Jn the 

distributions divic:I,. 
ed by the rninorily 

carrier liFellmes; 
\c:) lhe diode 

equation. 

- - - -+----+-- -1--- --- x 

I 

6p 

Q,,""t/A[6p(.r".) d.,. 

Or ,,,1 t" 
l;+t, .. .:==H) =-:r- :- . T ~/•11 
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One implica tion ofEq. (S-36) is that the total curren t at the junction 
is dominated by injection of carriers from the more beav.Uy doped side in.to 
the side with lesser doping. F(J_r example, if the p material i.n•.;ry heavily 
clop.ed and then regio.n is l.igbtl.Y doped, the minority carrier concen.tration 
on lhe p side (11p) l!\ negligible compared v.ith the mi.!iority carrier c9ncen­
b::ation on then.side (p,.). Thus the diode equation ean be approximated by 
injection of holes only. as in Eq. (S-33). This means that thecha-rgestored i:n 
the mlnorily. carrier distributions is cine mostly to holes on rhe n side. For 
example, to double the hole current in Ibis p~-n junction one should not 
double theµ• doping, but rather rt:duce LIie n-type doping by a factor of lwo. 
This slructute i~ called a p· -n j u.n.ction, where the + ~uperscripi. simpJy 
means heavy doping.A.not.her ch.aracter.istic of the p"'-n or 11'"-p structure is 
that the tr~nsition region e~terids primacilyJnto tJ1elightly doped region, 
as we found int.he discussion ofEq. (5-23).Haviog ooe stde heavily doped 
is. a useful arrangementfor manyµ rac!ical devices, as we shiJII soe in o~r dls­
cu:ssions of s.witching diodes and transistors. This 'lype of junction. is com­
mon in d.eVice.s wlJich are fa1,ric-Jtt:d by counte:rdoping. For exam pk. an n-typc 
Si sample with N,1 = 1011 cm-3 can be used as the substrate for an implanted 
or diffused jun,ction. Uthe doping of the p regiQJ:1 is gr.eaier tha,i 101v crr,- 3 

(typical of di[(used jUTICLions), the structure is definitcly p--n, wah n,,, more 
tha:11 five orders of magnitude smaller than p~. Since this configuration is 
common in d';!yice technology, we shall return to it in mucb of the iollow­
ing discussi<:Jn. 

Figure 5-1 Sb shows the quas.i-Fermi levels IIS a runctloo o(pQsition.for 
a p-n junction in. forward bias. The <:quillbrh,1.m EF is split into the quam-Fermi 
levels F. and F,, which are separated within W by an ~neri,,y q V caused by Lhe 
applied bias, v::t'l:ti!. ene.rgy represents Lite devia1ion from equilibriurn (see 
Section 4.3.3). In. forWard bias in. the depletion region we t.hlls get 

t5-J8) 

Oo either side ofthejunctio.o.it is lhe minority carr1cr qu•asi-Fcnni !eve.I tbat 
varies Lhe most. Toe. majority carrier concentration is not affected.much, so the 
maja.tlty carrier quasi-Fermi level i!l close lO lhe original £//. Al.though Utcre. 
is some variarion in EF and FP within W, it doesn't show up on the scale used 
in Fig. 5- l 5. Ollt:sfd~ of clie depletion region~ the quasi-Fermi levels Cor lhe 
minority carriers vary lmearly and eventually merge w:itb tbe Fermi levels. Lr. 
colllrrurt, the minority carrier com:enlrations decay e.xpon~liaUy with di.s­
la.ncc.ln fact ittakes many dif(usi0n lengths f.ortbe quasi-Fermi level ro cross 
E;, where the ;minority carrier concentration is ,equal to the intrinsic carrief 
concentration, let alone approach EA whe:re for example 6p(x,1) = p •. 

Anotµer. simple and lpsl:tuclive way or ca:lculating the lotal curren t is 
to consider Lhe injected current as supplying the-carriers for the excess dis­
tribuliqns (Fig. 5-t6b). For example, J,.(x. = 0) must supply enopgb holes 
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pe-r second to maintain the steady state exponential distril:mtion 6p(x.) as 
i.be holes recombine. The total po~ilive charge stored i□ the excess C0J:J'ier 
cfi&tribution a1 any ins1ant of time is 

The aver~ge lifetime of a hole in ilie-n-type material is· -r p• 11ms, on 
the average, this en1ife charge distribution recombines and must be I(}· 

plenished every Tp seconds.111e injected l1ole cunent at x. = 0 needed 10 

maintain the clistrfbu.tion fs simply the total charge divided by the average 
time·of replacement: 

(S-40) 

usingD/Lp:: Lp/T1,. . 

This is the:: same result as Eq. {S-33), whl~ Wal! calculated tram the dif, 
fusion cucrenrs. Sirnilru:ly, we can calcula:re the negati-ve charge stored in the 
distdhut.ion 1't1(.tp) and c;iivi.de by,,, IO obtaJ.□ ,tbe injected e.lectrQ11 current in 
the p material. This method, called the cha.rge comrol appr.oxlma1ion, illus0 

trates the imponant fact tbaf1he minority ca,rlers injected Into elfher side o[ 
a p, rt junetion diffuse into the neutral material and rec0mbi11e with llie ma­
jorl~ ca.rriers.'The m.inoiity c1mier current [for example.lp(,r,,) l decreases ex­
ponentially wilh distance into the neutral n:gion.Thus several dillnsion lengths 
a\vay from the junJ:ticin, most or Lhe tot.al currenl is carried by the majority car­
riers. We shall dlscuss this point in more detail Jacerin this sect10n. 

111 su111,11ary, \V.e \:811 calculate tbe ourrent at a p-n juncrio□ 111 two ways 
(Fig. 5-16): (a) from the slopes oft.be excess minorily ca.rri.er distributions at 
the lwo e~ges or {Jle tra:i}.sition re_giqns ~IJ.d (b) l;rom tb.e s!,eady stat.t: cl:targ.c 
stored ineacb d:istri.butfon. We add the hole current injected into the n mate­
riaUp(x11 == O) to lhe elec!tron current injeel-ed into the p cnarerlal I,.(~µ= OJ.after 
includingam.inus sign with !,,(;t·p) to conform with the oonvemiomil definition 
of positive cumm1 i·n the ~-x-direction. Wea.i:e abli; to add these t'wo currents 
because afihe as!>urnptian that no recombination takes place within lb.e tl:fill­
sition tegl.o.n. Thus we effectively have lhe total electron and hole-current at 
one point in the device (xMJ· Sfoce the total current must bewnstant through­
out the devic.e (d~ite variations in the c.u1Tent compoae.nts), I.as desc.ribed 
by'Eq. (5-36)· is the total current al every poshion.t l:n. the diode. 

The drift of minority <ian·icnl ca-11c qe negl.ee_ced in tne neutral regions out­
side W, because the minority ca.o:ier concentt'atfon is small compared witb thal 
of the·.majQrlty earners. If tlie minority caniers-conltibute to the total cuuept 
at all, their contribution must be through diffusion•( dependent on the gradient 
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of the carrier concentrati~n). :Even• a very small concentration of minority car­
riers canliave an appreciable effect oo thecun:entif che spatial variation.is large. 

Calculation ·of the majority carrier currents in the two neutral regions 
is simple, once we have found the minority carrier curre.rtt. Since the total 
current 1 must be coostmrl throughout the devi.ce, tbe-majoritycar.cier eom­
.ponent of current at 3AY point is just Ute differe.iice betwei:n l a:t')d the mi­
nority component (Fig.5-17). For example, since I;,{x.) is prnportional to the 
excess hole co~ce11tration at eap-h position in the o material (Eq. (5-:}2)}, il 
decrea:;es exponentially in x. wi.tb the decreasing 8p(x. ). Thus the electron 
component of current must increase approptiatety with xn to rmtlnl'ilin the 
total current 1. Far from the j11nction, Lh.e our.rent in tben material is carried 
almost entirefyby electrons. Toe physical explanation of this is that electrons 
must flow in from the n material ( and ultimately .from the negative terminal 
of the battery), ·to_resupply elecLrons lost by recoU1bii1ation in th·e exce.ss hale 
distribution near the junction. The electron c\JIJ'ent l,,(x.) includes sufficient 

------++--+-----► :r; 

n 

I 

\ 
\ 

' ' ,;lp(x.,) 

' ..... 
~p.~----=::;_ _ ____ _,! ~--------~----- ~,·" 

0 CJ 
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Figure 5-17 
Electron ond hole components of current in o forward-biased p•n junction. In th.is.example, we. hove a 
hig,her Injected minority hole current on the- n-side than electron currehl on the p side becouse we hove ·o 
lower n doping than p doping. 
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el.ecrron flow to supply not only ,ecombi,natio.n near .i:00, buralso injection of 
elect.tons into \he p region. OC course, lhe flow of e1ectro.ns in then materi­
al toward the junction constitutes a current in the +.r-dir:ection, contributing 
to the total current 7. 

One que.stion that still nmiairis to 'be 81]:Swered is whether the nrnjod· 
ty: carrier cuueru: is due to drift or diffusion or both, at differenr _poinrs in 
the dfode. Near I.he junction (ju~t ou!Eide of I.he deµ1£tlon regions) the ma­
jori·tY carrier aoru:enltation changes by exactly rhe same amounl as minori­
cy·carriers J.r, order to maintain space charge ne~ll'ality;The majqrily carrier 
cencentration oan change rather fast, in a very s.hort time scale known as the 
dielectric relaxation time. , 0 (=pt:), where pis the resistivity and E: is the di­
electric constant. Toe relaxation time To is me an.alog of the RC time consmnt 
in a oirouil. Very far away (n:,m the junclioa (more than 3 10 5 diffusio.n 
lengths). the mlnority carrier concentration decays co a low, constant back­
grou;nd value. &nee. \he majority canier concentration also becomes i.nde­
pendenr of posllion. Here, cleacly the only possible cuJTent componenl is. 
majority carrier drift current. When-approaching the junction there is a spa• 
ti ally varying majorl!y '(and minority) carrier concentration lilld the majori­
ty carrier cu.rrent c:hnnges from pu.re drift io i.l:rif( and diffusion. aJt11ough 
dTift al\1/ays dominates for majority earriers except in eases of vecy high lev­
tls of injeciion. Throughout the diode., the total aUITent due. to majority and, 
minor:lly carriers at any cross secrion is kept constant. 

We thus note t)1a1 the electric field in the neutral regions cannot be 
zer.o as we previously assumed; ot.herwise, there would be uo drift cur­
.rents. Thus our assumption tllat .nil oI the applied voltage appears across 
the transition reglcin is not completely accurate. On the other band, the ma­
jority carrier concentrutiom, ar~ U1;uallY large .in t.he neWtal regions, so 
tha t only a small field ls needed to drl,•e the drift eurrents. Thus tfre as­
sumplion tliat jw1ction 11til~age equals apPlied vol,tage is ;icc;eptable for 
mo· r calculations. 

EXAMPLE 5-3 I-'inQ anu,q:in,~ionfur (he'Clectront:Utrent m the11•t,yp'e material ofa.fonvard­
biased p-njuncti0n. 

SOLUTION 11,e to1.al cunept ii. 

1 = qA(D"Pn + Drl'1p)(e9Wkr - l) 
LP. L~ 

The hole current on lhe"Il side js 

rp(!.,) = qA ~P p~e-:t.,/L~(e.'!YlJiT - 1) 
. p 
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'Ihus the·electron current in ilie n ,11a.tetjal is 

This exptession jncludes the suppl Mg of e!ecl'ron~ior rec_9mbimu.i_on 
with th.c injSctcd holes, and the injection o(ckch om;.aaross the jum:tibn 
'into<the pside. 

5.3.3 Reverse Bi:as 

In our discussion of ca.rtier injecti_on and minority carrier distributions, we 
have primarily assumed for.ward bias. The distributions forrevetse bias can 
~e obtained from tbe same eguaticms (Fig. 5-'1&). Lf a negative value ofV is 
introdueed. For example, if V = -V, (p negatively biased with respect ton), 
wecan a.pproxima1eEq. (5-29) as 

APn = Pn(e<IC-V,JfkT - 1) ==- -p,, for V, >> kT/q (5-41) 

and similarly Anp = - nP. 
Tilllil for a reverSe bias of more than afew tenths of a volt, the minori­

ty .carrier conce.ntra.tion at each edge of the transition region becomes (;)S­

sentially zero as the excess concentration appreachc;,s the·n egative of the 
equilibrium concentration. The excess.rni:nori.ty carrier coueentcati.onsin the 
neuttal regions ar.e still given.by Eq. (5-31), so that depletion of carriers below 
the equilibrium values ex.tends i!.J>proximately-;i diffusion length beyond each 
side or lhe tran$ilion region. This rever~e-bias depletion o( minority carriers 
can be thoughl of as minority carrier extraction. analogous to·thelojeciion of 
forward. hias. Physically, exv,aotion gccurs because minority carriers at the 
edges of the depletion region are swept down the barrier at the junolion to 
the other side and are not replaced by an opposing diffusion of earners. For 
example, when holes at x,,0 are swept across the junction lo the p side by the 
~ Iield, a gradient in the hole distribution in the n material exists, and holes 
in then r~gioo.dilfusetoward th.e junction. The steady sta.re hole-distribution 
in then region has the inverted e.xP9neatial ·shape of Pig. 5-J8a.It islmp.or­
rant LO remember that although the reverse.saturntion current occurs at the 
junction by tiri1.t o,f. carri'e:rs down the .barrier, thl-s cun;e11t i's fed .from e~cl1 
side by diffusion toward the junction of minority carriers in the neutral re, 
gions. The rate of carrier drift across thej uocl:i.911 (reverse. saturation curreut) 
depends 011 the rate at wbic.h holes arrive at x,~1 (and electrons atx,,o) by diffu­
sion from the-neutral material. These minority carrie.rs are suppliea by thermal 
generation, and we can sbowthat the expression for the reverse saturation cur­
rent, Eq. (5-38), repres.ea.ts 1h·e .nue at which ca,rriers are ge11eratei;I the-rm ally 
within a diffusion length of eath side of the transition region. 
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Figure 5-18 
Reverse-biased p-n iunctlon: (di minor)ly carrier dislributions neor lhe reverse-biased junction; (bl varia­
tion of lhe quasi-Fermi• levels. 
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Juncl10ns 

In reverse bias, tbe quasi-Permi levels split in tb:e opposite sense than 
in fonvard bi11s (Fig. 5-18b ), The F, moves farthi r away fronLE, ( close to E.) 
and F.p moves farther away Crom E., reflect:ing the fact that in reverse bias 
we have fewer carriers than .in equilibrium, unlike dieiorwmd bias case whete 
we have.an excess of carriers. In reverse bias.,in ihe depletion region, we have 

(5-42J 

It isfatere:sting touole that the quasiaFenni levels in reverse bias can go in­
sjde lhe bands. For exampTe, F,, gOCl! inside .i:he conduclion band on then-side 
of the depletion region. However, we must remember that FP,is a measure of 
the hple-concentration, and should be correlated wlth t11e valence band ed~, 
E.,.and not with Er He.nee, lb.e band diagram simply reflects the fact that we 
have very _few holes in lh\s .regio.n, even fewer lban lbe alread~ small equi­
librium minority carrier hole concentration (Fig. 5-,18a). Similar observa­
tions can be made a.bou:i the electrons. 

An ahrnpt-Si p-n,junction ~A = 10-l rcJll!) has ·the following properties at EXAMPLE 5-4 
~QO K: • 

p side. n side 

Nr= 1{)17 cm-l 

"'r- = 911 µs 

i,ip = 200,:r;n'-!N-s 

µ,. = 100 

Nd =c ,1015 

1'p = l0µf 

µ/I= 1300 

µp -= 1\-50 

Toe-jµncµon. is ~or:w.ard biased by 0.5 V. WhaV.s !Jie fom:c1Tci c:urrejit? 
Whatjs the.current at<a reverse 'bias of-OSV? 

!] = qll(! p,, t .~: ll.i,1,,w 1w.11
17 

- !) "' loCeqV/liJI - 1} 

1, '1 5 ~ 1010)-2, 
,p ,,,;l!L = "' • 11 = Z:25 X 1~ om- 3 ' 

n ft,, 10l5 

rl (l .S X 1.01.9)1 e •. 03 _3 I\ =- = . = -Q,2,.;, X I. cm 
p Btl 101,7 

Forni,noi;:ily ca,ftiel'.$; 

~ .,, ' 
D'I' = -1!,p, = 0c~9 X 4~0 =J.J.§§ cnr/s on !1\t:":11i$1de 

(j 

, Ki'T' · 1 
Dn =~µ.H' = 0.0259 ,x 700 == 18.13 cm Is on the p side . q . 

SOUJTION 
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S.4 
REVERSE-BIAS 
BREAKDOWN 

Figure 5-19 
Reverse-breok­
down fn o p-n 

junclion. 

Lp = vlii7:,. =" :Vi1,66 X 10 XJO-~ = l.Q~ X 10-2'cin 

Ln = ~ = Vl:8.8 · X 0.1 X 10➔ = 1.35 X 10-3 Gm 

6 0'"'19 0 00 ( n.6,6 2:"" , 105 _.__ 18_J3 ,'3). =- 1:: x 1 . x , 01 '-o.oios ..... x_ . • o:oo;iss 22s x. 10 

= .4.,370 X lQ-lS½_ 

J = lo(l-'o:sm.~ - 1), "' LOSS X l~r"' Ain foJ!War<l bias. 

l = - 111 = - 4.37 x t'n-15 A ·in reverse 'bias. 

We have found that a· p-n junction biased in the reverse direction exhibits a 
small,essentfally voltage-independent saturatiop ctrrreot.This,is true until a c.rit­
ieal reverse bias is reached, for which rew1ue bre.akdOJV/1 occurs (Fig. 5-19). 
A t this critical voltage (Vi.,,) the reverse current lhrough the diode increases 
sharply, and relatively l;u:ge currents cait flov, with little further increase in 
voltage. The existence of a crrtical breakdown voltage introduces almost a 
right-angle appeara;nce 10 the reverse characteristic of-most diodes. 

I 
Revcro! i;aturarfon 
cuorrent 

Forward 
current 

" I R_cve,s~ breakdown 
curtwtt 

\7 
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Ju11ctio11S 

There is nothing inherently destrucLive about reverse breakdown.lf the 
current is limited to a reasonable value by the external circuit, the p-n junction 
can be operated in rever$e breakdown as safely ,1s ii) tlte forward-bias comii• 
ti.on..Fbr example, the maximum reversecl;lrtent which canllow in the device 
o[ Big, S-19 is ( E - Vti,V R; the series-resistance R can be chosen to limit tb.e 
current to a safe level for the particular diode used. ff the-current is not limit­
ed extemally,the junction can be damaged by excesshereverse current, which 
overl1eats Lhe device as theruaximllill power rating is exceed!!-d. rt is iru,portanl 
to remember. however, thal such destruction of the devfoe is no1 nec~1rily due 
to mechanisms unique to reverse breakdown; similar ·results occur if the de­
vice passes excessive oUn:ent in the forward direcH<in. 12 As we shall see in 
~ection5.4.4, useful devices called breakdown diodes ate designed to operate 
in the reverse bteakdown regime of-their charaoteristlcs. 

Reverse· breakdown can occur by tWo mechanisms, each of which re­
quires a critical. electric field in the junction transition region. The first mech­
anism. called Che Zener effect,l~ operative ai low voltages (up lo a (ew volts 
reverse bias). If the breakdown occurs at higher voltages (_from a few volts 
Lo thousands of volts), 1he meclianism is uvalanche breakdown. We ~hall dis­
cu.~s these two mechanisms in this section. 

5.4.1 Zener Breokdown 

Wb.en a heavl.ly doped junction is reverse biased, the energy bands become 
croS&ed at relatively low voltages (i.e.., the n-side conduction btUJd appears op= 
posite the p-side valcnc;e band). f.,s Fig. 5-20 indicaleJ;, the crossing.of Lhc l:>ands 
align,~ the.large number of empty states in then-side conduction band oppQSite 
th_e many filled stares of che p-side valence band. Itthe barn er separating these 
two band/; .is narrow, tunneling of.e.lectrons oan ocour, as discussed in Section 
2.4.4-. 'l'unneling of cJectrons•from the p-side valence band tp then-side oon­
ducti'ou band coQslitutes a reverse curreat from a to p; lhis is the Zenrr effecL 

n 

0 

(n) (ll) 

''Tl"' c!l,sipaJecl jmWqr IJVl 1n· lhe fvncriorl is, of cou,:.a; g,awor fa, a gW•• cullent In lhe breakd<JW11 
109,me 1hdn ii would be lor 1he lotwa1d blc~. s,mply bccou>o V If gn,otQr, 
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f.igure 5-20 
The Zener effect: 
(o) heavily doped 
junction ot equilil> 
dum; (bl reverse 
b!os wlln electron 
tunnehn9 from p 
lo 11; (c) /-V 
chorocterfstlo. 
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The basic tequin~ments for tunnel'.i.ng current ate a la1·ge number of 
electroru; separated from alarge number of em_pty states by a narrow bar­
rier of fi.ojte ·height. Si.nee the run.nelfog probability depends upon ~he 
l'y'idUl of the barrier (d in Eig. 5-20), it is important tha:i t.hunetalllV.:&lCal 
junction he sharp and the doping high,.so t hat the tra.ns1tlot1. regi·on W ex­
tend$ only a very shrnl distance from each side of the junction. [f the ju.nc:.­
Lion is not abrupt. or if either side of the junction i.s Lightly doped. the 
trantiltlon cegion W will be too wide for 1·un11eliog. 

As the bands il.J'e crossed (at a few ten th$ of a.volt for a.Mavily. doped 
junetion), th.e t.Unnellng distance d may be toa large for appreciable tl:lri­
neling. Howeve.r, d becomes ~~er as the revel'Se b,fai; is increased, be­
cause the high.er electric fields result in steeper slo11es for the band edge,~. 
This assw:nes that the trnnsi'ticm region width W does not increase appre­
ciably with reverse bias.For low voltages and heavy doping on each side of 
Lh.c j~ctiou, tliis ts n goodassurnpt-ian. lloweyc.r, if Zenor b-teakdown doc:¼ 
noL occur with reverse bia, o'f a fe\V" volts, aval.noche breakdown will be­
come dominiitnt. 

In the simple covalent bolidingrnode.l (Fig.3-1), tht! Zener effect can be. 
thoughrot as field io11izarion orthe hos1 atoms at lhe juaction,That is. fhe re­
,verse bias of ~ heavily doped Junction eau.~es a large electric field within W; 
ala criµqalfield srre.ogt,h.ele.ctron,~ parfitipating I.[\ covalent l;ioncls may be h:n:n 
from the bonds by the field and aocetcrated 10 then side pf the junction. The 
elec~ctclteld requiredfor this t}'pe-c,il' ion.lL;i1ion is an Lhe order of !()fo \T/cm. 

'5,4.2 Avolanclie ~re<ikduwn 

for lightly (jc;ipe.d junctions electron t·\lnnellngis .ruigJigJblc, and instead, the 
breakdown mechanism invol.ves the impact ionaa.ciun or host ar.omi; by en• 
ergetic carriers. Normal Jattlcc-scanering events ca.11 result 1n rbecrea1fon of 
EHPs if the cnuier befog scatte.ted ha.s sufficient energy. Fere,xample, if lhe 
electric fieW ~ in tile trunsHion region is 1arge,.an clecLi:onentcrirrg fmm the 
p side ma)• be accelerated to h1gb .e1'lough k inetic ,mergy to cause an ionjz­
'lng coll islon with lhe lal!ice ffig.5-2l a) .A sing:lc such inte11ac; li0Ti re:.-ull$ irt 
,carder mt1ltiplia01Jo11; 111.e original electron and the genernted electron ~ e 
bl'.llh swepl to the n ~fde of tlie junction. and lbe g~etaled hole i~ swept to 
the p side (Elig.5- 2lb).The degree ofmuhiplk.uticm can become 'iery high 1i 
~arriers general.e:d whhin the rran itien region als·o have iol'lizing coJlis'i.ons 
with the lattic:e. For <JJ<arople, an incoming e.lecu:on may lul.ve a collisi[ll) with 
the lattice i!Od create ru1 BHP; each of these ea-rriers has a chanec of cre­
ating a new EHP. and .each of those e.a.o also c.r.eate ;:tU 'EHP, illl'd so forth 
(F'fl, 5-2Jc). This is an avalanthi:. pto<.esst 1,inee each ln(aoming carrier can 
initiuie the creation of !I large number of new carriers. 

We tan make an approximate•allalysis oI iwalant:he .m1,1ttipUca:iion by 
assl,lmi.ng that a eanilll' of ~itber t)lpo ha!; ;,i probability P of havi:ng an ioniz­
ing coJJision with t))e lauice while being accclei:atecl n distance W through the 
transltiop regkm.J1m& for 11111 e[ecrrnns entering rmm the p side,Jher~ will 't:>e 
P11'" ionizing collisions and an 'EHP (Set:ontlar-y carriers) for each collision. 
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Affct tbe Pn.,. collisions by the prim:ary ele:c1rons, we have the primary plus 
the secondazy elecLrons, ni.(l + P) . .A fler a· collisfon, each ERP moves effee­
tively a dislance of WwiU1in the transition region. For example.!£ an EHP is 
created at fhe center of the region, the electron drifts a distance W/2 t:o n 
and the hole W/2 t o p. Thus the prQ"!)abiliLy that an ionizing colli~ion will 
occur due to the motion of the secondary curriers is still Pin this simp.lified 
moc;lel.For n,.P secondary pairs the.i:e'will be (n;,,'P)P iocll:).zing collisions and 
1110P2 tertiary pairs. Summing up the total number of electrons out of the r e­
gion -'li, n after many collisions. we bave 
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Figure 5-21 
El~tron-hole po\rs 
oreoted by impoct 
ioniriltion: 
lo) bond diagram 
of a p-n junclion 
in reverse bias 
sho'.>;1'1ng (primary) 
electron gaining 
kinetic energr ;;, 
tne field of the dee 
pletion rig lo~, 
and oreoting a 
(secondary] 
electron-hole pair 
-by impact ionizo­
lfon, the- prrmaly 
electron losing 
mosl of its kinetic 
energy In the 
process; (b), a sin­
gle ionizing c:;olli• 
sion by on 
incoming electron 
lri the depletion 
reg_ion of the junc­
tion; (c;) primary, 
se~ci.ndory, qnd 
rertiory collisions. 
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assuming no recornbininioo. In a rnor.e comprehensive theory we wou ld 
irtclude reco111bi111Hion as well as different ptobabillties for ionizing co~ 
sions by elec1.TOns and holes. tn 0ur simple rheory, ,he electron multipli.­
catiorLM1, is 

11out z ~ 'I M = - = 1 + P + 1' + r- _.. • • • = --
" /!• • 1 - p rn, 

as can be verified by direct division. As the probability of ionization P ap­
irroaches 1.1ni1y, the carrier mu1tiplication (ll.nd there,['oTe the reverse cun:l'llll 
through thejuncti.on) increases without limiI. Actually, the limit on tile cur­
relll will be. dicta led by 1.he external circui t. 

'l'he 1'.e.lation between multipllcationandP was·easy10 wnte in Eq. (5-44a); 
hO\\iever, the rc;ilatloli i:Jf P 10 parruneters oflhe juncti<m.fs much more com­
plicat'Cd. l'hy~ica.Lly. we expecl the ionization probability to inarease with in­
creaMng ete1:rric ueld. and therefore co dep-em:l on the te.\>erse 'bias.. 
Measuremen1.s of c.i rrier multiplication M in junct:iomi near breakdo\Vll lead 
lo an e:r~1plrical relation 

M = l 
l - (V/Vb,)" 

where the exponent II varies from about 3 to 6, depending on the type of ma­
Lerial used for I.he junction. 

In general, the critical reverse voltage for breakdown increases with 
lbe band gap oft.he material , si'nce -n1ore energy ·is required for an ionizing 
collision. Also, the peak cfoctcic field wit run W increases wiib increased clop• 
log on the more lightly doped side of th:e junction. Therefore. Vb, decroas~s 
as tlte-doping increases. as Fig. 5-22 indieate,s. 

5.4.3 Redifiers 

Toe mlist obvious property of'a p-tl junction is'its 1111ilareral namre; that is, 
~o a good approximation it conduets current in only one direction. We ca.11 

think of tm ideal diode as a short circuit when forwal'd biased and as an open 
eir:cuJ1 wbe.n. reverse biased (l~g. 5-2Sa). Tbe p-11 junction diode does not 
quite frt this descripLion, but the /-V characteriscics of many junctions can be 
approximated by I.he iueal diod~ m series with other circuit ek1ne1fts•to form 
an· equivalent circuiL For -example, .most forward-biased diodes exhibit an 
offset 11ol111ge St1 (see Fig. 5-33), which can be.approximated in a d.rcuitmodel 
by a battery in series wiih t be idi;,al di<:lde (Fig. 5-23h). The se1ies battery in 
the modcl'keeps the ideal diode turned off for applied voltages less thanE11• 

From Sectio115.6.l we expect Eo to be approximately the contacr potential 
of r.he junction. In some cases lbe approximation 10 U1e. actual dic>de char­
acteristic is improved by adding a series resistor R to the circuit e.quivalen1 
(Fig. 5-2.3q). The equ.ivale.rl l circu.i.l app,reximaLious illmmated in Fig. 5-2] 
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are called piecewise-linear equivalems, since the approximate character-is tics 
;ire li;near over specific rn.a_g:es.or voll11ge and c_un:ent. 

An ideal diode can be placed in series with an a-c voltage source to 
provide rectificaiipn of the s,igoal. Since c1.1rrenl can flow only in the forward 
dir-ection through the d1ode, only the p·ositive half-cycles of the input sine 
wave are passed. The ou,lpul volta.ge is a half-rtlc:.rifiecl sine wm,·e. Where,Js 
the input sinusoid has zero aver~ge value, the rectifi'ed signal has a positive 
average value and tl:ierefore contains. a d-c component. By appropriate fil. 
teriog, this d-c level can be exrracted 'from the rectified si,gnal. 
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Figure 5-22 
Vo-riotfon of 
01.-olonche breok­
d0w11 valtoge in 
obrupl· p·•n junc­
tions, os-o func­
tion of qonor 
concentration -on 
the n side, for sev­
eral si:!mtconduc­
tors. {After S. M . 
Sze o.nd G. Gib­
bons, Appfied 
Phys;cs Leflecs, 
vol. 81 p. 11 I 
(19661.] 

Figure 5-23 
P,ecewise-lineor 
opproxlmolions of 
junction diode 
charocleristics: 
lo) lhe ideal • 
diode; (bl ideal 
diode with on off• 
set vo\loge; icJ 
ideol ~liode with 
on offset voltoge­
ond o resislonce 
lo QC(:OUnt fur slope 
in Iha forward 
characteristic. 
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TI1e unilateral rumrr.e o[ diodes is usefuUor ma,ay otber circuit appl1-
oatio!18 lli(ll require ..,,ovesf1apfng. This involves alteration of a-c signals by 
pa~g only certain -portions of the signal wh~le clocking other portions, 

Ju1tcrl.on diQdes designed for use as rectifitlrS shoulcLhayeJ-Yoharal'­
reristics as close .as possible to that of the ldeal diode. Toe rev:erse current 
should be ueglif,ihle, a;rid the forward oumm1 shouW extlipit liltle voltage 
dep~ndence (negligible forward resistance R). The reverse breakdown voll­
age·shOUld beJarge. rind 'lire offse.l voltage 4J. in th~ forward.direc.tiQ:n should 
be small. Unfortunately, nor all of these requirements can be mel bya single 
device; comp:roD:4-~es.111ust be made in the design oJ rnc jupction to provide 
tbe best diode for the intended application. 

Frum the theory derived in Section 5.3 we can easi ly list the various 
requirements for good. r,ectid,er Junctions.Band gap.is.obviously an irnportallt 
eunsiderati.ou in chogsing" mater.ifi] forrecti fier dil'ldcs. Since i1.i is srnallfoI 
large band gap mate.rials, the rcve.rse saturation cur:rcnt (which depends on 
lberroally geilenited carriers) decreases witl1 lt)c.reasin,gE,,..A rectifier [!Jacle 
with a wide band gap ma_terial can be operated at higher temperatur,es, be­
cau~e thermal excitation C>fEHPs is.reduced by the increase~ bantl gap. Such 
temperature effects are triticahy lmportant in. rectifiers, which must carry 
large IJUTre.n l:. in the forward direcli,on and are lhereby. :Subjected lb appre­
ciable heating:. On the other hand, the contact potential and -offset voltage Eu 
genenilly increase with E~: This drawback ls usually out)veighed by the.ad• 
vantages of low n;; for .example. Si fa generally pre(en:ed o:ver Ge for power 
rectifie rs because of its W:ider hand gap, lower [e-a1(age. cu.rrent, and hjgher 
breakdown voltage, as well as its rnoreconvenientfabrieation prapertles-. 

Tire di,pin.g concen.1rar,ion 011 ~ch side of the junction i:nilueoce:, Lile 
avalanche-break.down voltage, the contact potentia~-and the series.resistanee 
oI 1.lfo diode. ff the Jlll\ction has one highly eloped side and Qne lightly doped 
side (such as a p'-njunctioa), the ligh_tly dopedre_gion determintlS many of 
the propertit:s of the j,,mction. f ri,rm. ;Fig,, 5-22 vie see ~ta h:igh-resistivily 
region should be used for J:H least one side of the junction to increase the 
bre.akdown voHage Vb,• Hewever1 this appwach lends to i:oqnease th~ fpr­
ward resistance R of flg. 5-23c. and lherefore contributes to fue. problems of 
thermaJ effe.cts due to fR heatillg. To rednce the .resistance of t)le lighfl,y 
doped n~gion. it is necessary to make its area large and reduce its length. 
'111~refo~ the physlcru geometry o( Ute diode is anolber important design 
variabl'C. Limitations orrlhe practieal area for a diode i11cludepr9hlem$ or ob­
tl\ining uniform starti'ng material and junction prooe,s.sing;over large areas..Lo­
calized flaws injunction. uniformi!J can eause premature reverse breakdown 
in a smallregim;tof the devic,e, Sin:iilady;the ljgntly dop.erl.region c;if the Junc­
tion canoot be made arbitran1y short. One ot the primary problems with a 
1,6.ort,_llghtly doped Tegiof) is an effect caJ l.ed p1mdt-1hroug'1. Sµu:e the ttan.• 
&itiOIJ regton width W increases v,,ith reverse bias and e.:nends primarily into 
the l.ighUy qoped r~gion, il is pos..<:ible for W to increase until itfills the entil:c 
length ofthiSTegion (Prob. 525).The result of punch-through is a breakdown 
·belowthe va1ue p,f V,t ~pected ifi'om Fig. 5-22. 
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Jonciions' 

Jn devices designed for·U?e at rug~ :i;everse l;l.ias, care mu.~t be taken_ to 
l\VOld premature breakdown across. cb.e edge of the sample. This effe.ct can be 
reduced by lievellns I.he edge or by diffuslng a guard ring to isolate the junc­
tion from the edge.of the sample (Fig. S-24). Tb.e electric field is lower at the 
bevel_ed edge o.f the samp1eln Fig: 5-'24btnan iris io the main body of.the de­
.vice.. Similarly., the junction at the lightly doped p guard ring of Fig. 5-'24.: 
breaks down at .higher voltage Lban • the p.,_ -n j UACiiOQ. Since the de_pletion 
region is wider in th.e p ring than in_ the p ' region, the average electricfield 
is.smaller i;.t the ring for ·a .given diode reverse voltage. 

ln fabricating a p+--n or a p-n.' jw1ction, 1l is common 10 terminate the 
fightly (lop!!d region with a beavi.ly doped layer of t)1e same type.('Fig. 5-2Sa), 
to ease the problem of making ohmic contact to the device:The result is a 
p·-n-a+struclure with !lie p~ -11 layer serving ns the active Junctjoa, or a p+-p-n" 
de.vice with an active p-n'' junction. lhe Hghtly doped center region deter" 
mines the avalancbe brea..1<down voltage. Ir this regipn ·is short compared 
.witb the minority carrier diffusion length, the excess caniec injection 'for 
large forward curreritscan increA~e th~ conductiv.ily pf theregion·significanllt. 
1his typ.e of conduc;:1Mry modulatian, :which reduces tile forward resistance .R, 

n 

p 
I 

,, ' 
(a) 

'(b) 

I-., /, 

(b) {c) 
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Figure 5--24 
Beyeled edge and 
g~ord ring io pre­
vent edge breok­
do'fln under 
rev.erse bias: 
[o! drode with 
oeveled edge; 
(bl closeup view 
of edg·e, showlng 
reduction of de­
pletion region 
near Jhe level; 
[cJ guard ring. 

Figure 5-25 
A p"•n•n• junction 
diotl~: (o} device 
eonfiguroJion; 
(b) zererbios 
c:ondttion; 
(cl re.verse­
biosed lo 
p_unch-Jhrough. 
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F-igure·fi-26 
Abrccikdown 
dio\l~: (al 1-Y 
chorocteristiq 

(b) opplicofiqn as 
6 voltage 
regulolor. 

ran be very u.seful for high-<mrrent.devices. On the.other hand, a short, light­
ly doped center region can also lead 10 pUnch-Lbrougb under reverse bias, as 
in Ftg.5-25t. 

The p_1ounting ~fa rectifier junction is ctitical to its abilit:y t:o bimdle 
power. For diodes use.ct 10 low-power c-ircuits. glass tir plastic encapsulat.iou 
or a -~in1ple header mounting is adequate. Howe vet, high-curreat devices tb.ai 
must dissipate lnrg.e amounts of 'heal require spec.int moun'tings· to transfer 
thermal energy mvay from the junction. A typical Si power rectifier ls mount­
ed on a mo.lybdenum or tungsten disk to mat.ch the I heimal expansion prop­
cnies or the Si. 111is disk is fastened to a tame stud of copper o r other 
thermalJy conductive material that can be bolted to a. heat sink wlt h appro­
priate cooling. 

S.4.4 Th'e Breakdown Dfode 

As we discussed earlier iu this section, 1he revcrSe-.bia~ breakdown vohage 
of a junc.rion can be vari.:d hr choici:i of junction d·oping coricentrations: J.h~ 
\,re.alt.down mech·,mism is tb.e Z~uer c[i'eot (tunneling) for abrupl junction\> 
wit.h extremely heavy doping: howevu. the mor.; eonin1on break.down is 
a_valaucbe (.impact ionization), typical of more lightly doped or graded junc­
tioli.s. By varying.the doping we can fabricate diodes \~:ith sp~c break.dc:iwn 
voltages ..angiog from le.ss than one volt to several. hundred volts. lf the junc­
tion is well designed. _the breakdown will b·e sharp anc;i tbe current after bre,ak­
down will be essentially independent of voltage (.Fi.g.:5-26a). When a diode 
is designed for a specillc l;,rcakdowL1 volf'l!ge, it is.called a brwkdow11 diod.e. 
Such diodes are nlso called Zener diodes. despite the fact. tha t the actual 
brcak·dol.11n mechanism is U$Ually lhe aval~inche effect. ·niis error in termi­
nology is due to ,in early mistake ~n identifying the first t1bs~rvations of break­
d (.lw11 i a p,n•junctions. 

I' 

- 15 Y 

I 
(a) 

I 
1,'11 

L,5 V 1---
1: 
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Breakdown diodes can b~ used as :vollage regnla1or. m ciTcuit, with 
varying inputs. The 15-V breakdown diode of Fig. 5-26 holds the circuit out­
put voltage v0 constant at 1-SV, whi le t:b,e input varies a1 voltages greater th.an 
15 V.For example, If vr is a rectified and f.iJtered signal composed of a: 17-V 
d-c compOI1enl and a 1-V ripple variation abo_vc an(i below 17 V, the oulpul 
vawill remnin constant at 15V.More compiicaled voltage regulator circuits 
can be designed. m i rig breakdown diod.cs. d.epending on the type o-{ signal 
being regulated and the nature of rhe output load. ln. a. similar application, 
s1ieh a. devise can be used as a, reference diode; since the breakdown voltage 
ofa particular diode is known, the voltage.across it during breakdown can be 
used as a refere~oe in.i;.ircujl:s that require a known v~Jue of voltage. 

We have considered the properties of p-n.junctions under eq_uilibrium.con­
dition.s and with steady sta.te current flow. Mosl of the basic concepts of junc­
tion device-~ qa:a be obtained from thes-e p,ropei:tie-.~, except for the imponant 
behavior. of junctions under transient or a-c co.ndifions. Since mosi solid state 
devices are used,for sWitchlng or for p r-ocessiog a-c siinals, we cannot claim 
10 u,ndemand p-o junctions wi1hout knowing at least 1.he basics of'1ime­
dependent processes. Unfortimately. a complete annlyi;is·o-f lhese effects .inval v~ 
more mal:hemaiicaJ manipulation than is appropriate for a 11 i'ntr.oductory dis­
cussion. Basieally, the problem involves solving the various currentflow equations 
in two ~-imu1taneous variables,spa"Ce-and time. We t.an1 however;, obtain thll basic 
results tor several special casenvhich represent typical tin;e-dependcnt appli­
.cations ofjunctioo devices.. 

1n this section weinvestlgate the important influence of e-xcess carriers 
in transient aod a,-0 problems. l11e switching ofa dfo.de from ils forW1ltd St.ate 
Le :its reverse state is analyzed to illustrate a , ypical transient proble[fl-, Fi­
nally, these concepts are 11ppUed to the ·case of sman a-c signals to detennine 
the equivalent ca~a.citance ofa p-n jun.clion. 

5.5.1 Time Variation of Stored Charge 

Another loo.k at the excess carrier distributions of a p-n j unction under bias 
(e.g. , Fig. 5- 15) tells us fhi,\l any chang.e. in current must l.ead to a change- of 
charge stored: in the carder distribut:iens. Since time is required in building 
up or depleting a cl).arge dist:dbution,.however, the stored coarge mUJ;t in­
e-vitably lag behind. the current in a time-dependent prnblem. This is inher­
ently a capacitive effect, as we shall see in Section 5.5A. 

Fo.r a proper solu.tion of a transient problem, we must use the tim:e­
gep~dent conlirruityeqµatioos, Eqs. (4-31). We can oNain each compO'nent 
of lhe curr-ent at -position ,t and time , from these equations; for example, 
fromEq. (4-3la) we can wci1~ 

aJ/x. 1) ·6p(x, t) i:Jp(x, t) 
---- = q -=-~ + q ....:-:..--.:;.. {5-45) 

iJ.r r P rll 
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figure 5-27 
Effects of o slep 

turn-off tronsienl in 
-a p~-ri diode: 

(a) c:urrenl lhrou9h, 
tlie diode; 

(b) decdy of s-loFed 
ciharge In the 

n-regiori; 
(o) excess hole dis­
tribution 1n the ·n-re­
.glo11 ps o function 
of time during the 

ttaf)Sienl. 

TG obtain the instantaneous cutreu1 densjty, we= integrate both sides 
at time t to obtain 

J (0) - J (x) = 1o•.;[ ~p(.r. r) +- op(x, t) Jdx 
P. P q , ~, 

0 /T ., 
(5-46} 

For injection in to a long n rt;,gi.on Er.om a p"' region, i •e can take llie c_ur­
rent at Xn = 0 to be all hole current. and J,, at -f:" =.,, to be·zero: Th.en the total 
irtjected current, including_ ti~1'1e val'ia,1ions, is 

4 li. od la'"" . q, . . II 
i(r) = ip( .r;,, = 0, t) = - lSp(x,,. t)dx.,, + qA- 8p(x:,,, t)dx,, 

'7 p o ,1, , Q 

i(t). = Q.JJ(t) + ((Qp(!) 
• Tp dt 

Tli,.is result .i.nd.icat~s th,1 l the hole.c\J[tent injected across the .P' -n j unc­
tion· ( and therefore approximately the total di.ode curcent) 1-s detenni.ned by 
two cl)arge storage effects: ('I} tll~ usual recombination term Q1,t-r,, in w~ich 
the excess i:arrier distribution is replaced ever,y r1, seconds. and (2) a charge 
buildu.p ,(ar depletion) term dQpldt, which allow'S for LIJe fact that the disld­
bution of exce,~s carriers can. be inr::re.1sing oc- decreasi-ng in a time-dependent 
p.robletn. Fo.r steady stale-the d,Q./di leTm .is zero, arid Eq. (5--47) reduces to 
Eq. (5~40), as expecle.d, In fact, we could have written Eq. (5-47) in tuitively 
i'atber than having obtained it from Lhe continuity equation , sioce ills rea­
sonable that the h o.le,curreot iojected at any given time must Sl!f>(')ly minor­
ify carrier:& forrecombination an•dfor whatever variations occurin the total 
s!orcd charge. 

We can solve for the slDred charte as a fu.nctioi) gt time for a give a cur­
rent transient. For example, the step tum-offtr,ansieat (Fig.5- 27a), in which a cur­
rent Lis suddeiµy removed al 1= 0. leaYes the cliod¢ with stored charge. Sino._. lhe 

0 

(a) (b) 

l>p 

I 
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excess·bolesin the nregioumust die out by recombin-ari0n with the matehing ex~ 
cc;.s electton pOl)ulation;·some time is required for Qp(r) to reaGlfzero. Solving 
Eq. (5-47) with.Laplace tr13IISforms, with i(c> 0) = 0 and Qp(O) ::h:p, weoblain 

1 
0 = ::-QAs) + sQp(s) - frp 

,,.p 

As expected, tbe stored charge dies out exponentially from its initial value 
h p with~ ti:me _eo()Staot equal tod1.e holeJiCetime in.the ILJDateri,al. 

An important lmp1k.ation offig. 5-27 is that even though the current ls sud­
denly terminated, the voltage across the junction persists until Qp qisappeais. 
Since rhe exi:e$ hole conceo1.ration tan beJ'.elated 'to junction voltage by formulas 
derlved in Section 5.3.2, we can ptesumably solve for v(t). We already know that 
al nny tinte during the tra1;1_sient, t11e excess hole conoentration.aL.x1, = O is 

(5-49) 

so that finding Ap .. (t) will easily gjve .u.s the transient voltage. Unfortunately, 
jt .is :not simple to obtain ap_n(t) exactly from our e:q~ression, fo.t Qp(1). 'l11e 
problem is that the hole distribution.does not remain In the convenient ewo­
nential form i.lhas.msteady state. AsFig, 5-27c;:·suggesis, the quantity Bp(x,.. t)' 
becomes markcdJy-nonex:ponentia1 as the transient proceeds. Fot example, 
since the injected h0le current is preportionaJ to the gradient of tb·e b.ole dls­
tribu.rion al.(,, "" 0 (Fig. 5-16a). ;i;ero curr.ent iniplies zero _gradient. To1.1s the 
slope oftbe distribution must be c'lxactly zero a t x,, = ,O throughout ll1e lran­
sient. 13'This zero slope at the point of injection distorts the exponential dis­
tribution, partfoularly in the·.region near the junction. As time progresses in 
Fig. 5-27c, '6p (and there.fore i'Sn) decreases as the excess electrons and holes 
recom\?m~ To find I.he exaol-expres$ionfor:6p(xn, t) du.ring the transiebl \)'.OUJd 

require a rather dif.ficultsoJution of the time-dependent continuity equation. 
A,11 approximate solution for v(t) L'an oe obtained by a:ssumi.J;lg an ex­

ponentl.al distribution for Bp at every instant during the decay. This type of 
quasi-steady .vrate approxjm,ation peglccts dis.tortion due lo the s19pe r.e­
qui cement at x,. = 0 and the effects of diffusion. during 'lhetransient. Thus we 
would expect the ca\culation to give rather crude res ulls. 0n. the other h~nd, 
such a solution can give us afeel.ing for the variation of junction voltage dur­
ing the ~ram,ienL If. Y{e- take 

(5-50) 

"W• nofice that, wMo 1'10 mo9nllucfe of &p cannot ehcnge ln>l0ntoneou,ly, fh• sl0p'! niui! 90 to zero lo>n,odf: 
oldy. T~lsron occor in a , mall region necir rlie funcllo'n with nl!\jliglb!e redls!ribul""1 of diorg,;-011. 0, 
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we nave for I.he ston;,d cli:uge at any inst,>nt 

Q1,(£) = qA 1 '» llp,.,(t)e-"•IL,.dx,. = qALpll-pit) 

:Relating A/J,.(1) to ~•(t) by Eg. {5-49) we have 

!.">-51 ) 

Qp(t ) 
Apn(t) = p~(e<i•(l)/kT - 1) =- qALp (5-52) 

Thus in the quasi-steady state appl'Oximation,,lhe Jvnction. vollage 
varies according t9. 

kT.(1-r ··. ) v(t ) =-· In P . -,;.,, + 1 
q qALpP11 , 

(5-53) 

during the turn-off transient of Fl.g. 5-27. ihis a:nalysis.wh'Ue not accurate ln 
its details. does indicate ctea:rly that the voltage across a p-n junction cannot 
be changed instiiotaneous1y, and •that stored charge can prei;~t a problem in 
a diode in tended for switching applications. 

Many .of the problem~ o(store.d charge CIUl be reduced. by deSi,gning a 
p •-n diode (for example) with a very narrow n region. If the n region is short­
.er than a hole diffusion lengfh. very little charge is s:tored. Thus, little ,tim.e is 
required to switchl he diode on md off, This 1ype,of structure, called the na'F­
row b1;1.w diode . .is considered in Prqb. 5.3.S. The switclring proces.'5 can be 
made still faster by pui;posely adding recombination centers, such ~ Au atoms 
lo Si, to increase theTecombiaation rate. 

5.5.2 Reverse·Recovefy Transient 

1n roost switching applica1io1Ts a diode is switched fromfonvard conduction 
10 a reverse-biased,stare, and ¥ice versa. The resulting stored charge 1-ran­
sient is somewhat more co.mplicated than (or a simple turn-off ttansient. and 
therefore it re.quires sligbrly more analysis.An .important result of this ex­
ample is that a reverse current much larget than 'lhe nonnal reverse satura­
tion current cai1 flow .iJ1 a j IJJlctioo duriug the time .requiredlor readjustment 
of the store:d charge. 

Let us assume a p'•-n junctioo is driven by a square wave generator that 
periodically switches from -'-410 - E volts (Fig. 5-:28a). While Eis positive 
the di.ode is forward biased, and in sJeady state the current 11 £lows through 
the junction. If Eis much larger than the small forw¥d voltage of the junc­
tion, the s.ource voltage. appears t1lmost entifely acro!iS the r.esistor, and lbe 
current.is. a,pproxin:Uitely i =I, = EIR.After the gen-erator voltageis reversed 
(t > 0), the.current must initially rever.se to I= / 1 = -£/R. The reason· for this 
unusually large reverse·current through the diode is tbar the s~ored c.barge 
(an1.l'.hence !:he junction voltage) .:annot be changed instantaneously. 'lbere­
fOr e,just as the current is :reversed. the junction volt-age r,emairu; al the small 
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(d) 

for\vard-bias value it h.ad before t = O.·A voltage loop -equation then tells us 
tba l llie large.reverse current - E/R must Otiw tempora11.ily.Wlt.il e. the current 
is negative through the junction, the slope of .the &p(xn) distribution must be 
posiiive al x" = 0. 

As the stored charge is depleted frnm the neigbborho.o.d of the junc­
tion (Fig. 5-28b), we can find the junction voltage again from Eq. (5-49). 
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figure 5-28 
Storoge delay 
time in o p' -n 
diode: (o) circuit 
end inpul square 
wave; (b) hole dir 
lri bulion ln the ll-
region os.o 
funr.tlon of time 
during the Iron-
sienl; (c) variation 
of current cod 
voltage -with time; 
(d) sketch of frcin-
sient current ond 
voltci-ge on the 
device 1-V 
cho~ _cteristic. 
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Figure 5-29 
Effec:15 of s!orog~ 

peloy l)me on: 
switching signal: 
(o) switchlng voh­

oge; (b) diode 
current. 

As long as •.6.p11 is positive, the j1.mction voltage v(t) is positive and small; 
thus i = - EIR until t::.p,,, goes lo zero. When the stored charge.is depleted and 
l:!.p;, becomes negative, the ju action e~hibits a negative voltage .. Since the re­
verse-bias voltage of a junctru11 can be la:tge, lhe sourc·e voltage begi'ns to d,i­
vide between Rand the juT1ction.As time proceeds, the mag,uitude of the 
reverse cutrent becomes smaller as more of - E appeai;s acr~ -the reverse­
biased junction, until finally the only current is the smal'I reverse saturation 
current which is characteristic of the iliode, ·rhe time t,d roquired for the 
stored charge (and therefore the _junction voltage) to beromc zero is called 
th.es/orage dt!lay(ime. This delay ~me is animporta.nt figure of·merit ·iri eval­
uating diodes for switching applications. It is usually desirable that 1,,1 be 
smaH con,1pared wjth the switching limesTequired (Fig.5-29). The ctitical p~­
rameter detenni.nh1g t,d is the carrier.li fetime (Tp for the.example oftbe p',.-n 
juncti0n}. SJ nee the recombina1ion rate determines the speed will). wllich ex­
cess boles can disappear from the n region, we would expect rid to be pro­
portional to Tp• 1n fac1, an exacr analysis of the prol?lem of Ftg, 5-28 loads to 
the result 

where the er.ror Function ( erf) ill a tabulated function. Although the e~L !!<,>-
1.utiordeatli.ag to Eq. (5-54) is too lengthy for u.s to consider hece, an ap­
prqx.jrnate result can be obtained from the quasi-steady state assumption. 

V 

1 

(b) 
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Assuri1e ap,"-n tli_ode i§ 1$,iased _in tlie forward diJiec~on,, with a cur;( nt If- EXAMPLE S-5 
At time t= 01.he currnnt is swi1checl to -I,. Use the appropriate bound• 
arycoqai'tlons:to &9lve EtJ..{5-47) for Qp(?), ~ppl_,y t;Jle Ailasi-l)teacjy s~ate 
approximation to find the stoiage delay time !.id, 

From Eq. (5-47):. S0U1TION 

.· ) Q.p(t ) dQ,,>(t) 
t(l ,= --+-~ fa-, I < O,@;, = Ip.p 

Tp, dt 

Using Lapiace ttansfor;ms, 

I, .Qp(s) 
- . =--+ sQ Is) - Irr, s 'Tp ,P\ p 

. 1ffp_ I, 
Qp('l) = s + 1/,11'· s(s :+ J.j-:r ) 

, P. p 

Qp(r) = 1p;,tF'1"• + J,'T,p(!-rfr~ - 1) = rrl- 1, + Ur+ l ;~e-ifr-;J 

Assuming that QP~I) = q,!1:t/•PiJ) as in"Eq. (5-52). 

~ ''/ Ap,i(t) = qAL/- l, + (l't + Ir)e-1 't] 

Th.is is se1 ~o-eqpal zero, wh~n: /.-; t~d• and we qb_tain: 

'3d = - ic;,1n[1,: 1J =' Tpm(1 t t) 

An .iroporianu esu.lt of Eq. (5-54) is thal TP can be calculatedin a slraigllt· 
forward way from a 1neasutemcn:L of storage delay ticpe. In fact. r)leasurem(lnl 
o[ t,u .from an exJledmental arrangement such as Fig. 5- 28a .is a common 
metl:\od. of measuring lifetimes. In Sdme cases this is.a more convenient tech­
nique than the photoconductive decay mea~urement discussed in Section 4.3.2. 

:A§in lbe case of the turn-oCf tr-an.sieill' of the previous section. the stor­
age delay time can be reduced by intruducing l'ecombination cemers into 
the diode material, rhus :reducing the carrier lifetimes, or by uti11Zi:n_g the nar­
row base diode configuration. 

5.5.3 Switching Oiode.s 

In discui,sing rectifiers we emphasized the impertance ofmi.nimizingtb.e 
reverse-bias cutrent and the power kisses under fotwar-d bias. Tn many ap­
plications, time response can be imporrant as well. If a jnnct ion diode ls to ·be 
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used to switch rapidly from th~cpnduoting to tlie nonconducting state and 
back agai:n. special con~ideralion mu.-st bl! given to its charge control prop­
ertie.r,. We have dfocusse;d tl1e equations .governing the .turn-cm time and the 
re.verse reeovery time o{ a junction. FromEqs. (5-47} and:(S-54) it i.s cleaI 
1:llata d.iode With fu st switching properties.must c;itlierstorevery little charge 
in tile neutral regions for st~ady forward currems, or have a very short car­
rier lifetlme, or both, 

As mentioned above, we c!illl improve tbe-swilchmg speed of a diode by 
adding efficient recombinaclon centers to the bulk mate:riaL For Si diodes,Au 
dopi11.gj5 useful for lhi~ pu~pose.To a good approximation the carrier fifetime 
varies with fhe reci_ptocal of the reeombination ce.nteT concentration. 111.us, 
tor :example, a p~-n Si diode may have T" : 1 µ,sand a reverse recovery time 
of 0.1 µ.s befur-e Au.dopmg. If the addition or l0u Au aloms/cm~ reduces the 
lifetime 10 0.1 jl.'; and'•• to 0.01 µ.s, 101

~ cm-9 Au aroms c(nild reduc;e;,fl IQ 0.01 
fJ-5 ami r'4 to 1 na (lo➔ s). "th.ls p:rocess·cannot be c.ontinucd indcfinitcty,.liow• 
ever_The reven;e current due to Mnetati:onofcarriel's from tb i!'Au centers 
in the depletiGJn region becomes appreciable with large Au co.acen.tratian 
(Seer.ion ;i.6.2). ln adcliticm, a~ the Au concc-ntration.approi!'ahes the ljghte;st 
doping of the junction., the equilibrium w:rrie.r concentrn!iol1 of that region 
can be af(ected. 

A second approach to improving the diode switching.time is to make 
me li~1tly doped neutral regi'on shorter 111i\n a mfaotiLy carrier di!fusion 
leogth. This is the naHa11t base diode (Pr.ob.5.35). ln this case the stored-charge 
for forward conduclioo ~ very small, sirce most of the injeGted ca;rders dif­
fuse through the lightly doped regio1t t.o the e.11d co:ntacL When such a diode 
is switcl1ed lo reverse c:onduotlon. very liule time ls-required to ellri:linate'tbe 
stored d1ai:ge hi lbe narrow neutral region. The m.athematics involved in 
Prob. 5.35 is particularly ii:iteresting,.flet:ause II closely re·semlMs t~ecalcula• 
Hons we shall make in analyzing the bipolar junction transistor in. Chaple.r 7. 

5.5.4 Capacitance of p-n Jt.111ctiol\S 

-!'he re are ~a~icaU.y lwo• types or cap.i,ciumce associa ted with a junclion: 
( l ) Ille jMctlon c<apacirance due ro the djpole in the transition region and 
(2') the c}frtrg l! ~,oragi: cap,,ciw11ce !;¼rising from the lagging behind of voltage 
as current clmng-es, due t9 charge &lOt a~ cffecrs:.14 130th of t'hese capaci­
t.anclls ar,e impQrtan1, and t!\e-y lJl1.I.S\ be consldered'in d~igning p..n junction 
devkes for use 'Yitb tlme-varyi1tg signals. The ju11ctio11 capaci,tru,ce ( l) is 
dom1nJ:1nt under revmse-bias. conditions, and the ehargestorage capacitance 
(2:) is dominant when tbe junclion..h, forward biased.In many applicatiCJns of 
p•n jundlons. !'he capacitance is a Umiting, faator ia the UJ!efuln~s of the de­
vice; on Lhe other hand, there me important applications in whicli Lhc ca­
p_adtance cliscu~sedhure can he useful in ci.rcuitappJJci,ltious and in pmviding 
i1nporrantitlfonnation about the structure of the p-o jun.et ion. 

" lho cop<1cllo~c• (1 ) obov~ i• ol;e rofo r,(<ld lo 0$ ihec lroosilion reg,a~ to))(!Cilooc;c or d•pl~•i9n. lo)'llf co• 
pocilof>\'c, (2) Is ohan· CQlli,d •~• diffusion oopoC:ltgn~.e. 
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Junction, 

The junctlon ci,3pacitance of a diode is easy to Visualize fr¢m the charge 
disuibution in tile transitio.n tegion (Pig. 5-11). The uncompensated accep­
tor ions on the p side-provide a negative charge, and fill equal po'slrjve charge 
resulls-from the fonized dono~s on then side of the transition region. 11,e 
capacitance of the resulting dipole is slightly mote difficult to calc:JJlate than 
is the usl[;:IJ pat1lllel plate capacitance. but we c;m ~1b tain itln a few ste.ps, 

Instead of the common'eXprei;siQI/1 c;: = IQIVI, which ai:tplie.s !O capaci­
tors in which charge is a linear .function of voJtage. we must use the:: more 
general definition 

C= 1:e1 (5-55) 

·since the charge Q on each ~lde· of the transition r-egion varies nortlioec,arLy 
with the opplitid voltage (Fig. j -.30a). We cHn deQ10-ns;trate ~ nonlinel!I 
depende-nce by .review:hig \he equaricms for the wid1h of the trnnsitioa re­
gion (W} and ibe rc."Sulting charge. The cquillbrlum value ofWwas found. in 
Eq. (5-21) tobe 

[
2€Vo(N,, + N,1)]

1
/? 

W = - q- l'l;,N,, (equililn-ii/fn) (S-56) 

Smee we axe dealing with the nonequilibrium case w.1ih voltag-e Vapplied, 
v,;e rt111SL use the al tercel value of'th.: electrostatic potential bauier (V0 - V), a~ 
discussed in relacion to Fig. 5- 13. The proper expression for the width oI the 
r.ransilion region is then 

(S-57) 

ln this expression 1he applied voltage V can be either positive or negative 1-0 

account for.forward or reverse b'ia.s.As expected, lbe width of the tr,ansilion 
regJon is .inaeased for reverse bias and is decreased under forward bias. Su1ce 
the uncompensated chai:gc Q 011 each side of the ju.net ion varies with the 
transi tion region width, variatio11s in the applied voltage re-sulc in corre-. 
. ~ponding variations in tbecJiarge..as required for a capacitor. The value of Q 
ca.n be wrincn ii1 terms of the doping concentration and transition regioo 
width On each side o-f the junction (Fig. 5-12): 

Relaling the total width of the t.ransition r.egion W to the individual 
widths x.,D and ,1:m1 from 8qs; (5-23) we have 

(5-59) 
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Figure 5-30 . 
Depletton copod tom:e o( o function: (o) p--n juncticm showing voriolion of-depletion edge on n slde wilh 
reverse bias. 61e_c:lricolly, the slrualure looks like c porcllel plate copocitor whose dlelec::ti lc ls- the deple.­
lion region, end the ploles ore the. space charge newfrol region.s; (b) voriolion d depletion copoc:itonce 
with reverse bics. [Eq. 15- 631]: We neglect Xj,o in the heavily.doped p- moleriol. 

and therefore the eharge on each side- df the dipole is 

I I .N4N,, [ N,1N,, ]1/l 
Q = qAN NW= A 2qe(Vo - V}N N 

d + tt ,1+ a 
{5-li!J) 

Th.us the charge is i.ndeed a nonlinear fun ction of ,ipplied yo ltage. 
From this· expression and the dcli:nilion of capacitance in Eq. (5-55), we 
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can calculate the jurtclion ca.pacltance Cr Since the vollage that varies tlie 
eliaTge in the ITausilion region ls the barrier height (V11 - V), we must lake 
tlie denvati.ve wilh re-spcct to this potcntial-d.iffere,nce: 

(5-61) 

The qu,aqtlty 7 is .a votufge-variablt> capacfrance, since C1 is propor­
tional lo (V0 - v r '". There are several important applications for variable 
capacitors, includin& use in tuned circulls. l'tte p-u junction device ,vhich 
makt:s use·.of the v0ltagc-\111riab1e properties of C; is called a varacror. \'(e 
shall discuss Lhis device funhel' in Section 5.5.!i. 

Alrhougb the dipole charge is dimibuted in. the lransiti.on region oC 
Lhe juuttion, the form of Che padlllel plate-capacitor formula is obtained from 
the expressi1)0S (or c, and W (Fi1:1, :S-3Oa): 

[ 
q N,1/11. 11/l EA 

c, = ·eA 2e( Vo - V) N
11 

+ N., _ = W 

In analogy with the parallel plate ca.pacit-or, the transition region width W 
corresponds wiU1 the plate separnlion or tln: conventional capacitor. 

In the case of fin asymmetrically doped junction, I.he transition region 
exten.d~ _primarjlylnlo !he less qeavily duped sit:le, and the capacitance.is de-· 
tennined. by only one of the doping CQncentrations (Pig. 5-3Oa). For a p•-n 
juncUon,N.:P N.,and x,dJ .,, W, wh,iJex,,~ is ncgl,igiblc.TIJ..i!-Cllpacitance is lhc.n 
(F'ig. 5- 30b) 

(5-63) 

It is therefore possible-to obtalll the doping concentration of 1.he ligh.tly doped 
n region from a mcasureme11L o( capacit ance. For example. in a.rctverse­
bia:sed.junction the applied voltage 11 ~ - V, can be rn.ade much larger than 
(he contacl poLemial V0, so .thar. the latter become- neg!Jgible.lf the area of 
tbe jll]Jctio1;1 can be meMU:red. a rel iable value of N,1 results from a mea­
SW'emenlof ( j. However, these equations were obtained by assuming a sharp 
step junction. Certain modifications must be made in. the cnse of a graded 
junetion (Secticm 5.6..1 and Prob. 5.37). 

The jllllction capachllllce d-0minates the reactance of a p-n junction 
under reve.rse bias{ foT Corwa,'d bias; however, !he char_gestorage, on diliuslo11 

1•L<1vx, S., and K. Hen, •R~v,sitfng the Aooly!lc Theory o! P-N Jonclion lmpedo,,~ trnpro••m•nt, · 
Gu,d.d by Computer S1t1Sufolion loading to o Now E9~!vole.ot Cucuil." IEEE Tran>, Elot. Dev. 46(21 
11999) , 396. 
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Figure 5-31 
Diffusion copodlonce as a !unction al forward bias in long 011d sholt diodes. 

capacitance, C, becomes dornii:iant. [l has be.en recently shown 15 that the v.ar­
ious Lime-dependent current components, as well.as the boundary condi­
tionS, affect the di(f~ion capacitance.in forward bias. We need to speciCy al 
which terminals the stored. chru:ges ore e.-xtraoted or "reclaimed;'·and. where 
lhe relevant voltage drops occur. FoI long diodes \Vhooe dime11$ions an~ lru:g­
er than the diffusion lengths; there is no diffusion capacitance. For a shon. 
diode, the re4aimable charge is two-thirds o! 11:te· total stored cha~ge. The 
diffusion capacitance due lo stored holes oo the n side oflength c is: 

dQP J q2 1· C = ~ = ..:. -Aap,!!qV kT 
' dV 3 kT 

There is a similar contribution fr<:,m tb.c srored elci::trons <in tire p side 
(Fig: 5-31). fn practice, most S-i p-n junctions behave like short diodes, while 
laser diodes made iu direct band gap (short lif_ctime) semlconpucwrs oI~n 
eorrei;pond to the long-diode c.ase. 

Similarly, we can: determine the a-c conducrai1ce by allovAng small 
changes in the current. For example, for a long diod·e, we gel 
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Ju1Jclions 

Poi: the diode of Ex/!ll1.ple S:.-4, what is the total de11Je:tion cagacirance 
at .-4-V? 

C = '\/;,4l q ' NdNu 11/2 
1' l2,(Vo ~ v~ N;i + Na 

_ ' . -:14 -i ~1.6 X_l0-19 (1015 
X Hl17

)]·
112 

-v(s.~s x 1u x 11.8)(10 ) r2co.695 4- 4) 101S + Jon 
= 4J98 x.,10:-n 'i 

5.5.5 'The Varactor Diode 

The tenn varactor is a shortened form of variable ri!(lcto,r, reierril:\g to lbe 
'VQ)tage-variablo capacitance of a reverse-biased p-n junction. The equations 
derived.in Set..iioo, S.5.4 in~lcate that jW1ction r;ap'acitance depends on the a.r,i• 
plied voltage and 1he design of the junction. In some cases a junction with 
lLxed rever_se bias may be used as a capacit;u1ce of a set value. More com­
monly the varaetor diode is designed to exploit the voltage-vanable prop• 
erties or lhe junc:1ion capacitance. For examp le, a varactor (or a set of 
varactors) may be used in the tuning stage of a radio receiver to replace lhe 
bulky van able plate capacitor. 'Toe size of the re.rolling clrcui1 can be gl'ceat­
ly. reduced, and its dependability is.improved. Other applications of varac• 
tors include use in harmonic ge.neratiol), miarowave frequency multiplioalion, 
a.nd active filters. 

ff the p-il jUJ1etior is abrup1, the capacitance va_ries as the square rool 
of the reverse bias II, [Eq. (5-6].J]. 1n a gr•aded junction, however, the ca­
pacitance can usually be wcitt,m in the fomi 

C; ex: Y;" for V, >> Vo (5~66) 

For example, in a lineady graded j1mction the exponent.a .is .one-third 
(Prob. 5.37). Thus the voltage sensitlvily of C, is greater for an abruptjunc­
flen tban•for a line'1!dy graded junction. For this reason. varactor diodes are 
o(ten made by epi1.axial growth techniques, or by-ion implantation. The epi­
lrutlal layer and the substrate doping profile cao. be destgned to obtain junc­
tions for which the exponent n in Eq. (S-66) is greater than one-half. Such. 
junctions are called hyp~(lbrupt ju,:,crions. 

In the sel of doping profiles shown in Fig.5-32, the junc1ion is assumed 
p•-n so that the depletion layer width W extends primarily into the n $ide. 
Three 1ypes.of dbping profiles on lhe n side are illustrated. with th.e donor 
distribu1io.r1 Nlr) given by Gx"', where G is a constant and t11e exponent m 
1s 0, 1, or -f. We Cqn show (Prob. 5.37) that the exponent n in Eq. (5-66) is 
1/(m + 2) for the p~-n junction. Thus for the prnfiles of Fig. 5-32, JI is½ for 
l he abruptjunction and ½ fol" the linearly graded junction. The h.ype(abrupt 
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figure 5-32 
Graded junction 
profiles: line.orly 
graded; abrupt, 

hyperobrupl. 

5.6 
DEVIATI0NS 

FROM THE SIMPLE 
THEORY 

N(x) D0pmg profile_~ 

N. j p' sidc.:N=N. 
o side:N ; Gx.'l' 

Linearly graded. m ~ I 

Abrupt, m = 0 

H_vperobrup~ m = - 312 

I' 0 n ,. 

Junction 16 with m = -tis particularly interesling for certain v.araclor appli­
cations, since for this case n.= 2 and the capacitance is proporlio.nal to V;2• 

Wheu such a~pacitori& used wi th an inductor Lin a r~onant circuit, I.he 
resorianl frequency varies linearly with IJ'1e voltage applied to tl1e varactor. 

I 1 ·v , 2 «J, = . ,.-;:, oc . r.:-:=;; PC ,. ,or n = 
v l,C vY?' 

,(5- 67) 

Because of the wide variety of C1 v~, V, dependencie.s available by 
cho(,)sing dopingi,roriles, varactor died.es can be designed for &-peci.fic appli­
cations.For some high-frequency applications. vanictors can be designed to 
exploit theforward~bias ch~e storage capacitance-Jn short diodes. 

The appr-oach we have taken m studying p-n junctions has fooused on 1.he 
basic principles of o.peratioa, ne·gJectiug secondi1r-y effccl:s. This allow~ for a 
Felatively u11cl.uttcred view of c.-arder injt)ction _and other junetion proper­
ties, and illumiaaresiheessen.tial fea11.rrcs of diode operation. Tb complecc the 
desurrptioo, however, we must now fil l in a fow details which can affect the 
operntion ofjl,\nction d~vices under special circurtistances. 

Most of Lhe deviations from thesiruple theory caJ1 be treated by fairly 
str:tlghtforw1;1:rd modific11t)ons of Lhe basic equations. In this sedion we shitl'.] 
investigale-themosi important deviations and alter the theory wherever pos­
sible, fn a few cases. we sh.all simply indicate tbe approach to be 1,~ ls:en and 
the result. The most 1mport~mt alterations to the S1mple diode theory are the 
effects o f coniacl potential and changes irunajocity t"l\ITier conccntrnticm on 
carrier injeclion,recombination and generation within the transition region. 
ohmic effects, an~ the effects tl r graded june1i011$. 

1611 lJ deer 1l,u1 N,l•I canno1 bec:orno drbftroi ily klrge ol x =-0. He•,._. Iii• m = ~ pr,;nle <:an b••ap­
p,oximoted o ihort dJ&tonc;:e- oWOy r,·om lhe- 1Ul'lc.libn~ 
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Junctions 

5.6.1 Effects of Contact Potential on Corrier Injection 

If tho forward-bias l-V characteristics dl' various semiconductor diodes are 
compared, it becomes clear Lbat lhe bandgap has a,n impoitanl influence on 
carrier injection. For example.Fig. 5-33 compar.es thelow-temperature-cbar­
acroristics of heavily dop~d diod,es helving various band gap~, One obvious 
iealureO'f this figure is thaL the 1-Vclrnmcteristics appear "square": that is, 
Lllecurrentis very small un til a cr:iti.ca l forward bi;is i$ reached, and then Lile 

current increases rapidly. This is typical of exponentials--plotied on such a 
sc.ale. f!,owevcr, i1 is s.igmfiClµll that the H~hing vol tage is slighrly less than 
the value of the band gap in electron volts. 

The reason for the small current at low V<>Jlages for these devices can b.e 
understood from a simple rearrangement oI the diode equation. If we rewrite 
Eq.(S-36) fora forward-bia:sed p•-n diode (witliV ~ k]'/q) and include the ex­
ponentia1 form for the nunl1rity carrier concentration p., we obtain 

qAD,, . qADµ l _ ~ .. J/ J = - - p eqV/kT = --N. e ,,v (Er. J;,,1 kT 
1 " L V 
'P I' 

{S-68) 

Holeinjection into then. m.ateria.l is small if the forward .bills Y.is much 
less U1an (EFn - E.,0 )/q. For II p.,.-n clioi.le, this qurultity is essentfally the C(lrt­
tactpotential,since the Fermi level is near the valence band on tbe p sta·e. If 
tQ.e n reg\on is arso heavily doped, t he contact potential is almost cqu!ll Lo the 
band gap (Fig.5~34). il1i.s account.~ for the dxamatic inciease in d1o.de current 
near-the band gap vollage i11 Fig. 5-3;3. Contributing lo the small curreotat 
lower voltages is the fai::t that the minority oarrier concentration p,. = n' / ~, 
is vCTy :;mall at low temperatme (111 small) acid wlth l}cavy doping (N,1 large). 

< 
..€. 

lf) 
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O.li 

~ 0.4 
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Figure 5-33 
, ... v chorocteri~tics 
of heovily doped 
p-li jundio•n 
diodes ot 77 K, 
illusrrotin9 the ef­
fects of coniocJ 
polentlol on the 
forward oirrent: 
lo) Ge, Ea = 0.7 eV; 
(b) Si .. fg = l , l aV; 
(qGaAI,~= 
i .d eV; Id)~ 
£9 = 1.9eV. 
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Figure 5-34 
Exampl111, of COl1· 

loct Poi"!111iol for a 
heavily doped p-n 

junctiari: (a) ot 
equllil,rium; 

(b) approochlng 
the maximum for• 

word bias V • V0 . 
n 

(a) 

V = ½ {Er;,-Erp) ::: \/11 

(1,) 

·n1e limi1ing forward bias across a p-n junction is equal LO lhe contac1 
potential. ·as in Fig. 5-34b. This effect is not predic1ed by rhe simple diride 
equation, for which• 11.le oucren1 increa_ses expouenti<lliy wi th applied volt­
age. The reason I.his impor tant result is excluded LO the simple theory_ is that 
in Eq. (S-28) we negle.c1 .changes i:o the mafori~y carrier cpocent:r:ai ions on ei­
ther side of ihe junclioo.. This assumption is va.lid only for low fajection lev­
els: for large injected carrier c9ncenfrati0ns, th·c excess meyjor,ity cru:riers 
become important compared with the majority doping.For example, at low. 
irijectip;n A,,P = App is inlporta-n1 cornvare.d with lbe equilibrium 1ninurjty 
electron concentration n.,,. but is negl igible compared with the majority hole 
con.ceolailion pP; (hi.~ was lhe basis for neglecting App in Eq. (.5.-28). For high 
injection levels. however, !ip

1
, can be comparable 10 P;i and we must wdte 

Eq. (5-27} in U1c form • 

p(-xpo) 

p (;,·,,o) 
P11 + Apv = eq~v.- V)lkT = n,. + An,, 
p,. + ap,. ,1,; ·r fin,, 

From Eq. (5-38). we.~t a1 ei!b~r edge of lhe tieple Lion region, 

F,1- l''r 

pn = p(-x,,o)n (- x,,i,) = p (.i;nii)n(x,,o) =- 1-qe7r· = nfe~vikl (5- 70J 

For example al - .x,,., \Ye thM get 

(S-7 1) 

Keeping in mind that App= 1).11µ,llp 4 llnµ, and in high.level inJection P;, < Apr· 
we approl(imately se1 

l!-.11 1' = 11/f!-qV/2kT (5- ('2) 

TI1e rest of 11le derivatio11 is very similar to tbat i.a Sec1ion 5.3'.2. Hence, t:be 
uimfo cw-rei1t in high-level injemio,n sc.a les as 
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Jun<Jlions 

5.6.2 Recombination and Generation in the Transition Region 

In anl!lyzing tile p-n junction, we 'have assumed that recornhlrration arid ther­
mal generation of carriers occur primarily in lheneutral _p and n regions, out­
side rhe transition region. fo this model, forward cmrcnr in the di9(ie is 
carried byrecombination c,f excess minority carriers injected into each ne.u­
tr~al region by the ju..netiotL Similm:l.y, the reverse satw:alion current is due to 
the thennal &enenuion of EHPs in the neutral regions and Che subsequent 
diffusion or the genernted minority aarrier~ to the transltipn region, whim: 
lhey an! swept to lbe olher sid~ by Lhe fielcl. ln meny devices lhis model ill 
adequ.atc: however, a more complete description of junction operation should 
inclllde recombination and generation within th.c transition re_gion Itself. 

When a.junction is rorwarJ biased, the rransition.regi.on contains excess 
oatriets ofbo!h types, which·are ln tr-ansit from one s.i'de of the junction 10,he 
olher. Unless the widtb of tbe transition region Wis very smal-1 compared 
wit~ lhe-carrier diffus.ion lengths l~ Ul).d L1,, significant recombinati0n can 
take place wilhin W.An acCUiate calculation of (his recombination cltrrent 
is complkatcd by Lhciact that t i~ rec9mbination rate, which depends on lhe 
carrier concentrations [Eq. (4-S)J, varies wilh. position within the transibon 
region. Analysi~ of the r·ccombinatiqn kinetics shows that.the crurent du~ to 
recombination wrt hin Wis proportional to 111 and increases \\~th forward bias 
aco9rding tO approximately exp(q.V/2/.:T.). On lb·e otber hand,•ctrrrent due to 
recombination in the neutrnl regions is proportional top., and n1, [Eq. ('5-36)1 
and lb.ereforc to 11~/ N,1 and 11~/ Na . and iacre<1.St:!i according to exp(qVlkT}, 
The diode equation can be modified to im:iludc this effect by induding the pa­
ra met.er n: 

11 = /o' (e'JV/nff - 1) J (5-74) 

where n varies:between land 2, dependi.rtt on rhe.material and temp'er;i, 
ture. Since n deLetmines tl1e ct<jp1.1rmre fTom rhe ideal diode characteristic. iL 
is 0f.ten called the Irfeafi1y fiwtQr. 

11,e ratio of the two currents 

L(recomtimation in neu.r:ral regions) nteqV/k.T , qV/2/iT 
--'------------"---'- oc . vp..1:r ex n,e (5- 75) 
J (tecombina1 ion in 1ransl1fo11 region) n.ieq -

becomes sim-1II for wide band g,lp materials, low temperatures (small 1t,1, and 
for low voltage. Thus the fonvard current for low injection in. e S.i diode is 
Uk.ely to be ·dom!nat_ed by recombination in the transition region. while a 
6e diode mny follow the usual diode equation. I:n either case, injection 
through W into the 11eutt'a] regions becomes more important with increased 
voltage. 1J1erefore, n in Eq. (5-74) may vary from -2 at low voltage to -1 at 
hither volla.1,ie. 

• Just as recombination within W can affect the forward chara.cteristics. the 
reverse current throt.tgb a junction can be inrtu.euced by ca,rrier ge11ermion in 
lbe trausi.tlon rc::gion_ We found in Section 5.3-3 I hat the revl;}rse satHratiou 
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Figure 5-35 
Current in o 

reverse'.bia1ed p-n 
jl/nolion due lo 

lhermol ger,ero-
tkm of ~ rrier$ by 
(o) band-to-band 
EHP generalion, 
and (bl ge11ero• 

ti.on f/<l>m a. recom­
bination level. 

current can be accounted for by the rhermal generation of E HPs within a 
d1ffu~'ion lenglb of c itl1er :side of the I ran:sition region. ·n,e gene1·atecl mi­
nority carriers diffuse 10 tbe tr<1nSition r.egion, where tliey are swept lo the 
otherr;ide of the-.j uni.:tion by the electric field (Fig. 5-35). 1 lowever, carrier 
generation can take place within l'he transition region itself. IJ Wis sm.ali 
compared with L, or Lµ, band-to-hand g:eneratjc)ll of EHPs within the tran ­
sition region is not imp<>rt,an·t compan:d with generation ip tlie neutral re­
giom\. However. lhe lack of free carriers within the space charge of the 
lransitii,m rei,,-ion can .create a current due to the net generation of c;\rrie.rs by 
l!nn\sion />'om l'Cc:oml,i11a1ior1 cwters.•Of [he four generarlon-recornbtnation 
processes depicted ·in Fig, 5-36, the two capture rares R,. and Rr are negligible 
within W hecat1qc of the very ~man carrier coneencrarions in i:he reverse-bias 
space charge region. "Jberefore, a recomoination level E, near tl,e c.enter of 
fhe band g.1p ·can provide car riers through the thermal generation rates G,, 
11nd Cp,£.aoh recombination center alternately eniits an electr,on and a hole; 
phylijcally. this means that an electron at E, is thermally excited to the· co11-
duction band ( G,,J and a valem:e bnnd.eledronis subsequcntiy exci1ed ther­
mally to the empty state on tlre recombination levoL leaving a hole behind 
in the vule11ce ·band (G-.). The proeess i.:an then be repeated over and over, 
prov id mg electrons for t'he conduction: band and holes for the valence band. 
Normal ly, these t\m.ission processes fire exattly b,1lai1ced by Lhe correspond­
ing capture processes R. and Rr- However, in the reverse-bias trausitio11 re­
glon, gen,erated carriers nre .swepr o ur before recombination can uccur. q11d 
mn generation results. 
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or course, tbe impommce or t.hem1al gt!.lleration wit tun W depend~ oa 
U1e temperature and the nature of the recombination centers.A level near 
Uie middle of th~ band gap is mos1.. e:ffeeti.ve; since for such cent.en; a.either G,; 
·oor GP requires j hermal excitation of an electron over more than about hal.f 
Ille band gap.Uno recorbbiua1fon level is available, this lype of generation 
is negligible. However. in most materiaJs reoombinalion centers exist near 
1he middle ofthe_gaj:l due to trace impuriLies or lait'icle defect Gener-atioo 
from centers witJ1in Wis most important in materials with large band gaps, 
for ~h.ich band-to•band geoeratl\'ln in the neutral regjon$ Is small. 'T1rns for 
Si, goneration within Wis general ly more important than for a narrower 
band gap material such as Ge. 

The saturation current due to generat.ion in the neutral :regions was 
foun<:t to be essenLia lly indepen~t of reverse bias. However, gene~atfon 
within W natw:aJly inc.teases as W increases with rev.erse bias.. As a result. 
the reverse cu:rren~ can increase almost linearly with W, or wilh the square 
root of reverse-bias voltage. 

5.6.3 Ohmic losses 

In de-riving the- diode equation we llSl>-umed that l'he voltage applied to the de.­
v-ice appears entirely across I.he juno.tion. Thus we neglected any VQJtage drop 
in the neutral Tegions or at the exteri:tal contacts. For most devices this is a 
valid <1ssuroption: the doping i~ (ISUaUy fairly hi.gll. so that the re..'iist.ivity o[ 
each neutral region is Jow, and the area of a typical diode is large-compared 
with lts length. However, some devices clo exhibit oh.mjc effect~. which cause 
&1gnificant deviiltion from the expected. 1-V,characterisric. 

We can ·seldonneprescmt ohqi.ic tos;~ in a diode accurately by iooluding 
a simple resistance in series·with the junction. The-effects of voltage drops out­
side the transltlon regitm are comp1icate4'.by the fact I.hat the v6Ttage drop de­
pends on theeurrent,which in tum is dictated bythe volt.,geacross the junction. 
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Figure 5-36 
Caplure and gen­
erollon of a;irr1ef$ 
ol o recomblno­
tion c.en)er: 

(o) capture and 
generation of 
electrons end 
holes; (b) hole 
capture end gen­
cro)ion proce.$sas 
redrov,,n in lerms 
of 11olence bond 
electron excilolion 
to f, (hole .genero­
!1on) ood electron 
deexcllotiori ft_on, 
E, lo F.. (hole cap­
ture- by F.,). 
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For_ ex.wnpJ..,, if we teprese11t lhi: -series te~St<1nce of th,e p and a regions hy l?1, 
and R •. respectively, we can write-the junclloT.1.voltage Vas 

wl1eTe V. is the external vo ltage applied to fhe device. As the current, in­
creases. 1here is un Increasing voltage drop in R" and Rm and 1b'e junction 
voltage V decreases. 'this. reduc1lon tn V lowc:;rs the leve l of'injection so that 
che current incrt:mSes more slowly with increased bias./\ run her c.-omplication 
in calculating the ohmic loss is that the contlm:tivity l)f each neutral region 
increase~ witl1 increas1ug cnrri.crinjcction. Sim:e the elf-cc!$ of Eq. (5-76) arc 
most pronounced at high inject.ion levels, this co11duc1ivi1y m.od11.lm(o1t b.y t'lie 
injected i:xccss Ol t'ricn. 0011 reduce R,. and R,. ~iguil'ican\ly. 

Ohmic loss-es llrc purpils~ly avoided in µrope.r ly J esip_neJ devices by 
appn>pria te choices of doping und geo1twt1·y. 'Thcrcfc>rc.. dc\'1.DriOllll of tho 
cutrenl &en...:tally appear only for very high t.:.ut'r.ents, oursitle the nortnal op­
era.ting rnnge of the device. 

Figure 5-37 \\hows the forward and reverse currcnt--voltage character­
isti~ of a r ·n junction 1)11 a s~mil'og soalti. both f-pr an Ideal Stmckley diode 
as well as for non-ideal de\'.tCe.<;. For a11 ideal forward-biased dioc;le; we get a 
strnighl line on a ~erni log ph~I ret1t:cling the exponeruia1 depen_denee oi cur­
reut li.lU ~olt-ag-~. On the other ba1,d, takmg into acooun1 all the.second order 
effeds di5C1L~scd Jn See1i1in 5:6. \l(e see various regio~ of ope.mt ion. At low 
current l.evels, we see the enhanced generation-re<iombination currenL 1ead­
rng to a h.igher diode i~leal ily, factor (n =< 2). For moderate curre1its, we get 
ideal low-level injection and dHfosion-limited current (n = 1). A1 hlgber cur­
rents. we.got high-level injaclion and n -= 1. while al ev,m higher currents. the 
ohmic drops In the s pace charge neutrol regions become important. 

~imilarly, in rev.irse-1,i.is. in an idea l d.iode, we lmve ~ consrant . volt­
,Jgo-inr.lep,:ndenl revtuse ssrnraLion eurr~nL However. In aotuaJ.i1y, we get 
11n e.nha.ritccl volwge-depf.'11dent g_enerfl lil'i11- recnmblnation leakage cur­
rent.At v.ery high reverse biases, the diod~.hrcaks down reversihly dne to 
avufanche or Zener effects. 

5.6.4 Graded Junctions 

Wh\te the ,1brupt junction apprnx1□1alioa accura \ely describes the pcopertie~ 
of ma0y epitaxially grown j llnctions, i.t is 0ftcn in.adequate in analyzing dif­
fusc:d or implanted junction devices. For shallowdiffusloas. in which u,e dif­
fused impuri1y profile is very s-tec;p (Fig. 5-38a). the abr'upt approximation i.s 
Usually acceptable.. u· Ll1e impurity profile is spread Oil Lin IQ lhe sample. )1ow­
evel', a grnd.cd ju11e1ion can result ( Fig. 5-3Sb). Sever-al of the expressions we 
have derived tor the abrupt jupctionmusl be modified for r.his case ,(seeSec­
tfoo S.5.5}. 

The graded junction problem can be solyed ana!y1ically if, for example, 
we make a linear approximation of the net impurity distn1,ution aeartbe 
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Figure 5-37 
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Forward and reverse· currenl- volta·ge choroderistics plolted on serr,ilog $<:Oles,. witf\ current norm·ollzed 
w ith respecl lo..sahJrotlon current, 10 ; lo) the ideal forward characteri st.lc i5 qn exponential with on ideoli­
ty factor n - I (dashed 5trol9hl !fhe on log-linear plot), The octu.al forward characteristics of a lypical 
diode (solid llne) hove four regimes ol operation; (b) Ideal revers~chorocteristic (dashed llne) is a volt-
09.e.independent currant = - lo. Actual leakage chorocleristi<:S (solid line) □r!I higher d,;,e ro geherotion 
in lhe depletion region, and also show breakdown at high voltages. 

junction (Fig. 5-38c'). We ass.ume that the graded region can, be described ap­
prol!imately by 

N,,-N.=Gx (5-77) 

w~ere C is a grade eonstant giving thes)ope of the.net impurity distribution. 
In Pois.soo's·equation IEq. (5- 14)], the linear approximation becomes 

d~ q q 
- =-(p - 11 + Nj - N;) <=>< - Gx 
dx € € 

(5- 7.8) 

within.the tu,ms.ition region.,In this approxima:tion we assume complele ion­
ization of the impurities and neglect the carrier com.-e.nrrations in the tran­
sition re~on. as before .. 1:Jle net space charge varies linearly over W, and tile 
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Figure 5-38 
Approxfmotlons. lo 
diffused junctions: 

(ol shallow diffu. 
sion (abrupt); 

(bl deep drive-in 
diffusion w11h 

squrce removed 
(groded); 

(c) linear approxi-
motion lo·the-

grade.cl junction. 

Figure 5-39 
Properties of lhe 
graded junction 

transifio.n region: 
(a) net lrnpurity 
profile; (bJ net 

charge dislribu• 
110.n; (cl elecrric 

field; ! d) eleciro-
slollc poienliaf, 

C '" t.:ine.ar .g .§ appro>Ciular,ion 
~ 

N,, 
~ 

s " 0 

8 
., 
8 

c :,, 
~ .. c: 'Cl 

::, 
~ C. 

.!§ ,§ . 
CJ 0 

Distru,ce; from Distanc< l'ram 
th<:-·5Udace the surface 

M (bl (c) 

electrici'.ield distributkm is there{ore parabolic. The expressions for contact 
potential and Junction capacitance are different from the abrupt, junction 
case. (Yig. 5-39 and Prob. 5.37), since the electt.ic field is no longer linear on 
each side or the junction. 

In a gtadeii junction the usual depletion approximation is often In.ac­
curate. lf the gmdeeonstanr G is smal,l, the earner ~Ofil'.!illltations (p - ·n) can 
be important in Bq. (5~ 78). Similarly, the usual assumption o(negligible space 
charge outside the transition region is questionable for small G. lt would be 
more acQUrate to refer to the region,~ j us.t' ou1:<1ide Lhe transition region aff 
quas.i-neul'ra l rather than neutra,LThus the edges 01' the transition region are 
not. ~harp a;,Fig. 5-~9-in1p1ies but are spread out in x. Ther.e.eff.ects CQJJlplicate 

p 

(al (b) 

t. ''Ii 

(c) (d) 
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Jun1:tions 

calcu.lations of jw;iction properties, and a computer 1IlllSt be used in solving the 
proli tem a.ccuJatcly. 

Most of the ,conclusions we have-made regarding carder injection, re­
combination and geru;ration_curr~ntS,-and other properties are qualitative.ly 
applicable to graded junctions, wit),l some·a llerations in the funcl1onal form 
of the l'"}Snlting eq_nations. 'Jherefore; we c.311 apply most of-ou.r basic con­
eepts of junction theory to .reasonably graded Junctions as long as we re­
m.ember lhaLtiertaln roodificatroo~shoi.lld be made in acc1,1rate compuuitiens. 

Many of tht useful properties_ of a p-11 junction can be achieved by simply 
forming an appropriate metal-semiconductor contact. This approach is ob­
v,ohslyatuaclive beca4Se of its simplicl~y bf fabricatlon; alsa, as we shall see 
in this section, metal- semiconductor junctions are particular.ly useful when 
hlgh-spc'Qd i:ectificatioo js requi.Fed. On (be otht::r hand, we a,L'io must be a\)le 
to form nonrectJ.fying (ohmic.-) contacts to semiconductors. Therefore, this 
seclio.n de-als witb b'o1h r,ectifyif\g and ohmic col)Lacts, 

5, i .1 Schottky Jlarriers 

111 Secti_on 2,.2.l we disc~sed lh,\1 work Junt,1ionq(l),..ofamet"'J ma vacuum. 
An enei;gy of tJ<fi111 is required to remove an electron at the Fermi level to 
tl}e vaCliuq1 o'iltsid!:!-the metal Typical values· of <llJ11 for very clean sm:faces are 
/1..3 V for Al a.nd 4.8 V for Au. When negative-charges are bro.ugbt near the 
mel~I surface, positive (image.) cha:r,ges are induced in ihe. metal. When this 
image force is combined witb. an a.pplie.d electric field. the eff.e.ctive work 
·[upclion is somewha;t ced.uc¢. Such bntrier lowering is c.a..L!ed the S,;hoir.k,y 
eff'ect,and this terminology is aarrled over to the-discussion ofpotentia.l bar­
·rlers arising in .rnetal-semicouduc1or con.tacts. Althou'gb t.be Sutiot~y e-ff-ecl 
is only a part oft be-explanation of metal-semiconductor contacts, reeti,fying. 
contaots are general!Y referred to as Scliollky barrier diodes. In this sec1ioo 
we-s11all see how such barriers arise in metal- semiconductm conta.cts. .Eirst 
wci-co.nsider 'barriersjn ideal me4tl- semiccmd'uctor. junction~, and then in Sec­
ti.oli 5.7.4 we will include effects which alter tbe barrier height. 

When a metal with worUuncti<jrl. q\tJ'" ,js brOU.JVll in contacL wilb a scmi­
cOJ1d11dor having a work :function qcl.l,; cliarge tra:llsfer. occms until the -:Fermi 
levels allgn al equili bm11il1 (Fig. 5-40). 'Forexampl\\ when 41m > <ll1, lli.e semi­
conductor Penni level is initially·hjgbar tbruJ that oft.he metal befo~e contact is 
made. To align the two Fermi levels, tJ,e electrosta[jc potential of the. semiccm­
ductor must be raised (i.e. , the electron energu~s must be lowered) relative to 
that of the.m.etaUn rJ.1e n-type semitpnduclor o!Fig, 5-40 a depletion reg.ion 
Wis formed near t.h:e ju.norion. The positive charge due to uncompensated donor 
ions within W-+nat,ches the Deg a live charge on the met;il.".The clectricfield and 
the bending of the· bands witi'Jin W are·similar to effects already discussed. for 
p:n jwictlons. For example, the deplelio.n widlh Win the senuconductor can b-e 
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Mc1al Semiconductor 

I 
D•type 

I l t 
q•l• , 'IX l l £ , 

----- - fA 

l II 

t 
tJ<I> ti,. 1/( <I••• - X) I E, 

E,m ,_.. __ .., - - - -- - - - --EF, 

..-----£. 

Scmtt:0nd11clnr 
------E, 

1- w~ 
(n) (b) 

Figuro 5-40 
A Schottey barrier formed by c:;9nloclln9 on 11-lype semiconductor with o metal having o lo°rger work 
funclion: (al b,md diogr-oms for the metal and the semJconductor before joining; {b) equilibrium bond d1-
qgrom for the \unction. 

calculated from.Hq. (5-21) by using the p-1:.n approximation (i.e., by aSSuming the 
□egat.ive charge iQ the dipole is a thin sheet of charge to .the~eft. of U1e junction)'. 
Slmilarly, the junction capacilance is A0:,IW, as. in the p .. -n junction.17 

The equilibTium contact potential V0, which prevents further net e\ec­
tr◊n d iff-usion from U1e.sernieond uctor conduct iou band into .the meta), is rhe 
difference In wor.k function potentials ct>,,. - <11, . The: poteptial barrier height 
(1)9 fQT electron u1jec\ii;m from the metal into the semiconductor conduction 
bandjs <11,., - x., Where qx_ (called the electron affinity) is,measured from the 
vacuum revel to the s.emic:onductor conduction band edge. The equ[Libriurn 
porential difference·V0 can be decreased or lmrreased by the application of 
l!ither forward- orreyerse-bias voltage, as in the p-n jundfon, 

F.igure 5~41 illustrates a Schottky barrier on· a J;.Hypc semiconductor, 
with cpm < ~ •. ln tl1is.case aligning LbeFerm.i Jevel.s at equi.libri.up1 requites 
a positive charge on the metal side and ·a nega1ive-charge on the semicon­
ductor side o( the juncLion. Th!'l neg:ti.i-ve c.h_arge is accommodated by a deple­
tion region Win which ionized acceptors (N";;~ are left uncompensated by 
holes. The potential barrier V0 retarding hole diffu~ion from the semic011cluc­
tor 10 lhe metal is <1>1- lllm, and as betore·this barrier can be raised or lowered 

"While lhc praporUo, of lhe Schottky borrii,r deplelioo r09ion at., ,rm1la, lo lhc,o or lhe p·•n region. II ls 
deo1 \~o\ the <.moklgy .does: fir.., ;~,de £orwGtd-blU!o hcle 'iri1at.OO" .. Wh\dl ~s domic-;ot\l foc- \he,,p~ ~ gU)(I, 
bu1 no1 !.,, 1h• conio><l ol Rg, S-<10. 
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4,,.. < <li1 I' rype 
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1-w-l 
• (b) 

by the ,Lpplioation of voltage across the jwic-tion. In visualizing the barrier 
for holes. we tecall from Fig. 5- l 1 that the clectrostat\c potential barrier for 
positive charge is opposite to tbe barrier on lbe elecrron energy diagram. 

The two other cases o[ ideal me1a\-semiconduc1or con1act-s (<ti,., < <I.), 
for n-type semiconductors, and <t>.,, > <1>1 for p-typc) result m nonrectifying 
coutac.ls. We will save treatnient of these cases for Section 5.7 3, where ohmic 
contacts are discussed. 

5.7.2 Rectifying Conlocts 

When n forward-bias voltage Vis applied to the Schouky barrier of Fig. 5-40b, 
the contact potential is reduced from V0 to V0 - V{Fig.5-42a).A(a result.elec­
rrons in the semicooduclor conduction band can diffuse across tbe depletion 
region to the metal, This gives rise to a forward current (metal to semicon­
ductor) lbrougb the Junction. Conversely. a reverse bias increases the barri· 
er to V0 + V,... and e lectron now from semiconductor to metal becomes 
negligible. In either case flow of electrons from the metal 10 the semicon­
ducloris retarded by the barrier <I>,. - x. The r~ulting diode equation is slm· 
ilar in form to that of the p-n junction 

(5- 7Y) 

as Ftg. 5-42c suggests. ln lhis case the reverse ~a turation current Io is not 
simply derived as ii was for lhe p-n junction. One important feoture we can 
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f igure 5-41 
Schottky borrier 
-between o p-type. 
semiconductor 
ond a metal hav­
ing o smaller 
work function: 
(a) bond dlo­
groms beloro joi~ 
ing; (bl bond 
d iagram for the 
junction of 
equilibrium . 
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Furw-;u•<I l')ins 

(a) 
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I 
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V 
(b) 
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ngureS-42 . 
Effects of forward and reverse bias on the junction of fig. 5:..40: (a) forward bias•j (b) nr.,,erse bias; 
(c) lypicol currenl-volroge choroc/erislic. 

pred.ictinlu.itively, howeve.r, is that The sar11ratioh current should depend upon 
~size o[the baa:ier (1>8 for electron injection ti:om the metal into the semi­
conductor.This barrier (whioh is <l>m - x tor the ideal case shownin Fig. 5-42) 
is unaffected by the bias voltage. We expect the probability of an electron in 
the metal sunnounting this barrier to be given by aJ3oll'zrnann factor. Thus 

fo ex: e- f/'l!a/llT (5-'80) 

The diode equa.tion (S-19) applies also to th!:? metal.-p-typesemicon.­
ducror junction of Fig. 5-4L In this case forward voH3.:ge is de.fined with 
the semiconductor bia.sed positively with respect to the metaJ. Forward cur­
rent increases as t'his voltage lowers1he potential barrier to V0 - V and holes 
flowirom the semiconductor to the m,etal. 0f course. a reverse volt11ge in~ 
creases the barrier for hole flow and the current becomes negligiole, 

In both Ot these ,ca-ses the Schottky barrier diode is rec,tifying, with C!!sy 
current:J low in-rhe forward directfon andJirtle current in. lhe, everse direction. 
We also note tliat the forward current in each case is due to the injection of 
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mnjori(V carriers from the. sea1iconductor into·1he melaL 'I11c a·bsence of ml· 
nority caniednjection and the associated $torAge delay time is an impor­
tant feature of Schottky barrier diodes. Although some minorlw carrier 
injection occurs at high current levels, these are essentially majority carrier 
devices. Their high-frequency properties and swftclling speed a~e therefore 
generally better Lhan typical p•n junctions. 

1n the early days of se.rruCQndl!ctOr technology, rectifying contaers w·cre 
made simply by pressing aw.ire agaias1 the surface of the semiooncluclor. In 
modem de,vices, however, the metal- semicooducior conracl i!:made ~Y. de­
positing an :appr.opriate metal film on a clean semiconductor surface and 
defining tlie conlacr. pattern pbotolil hogrnphicaJly. Schot1k.y barrier devices 
are i:iarticularly we.ll suitee:I for use in densely packe-0 integrated circuits, be• 
cause fewer photolithographic mas~ing steps are required compared to-p-11 
junctlon devices. 

5.7.3 Ohmic Contocts 

In many cases w.e wish to have-an ohmic metal- semiconductor contact, hav~ 
Ing a line:rr l-V oh;'l.facteristic in both bJasing dlrcctiens. For example, -~be 
surface of a rypical integrated circuit is a ma:ie or p and n ceglons, which must 
be contacted and inlerconnecte<L lt is impcirtani !hat s uch contacts be ohmic. 
with mh1imalre-si.stanoe and no tendency to recti(y signals. 

(dt!al n1etal-scmicendnctor contacts are ohmic when the·charge in­
duced in the semiconductor In aligning lhe Fermi levels is provided b_y 
ma]ot'it,;' carriers (Fi,g. 5-43) . .For example, In the <I>,,,< '1ls (r.1-type) cnse of 
£,i.g. 5-43a, the Fermi levels are aligned at equilibrium by transfer:rin.~ eJec­
t ronsfrom the,netal.Lo tli'c;escmiconductor. Thisralses the semiconduct.or 
•electron energtes (!owe.rs the electwstanc potential) Telative to the metal 
t\t etJlliUbrium (Fig, 5- 43b). ln Lbjs case lhe ~arner to e lectron £low be­
tween the metal and the seiniconducror is small and ·easily overcome by 
a )lmall vt1ltage. SimJlarly, the case~ .. > ¢i, (p-Lype) res'ults in ea:sy hole­
flow across the junGtion (Flg:.5-43d), UnlJk.e- tlic r,ectifying oomaots .dis­
cussed p.re.vio·usly, no depleLi'on region occ.:U,s in Lhc semkontlucLor i.p 
these cases since 1he electrostatic potential difference required to align the. 
Fermi 1ev.el~ at equili'b.rium cails for accua1ul11'tion of' majority c.:uriers i.4 
the se1nico.nductor. 

A practical method for form'ing oho,ic con1acts is by d(lpi11g tbe semi­
conductor heavily 1n the contact region.1lrus_if a barrier exisrs ac the interlac!:¾ 
tbc depletion width c, small enough to a.Jlow Cll.rriers 10 l.U1U1el through the bar­
rier. For exm:qple, Au containing.a small percentage of Sb can be alloyed to 
n-type Si, fom1iog an n+ laye:r at the semiconductor 11urface an!'! an excel,jenl 
ohmic contact. Similarly, p-type material requn:es a p' ·surface layer in conract 
with the metal , TD the case of Al on JHype Si, the-~l1!) C9\1l'acl also provides 
the acceptor doQanr. Thus tlmrequired p' sucface layel'ls formed during a brief 
heat treatmeo t of the contact after the A I is deposited. 

'231 

Petitioner Runergy USA Inc., Ex. 1030, p. 231



232 Chapter§ 
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Figure 5-43 
.Ohmi,c metol-semic<'>nductor conlocts: {oj <l>,. < <ll, for on rHype semiconduclor, and lb} the equlllbrfum 
borid diQgrom for the junction; (t) <I>,,, > I!>, for o p-type semiconduclpr, ond (d} lhe iuncfipn ot equilibrium. 
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S. 7.-4 Typkal Schottky Barriers 

The diSCl.ll,-sion ofideal m·etal-semiconductor.co11ta-0ts doe.,; .uot include ce;­
tain effects of the j~nction between, the !WO dissimilar m,aterials. Unlike a 
p-njunclion1 wh.icli.occurs within a.single crystal, a Schottky barrier junctkm 
includes a.termination af the semiconductor crystuL The semicondi1ctor sm1-
face ClOntains surfac,e0srates due l() incornplere covalent bonds and other effects, 
which can lead to oharg~ at the metal-semiconductor interfac~ Furthe;rmore. 
the conracr is seldom an ammically .sharp discontinuity between the semi­
conductor crystal and the metal. Tbere i.s typically a, th.in interfacfal layer, 
which is neltber semiconductor nor met'lll For examp1(), silicon crystals are 
covered by a t11in (l0-21) A) C?Jtidc layer even after etching or cleaving .in at­
mQSp-heric conditions. Therefore. deposition of a metal on.sm::h a Si surface 
leaves.a glassyfaterfaciallayer at l)ie junctien. Alrhough elecl'rons can tunnel 
through thisthlu layer.it does•affect the.barrier to current. transport tbrougb. 
the junction. 

Because of sur1ace sca1es, lhe inte.rfacial layer, microscopic clusters of 
met-al-scmicond1.1ctor p'hases, and.olbcr-efCC\:lS, it is diffict:tlt to fabricate j40c­
tions with barriers near the ideal values predicted from the wotk functions. 
of the two isolated materi.als. Tlrere{ore, measured b;mier heigbts are used 
in de11ice tlesign. ln compound semfaonductors the interfacial layer intro­
duces st;atesin•tne semiconductor band gap th.at pin the l?ermi level at a fo:ed 
posilioo, regardless 0£ the metal used {Fig. 5-44). For example, a collection 
of interface st.ates loca1ed 0.7' ~ 0.9 eV helew the_con'duotion band prnsEF 
at the surface of n-type GaAs,end the Schottky barrier beighl.is detennined 
from this pinning effeot rat,her lhart by tl}e work function of the111et11~. An in ­
teresting case is n-type InAs (Fig. S-44b ), in whic'h EF at the interface is 
pi,nne!'i above the conduction band ed_ge. As a n.,,su1t, ohmic con tac! to n-lype 

-,-
{Lqcv 

£.,,..__1--(,~ ---=-~==-=-====-Er 
-:: , -..._____ lnrerfnce 

(a) 

.-------E,, 

Mela! 

(b) 
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f igure 5-44 
Fermi level pinning by interface stoles in compound semiconduQlors: (o) f fis pinned near Ee;- 0.8-eV 
in n-type GaAs, r~ordless of the choice of metal; lb) E-r is pinned above Ee in ,o-type lnAs, pio'vid1n9 o.n 
excellent'ohmic contoct. 
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5.8 
HETE"RO· 

JUNCTIONS 

lnAs can be rnade by depositing virtually any melal on the surface~%r: Si, 
gqod Schottky ban:iers are forme-0 by va-riou~ metals,-such as Au or PL ln 
llre case of Pt, heat treatment results i.n a platinum ~cide layer, which pro­
vides a reliab~ Scbotrk:y barrier witll cJ>8 = O.85V-on n-type Si. 

A full treatment of Schuttky barrier diodes resuU:sin a forward cur­
rent equation of the form 

I = .ABT2e- Q~-liiTe<JVJnk'r (5-8]) 

where B is a constant centaining piiranie.te,rs of the ,junction propertie-s ai,d 
n i~ a number bi:twe<m l and 2. stmilar to 1be ldt!ality factor in Eq. (5-74) 
but arising from differenrreasonll. Toe ma~hematics. of this derivation is sim­
ililI to that of thennionlc emii$Sion, and the factor B corresponds ro art f!/'fec­
tive Richardson. constant in the thermionic problem. 

Thus far we have discussed p-n junctians form·ed within a slngle semicon­
ductor (homojunctions) and junctions betw~ a metal and ii semkonductor. 
The third import'anl class of junctions consist of those between two laltice­
mau.:bedseruiconductora with differenl band g-aps 01~terojtmdions).We dis­
cussed laui.ce.matcb.ing lti Section 1,4.1. The interface between tw0 suc.h 
semiconductors may be vir'rually free of defectS, and continuo.us· crystals con­
tain,ing single or multiple heteroJ~crions can be formed TI1e availability of 
heterojunctions and multilayer structures.in comJ?ound semiconductors opens 
a brMd.range (.}f poi.~o:ilities for device development We Will discuss many 
of these a_pplicntions .in later ohapterl'l.iocl.uding hererojuoction, bipolar tran­
s1stor~,.field-effect transistors,, and semiconductor lasers. 

When semiconducwrs of cllff.erent band gaps. wo;rk functions, and elec­
tron affinities are brought together to form a junction, we expect dis,continu­
ities 'irt the en<::rgy bands as the Fermi levels lineup at ,i-quillbrium (Ftg.5-45:). 
'The a isoc;ntinuitfes in the conduction band.A-Ee.and [be valence bandAE, ac-­
conµnodate rhe difference in band gap between tbe two semiconductors AER. 

In an ideal case, 6.E, wouJd be the difference.in electron affinities q(X2 - x1), 
and AE, would be found from AEg - AE" 11ris is k.n9wn as the Ande~.n affin­
ity.rule.ln practiee, the band discontinuities are found experimentally for par­
ticular semiconductor pairs. For example, in the corrummly used sy~timl 
GaAs-AlGaAs (.see Pig~J-6 and 3-J3), the direct band gap dlffetence ~E~ 
between the wider band gap AlGaAs and the narrower band gap GaAs is ap­
portlon~d approximately }ln the conduction bani;! and~ in the valence band 
for the hcterojunction. The built0in contact potential is divided between the two 
sennconductors auequ!roo to align the Fermi levels at ~qui.(ibriuqi. Tl;ie re­
sulting de_ple.tiqn region orl ~h side of the. heterojunction and the amount-of 
built-in potential oneaob. side (mak"ing up the contact potential V0) are found 
by solving Poisson's equation with Uie boundary coridition of co_ntinuous e1ec­
tric llux density, E1"&1 = E,/1.2 at lh.c junction. The barrier that electrons .must 
overcome in moving from then side IQ tbe.p side may be ql.litedifferent from 
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the barrier for holes moving from p to n. The depletion region on each sid.e is 
analoi,rous to tJ;iat deseribedin Eq. (5-23), exi;cpt U1al we mu.st account for the 
cfilfere.nl dielectric constants in the two semiconductors. 

To draw the band diagram for any se.miconductor device involving 
homujunctions or heterojunctions. we need material parameters such as t)le 
band gap and lhe electron affinity which depend on the semiconductorma­
terihl but not ori.lhe dopi.ng, and the work function which depends on the 
semiconductor as well-as the doping. The electton.a:ffirucy. and work function 
::µ"e referenced.to the vacuum level.Th;~lrue vacuum.level (ct global vacu­
um level), £ .. ,,,. is the.pmentia l energy refe:renoe w.hen an electron is taken out 
of the semiconductor to infinity, where Lt sees .no forces. Hence, the lrue 
vacuum le.'iel is a constant (Fig. 5-45) .. That introduces an app.ar.em 

£ ••• - - --- r --­
•n, 

{b) £,- -- ----

-

, t qV01 

~ E. qxi 

AE,.=EK1- Eg~ 
=A511 +AE0 

235 

Figure~ 
An ideal hetero­
jur,clion betwee~ 
o p-lype, wlde 
band gap seml• 
Gonductor and on 
11-lype narrower 
band gop $emi­
conductlor: 
(a) bond dio-
9roms before join­
ing; \bl band 
discon inulties 
and lxmd 
bending al 
equllibmim. 
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contradiction. however, hecause looking at the band bending fo a semi­
conductor device. it seems to ln;iply· that the electron -affinity in the semi­
conducl'Or cha~ge..~ as a function o.f position, which is impossible because 
the-electron affi,tity is a material para111ere1·:111erefore. we need to-introduce 
the new coucep1 of th e. loc,1J vacuum lev.el., F.. • .,, (Joe), which var'ies along 
with and -parallel to the conduction rand edge, thereby keeping tl1e elee­
trnn affinity constant. The local vacuum level tr-acks the potential energy o[ 
an electron ifir is movecl just outside ohhe semiconducter, but not far away. 
The difference 61mvee n Lhe loc:ll.l and global vacuum · levels is due Lo the 
electric,al ,vork done against t11e fringing elect.de fields df the depletion r.e­
gion. and is equal to the potential e.r11:i:rgy-q Vu que to thErbuilt•in conlaot po­
tential V« jn equilibrium. This ;potential energy cani of course, be modified 
by an tlpp.lied bias. 

To dt'a'W the band diagram for a het-crojnnction accurately. we must not 
only-u!)e the proper valu~ for the band discontinuities but also account for 
the band bending in the junction. To d.o this, we mwa solve P~son's equa-: 
tion across the hete.rojuuction, taking into a·ccounl the details of doplng and 
space charge, which generaUy requires a coml?utersolution. We can,howev­
er.~keich an approximate di~ram whhour a detailed calculation. Given 1he:. 
e:1.1>erimenta1 band offsets M ,, and !.'!,£ , .. , we can proceed a!! foll<lws: 

J. Align the Fermi level with the two semiconductor bands separated. 
Le,we spa!!e for the lrarisition region. 

E, - - - -­
.l!f• - -- --- - ---- -

2: The metallurgical juncxicm {x := 0) is located near the more 'heavily 
doped side. AU: "' 0 put t::..E,, and t::..Er., separated by U1e appropriate 
band gaps. 

.6. E, I • . 
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3. Connect the conduction band and valence band rei;-ions, keeping the 
band gap constant fu each material. 

Jt 
----------------------

( 

__ ) 
St~ps 2. and 3 of this prnce.dure are wber.e the exact band bending is 

in1po1ta11t and-must be obtained by s0lvhig.Poisson's equation. In step 2 we 
must use tbe band offset values A£, and AEv !or the specific ·pair of semi­
conducrmsin the heterojunction. 

. • . • • e; p EXAMPlE. 5-7 

• oc!afe.dfa d 
• Cforan . • 
;e et = L -, &r@1Sfor4wo 

:•1,, j ' ;r, ,..,., Ji 9'0:JQaO:~ IUcl'I '-'~;\~7'As 
Q 

;ra •• ' = 1,8.S- l,ijJ =0.4:2eV,l-tl1et,qnd Q if'2&'flV 
A e.V.lh each case we drawtheequllibr:i theap-
p far fro junction,-add flie b • • ,~t-
u v and bending and p e. 
. •. lJ: ~aqdlmtillys~~ Ill 
~ r., ,mamtain acb separate semfoonductor 
juncJlon i)j.x = Q. 

' "1,, dbcuislng heieroj"fldions, ,1 Is ,;x,mmo'n lo use o 1:9pliol N .,..·p.10 do,jgpcle ilie wipe band ~ap melcricl 
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GaAs 

1,85 c V 

--+----!,-----. .; 
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.----E, 

-w---
r . ?! 

A partic;ularly important e,ramp(e o( a heterojunctioI) is shown in 
Figure 5'-46, in which heavily n-type AIGaAs is grnwn on lightly doped GaAs. 
Ta this e"ample the discontinuity in the conduetion band allows eleutrons to 
spill over from theN"-AlGaAs into the OaAs, w'l1ere they become trapped 
in ·the potential well. As a result.. electrons collec1 on the GaAs side of the het­
erojunction ttod move the Ferm.i 'level above the conduction band in the 
GaA~ nc:ar the i111er.fllce.1l1ese elecfr0ll~ are confined in a narrow potential 
well in rhe GaAs conduccioo band. Jf we construct a device in whicb con­
duct\o~ occurs pa:ri11lel to the interface. the electrons in such 11 potential we□ 
form a 0-11<J-dinumsio1wl electron lJGS witb very imeresling device properties. 
As we S•hall see in Chapter 6, electron conduc,tlon ii, such a pole.fltiaj well 
ean result in very high mobility electrons. This high mobility is due to. the 
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A!GaAs 

fa.ct that the electrons in~ well co!lle fromtheAIGaAs,and not from dop-
1ng1n the Ga As. As a tt\SUlt, there is negligible impurity scattering in the 
GaAs well, and the mobility is controlled almost entirely by lattice scatter­
ing (phonons). Al (ow tempera~ures, wb.ere pl.lo.non scattering is [ow, the mo­
bility in th~ region can be very high, If the band-bending in the GaAs 
conduc:tioa band is :.1.roag enough, the potential well.may be eX1Temeiy:aar­
row, so that discrete states such as E1 and E2in Fig. 5-46 are formed. We will 
r!lturn to ihis exumplc in Chapter 6. 

Anothc,r obvious feature or Fig. 5-46 is that the concept-of a contact po­
t~ntial barrier qV0 for both elecu-ons and holes in a homoj,unction is no longer 
valid for the beterojunclion. l n Fig.5-46 the barrier for electrons qV1, is sma:Tiet 
than lhl.! barrier for holes qVp.1nis properly oh heterojunction can be used to 
alter the re.latlvc injection of electrons and holes, as we shall see in Section 7,9. 

239 

Figure 5-46 
A heterojuriction 
between 
N"-AIGoA~ and 
llghlly doped 
GoA;, illl/$trollng 
!he potential well 
for eleclrons 
formed In the 
GoA~ conduction 
bond. If this well 
Is suflideotly thin, 
discrete 5lotes 
(s!i_ch o.s E1 and 
E2l ore formed, 
as discussed. In 
Secliop 2.4.3. 

5.1 Diodes a-nd other scmicon,ductor devices are made by C;Ombtnatioo.s of steps SUMMARY 
such as oxidation, selective doping (via implant or diffusion), and the depoSi• 
I.loo of various insulators or metals in concert wftlt etching, using pauerns 
fonned. by photolllhography. 

S.2 When we bring Jr and n-typc semfoonductors into co.ntact to make a p-n Juric­
uon,diode. carriers diffuse acr-OSS che jun<:lion unlil .we get a flat Fermi .level in 
eguntbrium. A b11ilt-i11 j11nc1ion poleritiol barrier is formed between the p and 
n side~. which reflects th:e voliage drop across the depletion region. This i6 a 
d_)'namic equilibrium. in whiah there is·a continual diliu~ion ot electrqns rrom 
the n to t11c p side (and holes from!) to11), but aia reduced tate over the po­
tcntlal barrier, and these Iluxes are cancelled by oppostng flows of minority 
cocriers diffusiog to the depletio.o. edges nnd geniog swept aci'Oss the j1motio11;. 
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5.3 TI1c c-.l~irostatics of tllc.<lepletion-reg!on are determined t;,y solving the Pc:ii$­
son equation.'F.or uniformly doped 11brupl'Slep junc1ions we get /lrrearly vary• 
i'lg electric.fields that arc h(gl11}st at the metallurgical jlinctiorl. We z.el a wider 
depletion region on the more lightly doped side and equal and opposite de­
pletion c::harges Ol'I the two sides of the junction. 

S.4 Fofan ideal 'Slwc!<le._v c#ode, one a;;sUID.C!l rie;gligihle Sl!l!~ratl()IH'ecombi11urio11 
btsid~ 1/te depletion region. In forward bias. the bllilt-i:n potential barrier is Iow­
ered.,_.rpaldng ii exponentially e.asier for majority carriers, l'ci diffu~ across. 

S.5 The oppo~ng minority <;lll,oier fluxe~ are unaffected becal.llle \hey are tirmtcd 
b~ h'ow often the few minority carriers-diffuse to thede.,1let ionedges. Far lrom 
1he junc1ion. tl1e current is.c.atrled t,y drift of the majority carriers, which are 
injectiod across the junction to Lhe oLher s1de, where, as minority cru:riers they, 
give rise to diliusi011 .c.urrents. 

.5,6 ln rcv,m;e biaa, fo.r il!caldiodes, lhc ~c,/tage-irlli<1Pondt!n1 reverse purrenl,is due 
lo (lte C()lieclion of th,mbally genera red minority CRrriers on either ltitle ttif­
,fusing tQ tl~e depletion region .and then being swept across. 1he ourren, flo1v· 
from n top is small and is lbc basts of diode rectifiers. 

S.1 For hig1i reverse biases, diode:~ unde1'go (reversibl\:-) breall:down dµe \'O quau• 
tum mechanical t111i.rtelit1(: (Zmer mechanism) across -a narrow dep.letion re• 
gion.-f<>r very heavily doped yunctior1s or du~ to lmp11ci f()r.1/.zailon or aw1/011cfie 
~uHipbcation,of carriers in a wider depiction reglon for lightly doped junc­
ti()ns, f.or-narrow dlodj:.~, there C'ilo also be punch-through from onacontaci to 
1be other. 

S.8 Varying the bias leads to diode &witching; the .diode tt.rnsient behavior cart be 
found by soMJ18 the contmlll!y equation, for example, using Laplace- trans­
forms, with suilable initial and boundary condiilons. 

5.tJ Small signal ca:pacitance m a senuconductor deYice is c.aused hy a dtangn in 
th.; ,cb;irge storage R$ a functfon·ofJ;,las. There are two comp(1oe111s of diode ca­
pacit1UJce: deple1io:n eapatiumce, due to exposed dopant charges in the: deple­
Hou r-egion '(doounates in reve(SC bias),&nd diffu.t/p11 c«p1Jcit1mctt, due to stored 
exo,iss mobile-can:iers ( dominates ia fonvard bias). 

5.ltl Rval lf{odes.'cJJo deviate from Shockley "ideal" diod~s, which ha\le negligible 
generation-rel;(lmbination in the dep\ction 1eg1on. Ge1tuatw,1,-recamhiu.ailo11 
in th·e depletion region increases ttie diode ide-ality factor n from I ·to 2 in.for• 
wqrd bln~ andintroduces-a roughly sqllilre root voltage clepcmicttcepf reverse 
Ieakag..: curre-nL 

S.J I bl~qh-l11vel c11rrier ln11:,t1011 for large forward bills.in Which lhe injectec:.tminor­
ity carrier con<;eni-tationis cpjllparable tu the background majority carrit:r con• 
centtatlon, also pia1-e.~ 11 ,. 2. ,5erief ,·esr.stance eCfeets play a TOie as well f<>r 
higher.currents. 

5.U Graded junction:,, where the doping 4.lOm::entral;ion~ o,n either side are not co11-
sta11l, Me qua\itativ!!ly slmlH1~ to abrupt junctions, bul a.re harder ta a11aly1.e. 
They haVl! diffei:1mt C.-V thU.n 11brupr Jun.clTons lia"il• 
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S.13 MetaHemii;<)nductor juncLions'behaye as Schortky diodes (if the Penni.level 
alignments li:resuch lhai t:here ls n depl.etlon ofmajor.ity carriers in the s'eprl­
conductor) or dhmic contacr,s (if the.re is ·no depletion region formei:! in tile 
semiconductor), 

5.14 Jurtctions-helweenclissimlfar semicortductors are caJled h,:1erojv.,1eao1ii WiLh:re• 
spcct to a vacuum:reference level. one looks at the conduction band edges (elec­
tron affinities) 110d ba:nd gaps to deturmine the bn,nd o~ets ani! at lhe Fe.rmi 
levels.(work functions) to determine tl1e direcllon of carrier trnnsfer. Electrons 
flow from the higlllo low-F= i level regions.and, hates How tbe opposlteway. 

s.1 A 900-nm oxide is growa 011 (100) Si in wet.oxygen at I roo•c (see App. VI). How PROBLEMS 
long does it take to grnwtbe first 200nm. tlle nex1:;00 nm, and the final 400nm? 

A squar.e wtndow (1 mm X J n:un) is etched lo this oxide, and the wafer is re-
m.:idaed ai 1 J50"C in wef OJ<Y&eli suafi• tnat. the oxide th~clcn~ss owsfde ot ihe 
window region increases to 2000 nm: Draw a cross section o! the wafe;r and 
mark off all Lhe thiolmesses, dimensions, and oxide-Si lnlerfoccs reiative 10 lhe 
original Si surface. Calculato the-step heigh IS in Si and in the oxide at tb.e -edge 
of tho window. 

5,! When impurhies are diffused into a sample from an un1fmiledsourqe such tl)al 
lheswfl\Ce concentration.Nu is lu.-ld constant, the impurity distribution (profile) 
is g.iven by 

N(x, r) = Noerfc(- x-) 2,\(v, 

where-D is the diffusion coefficient for the i1t1purity. I is I be diff\lsion time, .a11d 
erfc is the tornplemen Lacy error function. 

1f a certain number of impurities are pla~d in a thin layef on ll1e·$uiface oe" 
for.e diffusion, and if no impw:itias· are addecta11d none escap.e during diffu• 
sion, a gaussiarr distribution ·is obtained: 

N . ,- · l 
N (x. r) =- -•- e-<•h " or) 

,J.;iir 

where N, is t11e quantity ofimpurityplaced on Lbc si,miiee (atomslcrn2) prior to 
r-= 0. Notice t:bat this e,;presston differs from ·:Eq. (4-44) by a factor of two. Why? 

Flgure P5-2 gives curves of th.e complemcmary error function and .gausslan 
factwsior lhe variable u, wbich in our case is :c/2 \/Di. A&ium<: I hat bor-on.i~ 
diff1.1$ed into o-typeSi (uniform Nd= 5 X l01•cm- 1) at 1000°C for 30 mill. 'lne 
diffusion coeCffcienL for 13 in Si al this tcmperal4~c is D = 3 X w-1~ c.rn2/s. 

(a) Plot N,(x) afte.rJho diffu~i,on, as$uming that th·e surfaceccmeentrall,on is 
he-Id consrant at N0 = 5 x 10j0 cm-3. Locate the position of tbe junction 
below t.he.surfooe. 

(b) Plot Nh) afterthe diffusion.a.suming lhatB ts deposited in a: thio layerou the 
s)ll'.mce prlor to diffusion (N, =: S x 108 cm"'), at1d.I\O addi1101Ull B atll,t'ns are 
avnilabledurlng the diffusion. Locate the junction forlhiscase. 
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Figure P5-2 

lCis L--'---'-~ --'--'---'---'- _.___.___,___.___.___._..,__~ 
0 1.0. 2.0 3.0 

Bini-Plot thecurves on five-cycle semilogpaper. with an abscissa varyiog,from7.era 
101 JJ.nl.11, plotiingN.(x),choose valuesof..r1hal m:esimp.le mulliplesof2VDI. 

S.J Assuming a oonstan'r(un!Jmit:e.d) source diffusion of Pat l'f)()(fC in10 p-iype·Sl 
(N. = 2 x 1016 cm-3), calculate th.c time required to acbiev.eajunctlon depth. 
of lmforon. See the equations biPT9b. 5.2 and d11ta in Appendices VU and VIIL 

5.4 We wish to do an As impliml Into a S'i wafer w!Jh a 0.1 µ,m 'oxide sucll that 1be 
pe.ak !ks at the oxide~silicon intedllce, with a ~ · value of S x 1019 

~ -3. 

What jmplant parameters ( energy, dose, and beam current) would you choose? 
Toe scan area is'2(]() cm2 •. and the des.ired implant time is 20 s,Assume similar 
r-ange statistics in oxide and SI. 

s.s· Silicon is implanted with P ions at 200 keV to a dare Of2. l x 101A cm-~. Calcu­
la1e and plot the P distribution on II se¢ilog:plol as in F.i& 5-4. 
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5.6 We are intereste.d in patterning the structure shown hi Fi.g. ES-6. Design lhe: 
mask aligner optics in terms of the numerical aperture of the Jens·andthewave­
length of l:)ie source. 

I 
2j,.m 

l . 
5.7 (il) Using 'Eq. l5-1!)., calculate t]lecnqtact potential V0 of a Si p-n junction op­

erating at 300 Kfor N,, = 101" nnd 1019 cm-e1, wilh Nil= 101
". H,\15. 1016

, 

10r1, (018, ani;l 10'' cm- .i'in e~ch,ca.e, and ploi :Vo vs. N4. 

(b) Plul tbe +naximum. e lectric field E!0 ,vs. N,, .t'onhe junctions described in (a). 

5.8 In a p' -n junction the ho(e diffu~-fon our:re.nLin the neunal n m111erlal js given 
b_y EC[, (5-32).Whal are Ille electron diffusilJn aml electron drift components 
af current ai pointx. in t,Jie neutra.1 n region? 

5.9 An abrupt Si p-njunctlon has N. = wti cm➔on the p side and N~ = 101• cm~3 

on the n si.de.AtJ90~, (a) c:,lctJl~te tlie Fermi levels.draw an eqµllibrium bani:! 
di11,gram, and find i'o from the di11gram; (b) compare lhe result from (a) with Vo 
calculated from J?,g . (5-8). • 

5.10 Bor.on is implanted into an o,type SI sample (N/1 ~ t016 cm-3), forming an 
abrupt junction of squa're ·aro:;.~ t,:;L1iortwith area = 2 X 1 a➔ cnl. A~ume thAt 
the acceptor concentration in the p-typc Tegion is N,, = 4 x 1018 =-•. Caku­
!11(e 11lt /Cn0> .r;;'J• Q,.., and .£0 for this junction at equilibrium (3()0 K)., Sketch? 
and the clrarge density to.scale, as in Fig, 5-12. 

S.11 In a p' -n junction, lhe n s ide.has a donor conce1mirtion ofl.016'cin-3, Tf 11;=1010 

cm-\ the relative dielectric <;OD•St'l.nt e, = 12. D,,= 50 cm%. o, = 20 crr.2/s, aoo 
the elc'ctron·lind hole minority tamers have lifetim:es r = l OOns and 50 ni;.re­
spect:h,:ely, and n forward bi~s.-0J' (),6 V. calculate the h0/e diffi~ri<m current den, 
sfry2 µm, from lhe depletion edge on lhe-n side.Ii we double tlie p-dopillt',;wbill 
effect will it have on this hole dilfusion C1Jrrent1 

5.12 ASl p>:.n junction has a donor doplng of5 x 101~ ctn'3 on U1e nstde and a cross-­
sectional .irea of1(l- i cm2• It,1, =1 µs,nnd Dµ-= 10 c1111/s, calculate~ current 
with a forwurcl bins of 05 V .al 300 K_ 

5.13 (a) Explain ph~sically why tl1e cbarge ~1oraJ5e·capaclra11ce is uniroportant fi>r 
reverse-biased junctions. 

(b) Assuming that a Ga.As junction is doped to e4ual concentralillns ·on !he n 
and "P sides. would you. expect electron or hole i ojection ta dominate 1n 
forward biai;'?· Eli plain. 

5.14 (a)' A Si p~-njunction 10· 2 CI)l2 in area luts N,= 101s em-J.doping 6nthc..n side. 
Calc'ulete the jum::tion capudlam:e with a reverse blas of 10 V. 

243 
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244 Chopl!;!r ,S 

(b) An 11lm.tpt p••n j1mction is-rormt:d in Si withadonordopiog ofN,i=cl01s cm-.'I'. 
What i.~ the depletion region thkkness W jtlst.prior to avalanche brea)(down7 

5.15 Using Eqs. (5-17) and (5-13). shew lhat the p~ill( clecliic field. in _the transition 
region is ooJllrolled by the.deping on the more.lightly doped side oJ' I be junction. 

S:16 ht a one-sided abrupt Si n"-p junction (area = 0.0001 cm1). we ha"'e ·t!fe lol­
l9wingpl!Iame1cr~ at :mo K: 

nside 

N,r= Very bigh 

T, = 10 µ5 

µ. = 100 cm•fV-s 

µP ""450 cni.1-N-s 

p·S.ide 

N. =1ll11cm03 

,r" = O.t µs 

,~, = 700 cm~N-s 

µ" = 200 cmlN-s 

CalCtllare the peak electric field at ihe jun~liOiJ and the depleHon cnpacitllnce 
at a reverse bias of lOOV. (Him::1'his is much higher than the contact potential, 
and remember that this is a one-sicled juncticmJ) For a certain forward bias. we 
bnve a current flow of20 mA in 1bis device. C:'.alculate the lozalcxcesuiored eJec­
tro11 cltargl! on the p s1~ for this bias and tho e lectric field far frl.>m lhe deple­
tion region on the p s[de. ( Warning: Th.ere 1s .e lot of extraneous information 
here!) 

SJ.7 1J;l,:, <:>_ledron injection efficiency of a junction is 1./ 1 a;L x p = 0. 

(al Ai,suming tbat the junctiQ.11 fullows the slniple d1odecquuUon,ex:press f,J I 
ln: 1etmS-of the difftlliion coostanls, diffusion lengths, iinll cq_uilibrium mi­
nority Cllrri.at copcenl1.Ali(lnS. 

(b) Show I.hat t. /l oan be wriHeo os (i + [;~prµ:;Jl~11,.µ,f;r1• where the su, 
pecSCri.ptswfm: to then.and p reg.i.oni., What should be done 10 increase~ 
electron injecuon etnc,ency of oj unotioo.? 

5.18 Assume 1hattlw dopillg cocrce11tration N. on the p .side of 011 abrupt junction 
i,\;_ lt~e $aine a~ N. 011 1he " ~e. ~l:i side 1.6 many ·dlf[usion lengths .tqng."Fmd 
the expression for lhe hole current t, in th(}p-rype material 

5.19 A Si p-n Junctton .with crosscseat'ional area A = 0.001 cm1 is formed with 
N. = to1-s crn-3, N4 = lQF om- \ Calculate: 

(a) .O:mi:aet polential, V0• 

(b) Space-charge widrh at equilibrium (zero bias). 

(c) Current with n forward bias oI 0.5 V,Assume that the current is diffusion 
dominated. Assume f'-n = l500 c;m'N-s, tJ.p : 450 .cm•N-s, -r,, = 'fp.=- 2.5 1ps. 
Which carries mos, or the cur.rent, electrons or holes. and why!?If you wnnt­
ed to dou1:tre the electron current, what 3bould you do? 

S.?O A:Sl rt-pjunctillnhas.an ar..11 o(5 X 5 µm,C.alculatt! the{<>la.ljunetion capacitan~'ll 
assocfarctl wi•h this junction 01 an applied tevcrs.e bias ofl V. A:ssilme tlun !he 
n•rtgion~sdo11¢ 1020<!1:n.a and the p doping is l x 1016 CJU-3 • [f v;e forward bias 
Ibis junction O.SV, what is the electric field far fTomlbe )WlCliOn on the pllide, 
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Junction~ 

as!lllminga holc·mobility.of250 ern2/V-s, an electronmob.ilityoLIO() cm2/V-1,;.and 
a reverse saturation curr~t dcnsity elf I nAlcm2 ·for lhlsideal diode? 

s.21 l n a p"-n jUncLi<m, Ute-n-dop.ir)g N;, is doubted . How do tlfefollowl.ng change-if 
evcryth.ing else remains unchanged.? Indicate only increase-or deer.ease. 

(a) Junctiqn Cllp;icitAnce 

(b) • Built-in potential 

(c) Bre;i-kdown voltage 

(d) Ohmic losses 

5.2'2 We mak~ a Si bar wiU1 n _p-type do_pi!l,!1, of 2 X l 01• cm..i on •the left half and a 
p-ty_pe dopi.ng o( l018 cm-J on the right side. S ketch the equilibriu1n band dia­
gram, with precise values marked oIT,.fnr .frcim the doping tran.silion aL 600'K 
when the intrinsic carrier concedtr.alion is 1010 cm..J. (:Not&'. This 6 p type on 
bo1hsides.-Such ajunctlon is 'know~ as a high- lc>w junction rather than .a p-n 
jw1ction. Observe I hat U1e doping level. is comparable to 111 on the'lelt sidal Do 
not worry ab0u! the ex!lc.l details righ.1 near (be doping transition!)' 

5.23 ,'\sspme'll1ot 11n abrupt· Si p-n junction wil,b area ,LO-< cm2 ,h~s N. = 1ot1 em-3 

on the p-sidcand N d = 1017 cm-3 on the n11ide.Th.e dlodehas aforwatd bias of 
0.1V. Using mobilily value~·(rom:!<ig.~-2.3 and assuming tlm Tn = T P = 1 µ"$, 
-plot I,, nnd 111 vertus diSLance o.n a diagram sucb. as.Fig . .S-11; including both 
-i;ides of the junclion. Neglect recombination wi1hln W. 

5.24 In a p•-n Junction reverse biased al J.0 V, the capacitam,e is 10 pRifthe doping of 
lh,enside is dtmbled:and l~e·revers,!i bir,\s ch'anged to 80¥,whal is the capacitance'? 

5.25 An abrupt p· -n junction is formed in Si with a donor doping of-Na·= !Ou cm➔. 
What is the mirlintum 1hi~ oI tho n.reg_lon that will ensure avalanche break­
down ralberthan punch-through? 

5.26 Calculate the capacitance for the followin·g Si n•-p junction. 

'N'. = 1015 cm-J 

A rell = 0.001 cm2 

Reverse bias = l, 5, and l0V 

Plot 1/c;'l vi,. V R 

Demonstraro [liat t11e slope yield$ N.,..Repeat c:alculatioJIS for N. = 1011 cm➔; 

Slnce 1bc doping is- not specified on the n• ll.1de, use a suitable apprt>ximatjon, 

5,2'1 We assumed io Section 5.2.3-ttiat carriers are excluded within Wand that the 
seniiconduotoxisneutral outside W:'Ihis is known a$ the depli!lio11npprcmmatio11. 
Obviously, such a shorp transition is unrcalistic. l.n fa.ct, the space ch.arge-varies 
,over n distance of several l)ebye lc11g1lrs, given by 

[
e,kT]V1-

lv = -~- on lhe n side. 
q Na . 

2.45 
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246 Chapter 5 

Cal,culate lbc Debye length on.j.he n side for Si jwio\ions having N. = l01
~ c.m- ) 

on the p side and.N,,."' lO'". l016, and 101.8 cm-3 on the o. side and compare with 
the size of W ip each i:as,;. 

5.28 We h.avc a symmetric p-n sUicon jwiction (N. = N._= 1017 cm-~). ff 'the penk.elec­
lric field i.u the junc1fo11 at breakdoWlJ is 5 x JO; V/q_m, what is th~ reverse 
l;lreakdown volh,gain tbis j unction1 

5 . .29 A long p~-a diode is forward. biased with a current l 11owing in iL Toe current 
is suddenly lripleo at 1 = 0. 

(a) Whul is t.he slope or tile hole clfaWbutioo at x,, = 0 jus1 -after the currem 
'is uipled? 

(h) Assuming_t.lu\1 dri: vo1tuse is always a1>kT/q,.reJate tlie fin!lljuncri~n vo.ll­
age (at I = ,xi) to the 1J1i tt.al voltage (before 1 = 0). 

5.30 A loog p-•njunction has its (orward-blo_~ciirrem swiLclled fr.om In to lr- ·at t : 0. 
Find .1,1n e1q1=sio11 for Hie stared charge Qp as a function of lime in tl1e 11 fl'lgion. 

5.Jl A p•-n diode isswitoh:id from7..ero bias (/ = O) Lo a fonvarcl currenr I at r = 0. 

(a) Find the expression for the excess hole ohurgc Qp(t) during the rum-on 
l.l'allsient. Ske1ch Qi,(c) \'S. r, 

(b) Assuming chat 8p(xn) is always es~eutially exponentia l, find .Ap.(r) and 
lhe vull.J\[C 1,(1). 

5.32 The diode or Fig. :'i-23c is used in " simple ha1f-wnve rectifte.r circuit m whk.h 
lhe tliode is placc;d i11 ~el'ies with a l.oa.d resistor, Assume that tl1e dJode offset 
voltage £0 .is 0.4 V and 1hat R = dvllii = 400 !l. For a load resistor of1 kO and 
a s[m.1soidal 11)put or 2 sln 1,11, sketch the ou1pu!. ,·ol1age (.i1tross U\C:. h,.\~d resis­
tor) ayer two cycles. 

5 . .33 The idtality factor n can be iued to de.<;cribc_ the rel~tive importance of te­
combmationwitltiu the trau~ltion {cgi.on ~nd: the oeutni.l rc_giOn. catcula1e and 
plot tl1tl J- V characterii,Llcs of a diode, using Eq', (S-74) for \'alues of the ide• 
aJity factor of 1.0, L2. L.4, I .6, 1.8, and.2.0. • 

A = 100 µ.mi . N. = \019 Clll➔• and 

N,, = I019
cm- l ; 7. = •p = µs 

5.34 Assumtholes are injected from a p·-n jll.Qc tion into 1\ sho~t n region or length/. 
n op(.r.) varies llneady from t;p1, nt x,, = 0 lo zero ,It the nlnnfc_c011tacl (.r. = I), 
find the sk'ttdy sr.ate charge in the excess hole dis.tdbution QP and· U1e cutren1 .f 

S.35 I\J;sume I.hat a pT-n diode .is bllllt witll ao o region width I smaller than n hole 
dif(usio;1 leJJgth (/ < Lp). Thfa is the-so•called.11arr<11V bas.e dir:,d11, Since for 1his 
case hole~ are in.1ected into a short n region uadec forward bias, we cannot use 
the a~sltmpLion 6p(x,,.="") ~o io Eq . .(4-3.S)>u.sl~ad, we nmsruse as.a botµ1d­
ary condition the in.ct Lhat l'ip = 0 in x" = l. 
{a) Solve the di(J'usion equation 'LO obtain 

. hp,.LeLl-s,)fL, _ el•.~f)IL<,] 

5p(x.) ; elft, - e· I/L,. 
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Jundions 

(b) Show that theourronrin the diode is 

(
qADµPn l ) v I< I= - --'-- ctnb - (eq / 7:_1) 

L" Lu 

5.36 Given the narrow base diode t'e~ull (Prob. 5.35), (a} calculate the cu{Ienl dlie 
lo recombination in 1hen region, and (b) sl\ow tha, the current due torceom­
binati.on an he ohmic contact is 

/(ohJnic cc)rilact) = (qADpPn r.f'ch ..!_)(eqYfAT - 'I) 
Lr i , 

5.n Assume that a p''•njlJnction 'is built With a gr;aded n region in whkh tbe. dop­
ing is·desi;pbed by N.(,;) ;= Gxm_ The depletion region (W a. .i:,..1) ext.enils from 
cssential)y the jnnation a Lr = 0 to a point W within them, region. The.siJ\gu I ar­
ity at x = 0 for negative m i;an be neglected. 

(l! ) Integrate Garis~ 's law across the· depletion region H) obtain the maximum 
val\Je of lhe electric ffold ~~ = - qGW("'' t)1e(1n "' 1). 

(1,) Find the cxpre.~sion for %(x), and use the re:.~ult to obt~in Vii - II = 
q(IBJ(mf!J/E(.,; + 2). 

(c) Eilnd the charge Q ·due to ionized donors in lire di;:pletion region; wJite Q 
expliciUy fo tcmns of (Vu - V). 

(d) .Using the results of (c), take the derivative dQ!d(V0 - Y) to show that the 
c11paci11111cei$ 

[ 
qGel= ll ]t/ lm+2) 

CJ~ A (m + 2)[¼1 - V) 

5.38 We d~osit a metal with a work functionof4.6 eVon Si/elecuon affmity of 4eV) 
andaccepior doping level of t0'8 an~. Draw the equilibrium !?and dlagram and 
nwTk •off.'the. Feroli leve l, 1he band edges, nnd the vaouurn l.evel. Is this n Schottky 
or ohmi'c contact, and why? By how mtJ.Ch sheulil the metal wotk function be al­
tered to change the type of oontact? Explain with reference to the,band diagram. 

S.J') Design an ohmic contacLEor n-type GnAs using InAs. with an intervening grad-
ed lnGaAs region (see Fig. S-44), • • 

5.40 A Scboi.tJ..-y bnrrier is formed between a metal having a work function of 4..3,e V 
and p-typeSi (electf()n afilriJty -= 4 e.V}.Tiie acceptor doping in the Siis 1017 cm- 3• 

( n) Draw the-equilibrium band dia!?"am, sltowin~ B nume;ical value for q V0, 

(b) Draw the b\lnd diagram wilh□3 V forward bias. Rep~I for 2 V rewrs.e biljs. 

Very USlll'ul applets ro~ undmtu.udi11g diode operation u e IIVJ!i\.itble ut http;// READING ~JST 
jas.eng.b.umiJo.edo/ 

Campbell, S . .A, The Scieru:e cmd $ngineering of lvflcroeleo1ronia Fabn'cario11, 2d ed. 
NY: Oxford, 2001. 
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SELF QU[l_ 

Cbaog, L. L., and L. IIsaki. "Semiconductor Quantum Heierost r.uciures.' ' Physics 
Today 45 (October 1992): 36--43. 

Muller, R.. S., .aod'I.T. Kwnlns, D.evfc.e Efecironlcs for imegrared Circuits. New York; 
Wiley, l.986. 

Ntamen, D. A. Se111ico11if11cto.r Physics 1md Devices: Basic Princfples. HomewQod, f-L: 
Irwin. 1992. 

Pieuet, R._F. Semico11d11Cior Device F1mdwtiei11au. Reading, MA ~Adl:lison-Wtsley. 
1996. 

Plummer, J. :O.,M. D. Dea!, and .P .. B, Griffin. Silicon VLSI Technology, Upper Saddle 
IDver,NJ: Prentice Hall.,2000. 

Shockley, W. "the theory of P,N.Ju11c·ljo11sin Semlconductors·aod P-N Junctionlran­
sisiors.'' Bel/ S)IS1. Teclt. J, 28 (194-9).435. 

Woll, S., and R.N. Tnubcr. Sllicmi Proc11ssi11g for lhf VLS,I Em., 2d·e<). S~setBench, 
CA: Lllliqi Pr~ss, 2000. 

Wolfe, C. M., G. E. Stillman, and N. Hol.onyak, Jr. J>hysical Properties a[ Semli:011• 
ductors. Englewood O iffs. NJ: J>rent~ce liall, 1989. 

Que.slio11 1 
Consider a forward-bia.sed iiie11I (abruptjuncrion, 110 recomtii,uslion or ge11eration .in 
the depletion region) long p-n junction diode under forward bias. On the following 
graph, sketch and tabeJ Lhe total cur.ren1 l:Jl.i, the rouil clecr.rou current )..,;,,.,,,and the 
total hole current 7~10,.1 as a function of position i.broughout the entire device. The 
vajue. of each ~ been giycn at the n-side e~e of the a~plction region (or reference. 
(Him: che,excess carrier concenttatlons are essentially pinned to·zero nt the .coutac1s1) 

Questloni 

cul:rent 
p-s.ide quasi-neutral 

region 
depletion 

region 11 1 • I ll)fO 

I 
jI,.,u,11\1 
I 

~ -/p,ttJtdl 

I 
I 

ncsid~ quasi-neutral 
region 

I o '-------------- ---~ posiciori 

(a) Considcr-(1)' a long p-n junction diode with the ohmic contact on the.n slde, 
.x,.,.10,, 1 >> Lp, and (2) a shore p•n junction diode with the ohmic contact on the 
nside well witbln·a diffusii:m len_gthof tliedepieti.on.region. x,,,,,.,,.u< l,,, Given 
thefodicatedexcess hole (equals e lectcon) concentrati.on at then-side edge of 
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Juncrio_ns 

the depletionwgion A-p for both diodes;sketcb the excess hole concen.trations 
as a function.of pqsitlon llp(Xr).wjtlj.in the region.for the two €ases on the fol­
lowing graph, and label them .(1) and (2) accordingl,y. 

l>p 

t !:,p - . 

(b) Cansistent with your answers to pert (a).sketch tbe hole (diffw;ion) currents 
within the region for tl)e same \wo diodes 01.1 ·th.e follo',Ving gi11-pb.. and la.J:icl 
them (1) and (2) again. Tue value of Che hole current at che edge of the de­
pletion region for the Jong diode l1>J(x. = OJ is provided J;or reference. 

Question 3 
Consider 1w0Si p-n junction diodes, one long aod o.ne short (L'Ontact.s wilhio a dff­
fusion length of th·e deple.1ion ·region) but, otherwise identical. Uoder identical 
forward-bias voltage, wliich diqdc would have.greatercurrenl flow? 

Q_uesti.ou4 

lf the depletion C'apacitaace of a p,-n junction diode is C~:a at equ.ilibriwn und lhe con­
tact -potenti~I t~ Q . .5 v. bow,~uch reverse-bias voltage woul.d )lave to be applied 10 re­
duoe. the depletian capacitance to 0.S C,/ 
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250 Chapter 5 

Question S 

(a) What is Llie difference between depleLion.and diffusioncapacitanceilu diode? 
WIIich one dominates in forward bias and why?To revetse bias? 

(b) Why is iLmeani;ng[ul lo delitfe small signal capacitance and cooducrance in 
wmicooductor devices such as diodes? Row ;rre they defined? 

QU11s1ion <i 

We grol(t a pseudomorehic heterostructure con~isting of an epitaxial film Wilh lat­
tice constant of 6 A and bnnd gap of 2 eV on a lh.ick sµbstrate with Ja~lice constant 
of 4 A and liand gap of J eV. Both llk substral<! at1d epitaxial layer hayea cilh{ccrys­
tal s tructure in. the unstrained state. If 60% of the band edge discontinui~y is in the 
C()nduoci'on band, sketch n sirtipllfietl band diagram of this .. heterosu-ucturc. A:lso, qu!ll­
itstive ly show a 2-D -.-!11w of U1e crystal structure ~n rel~tion to the b,md diagram. 

Queslion 7 

(a) In the spnce below,sketob the equilibrillnl band diagram (esultlog fron, bring­
ing together the illustrated melal and lightly doped scmicondu.ctor indicating 
the Fermi level; the conduction band and valence band 0ff.seL~ from the Fermi 
level at Lhe metJll-scmkonductor interface in terms of qtl• •• qcfi, , q')( andior EN; 
any band-bending in the semiconduc10r in Lenns of q(J),,., qd>., lJX andfot Ei; 
and (qualitatively) any dJarge depletion or ~ccumuJmion layer. Axsume no 
interfile~ trap!.. 

vacuum levei 

metal 

(bl ls tllis II Schouky coo ta.cl oran 0hrni~ contud? 
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Chapter 6 

Field-Effect Transistors 

OBJECTIVES 

7. Derive 1---V <.hmo<,1emstic;:s of JFETs1 MESFETs-and HEM Ts 
2. P&iter1"11ine M<:lSCN SehO\'iof or;i_d threJ~ol8 voltoge; stvtly leokoge 

chorocleristics-of .gole dielectrics 
3. Under.slond f.AC,SfEr banil,dis:igrorns, arrd H~eor and soturarion 

~hovior 
4, u

1
ndersronp "eff~live"' c~onneJ rnobil;ty, bgc:ly·eff-e9, gnd subthres!i'olg 

sopes 
5, Al')qlyzy sec§rd•orcler effikts-DIBL, GIDt c~orge ~haring, and 

Vr roll-df' 

TI1e modem era of semiconducmr etectronks was ushered in by the inven­
tion of lhe bipolar transistor in 1948 by Bardeen, Bntllt\in, and Shockley al 
!he Bell Telephone Labnrntories.This device, along wilh iL~ field-effect coun­
terp:m, has had an enormous impact on virtually every area of.modem life. 
Tn u,i~ chapler we will learn.about lbe operali-0n, applications, and fabrica• 
tion of the field-effect lninsistor (FE'I). 

TI1c fie1d,effect transistor comes in severalionns. In a j1111clio1i FEI' ( called 
a JFET) the oon.1rol (gare) voltage varies lhe depletion width of a reverse­
biased p-n junction. A similar device results if 1ne junction is replaced by a 
Scbott.ky hurrier (mefal-scmicon.di.tctor FET, aalle.d ll M.ESFc'I').AlternaLive­
ly. the me~a) gate electrode m_ay be separated from the s-emiconchtctor by an 
inst1lalor (meml- in.s11fnro.r-semicond11aor FET, caned a MTSFET).A common 
special case of this type uses an oxide layer as the insulatot (MOSFET). 

In Chapter 5 we 'found Lbat two dommanl features of p-n junctions are 
Lbe inJectlon of minoriiy Cl\rriers with forward bins 8.b.d a variati9n of the de,. 
p.letion wid1.h W with reverse bias.These-two p-n junction prope11ies are used 
in Lwo importan1, types of transistors. l'be bipolar jwictio11 transisu,r (BJ1) 
discussed in Chapter 7 uses the injection of minority carriets.across a for­
ward-biased junction. and I he jl.l.l1ction field-effec1 transistor dlscussed in this 
chapter depends on control of a junction depletion width under reverse bi-as. 
The FET is a majority cit.rrler devke, and is Lherefore of1en called a un_ipolar 
transistor. Tue BIT. on theot11er hand, operales by the injection and collection. 
or minority carriers. Sin.ce 11,e action of both e.lectrons a.nd lwles is import'anL 
in tbisdevice, it is called a bip'O/J'ir transistor. Like its bipolar counterpart, the 
FET is a three-terminal i:kvice in which the cutrenr thro1,1gh .. wotcrm!nals.is 

2:51 

Petitioner Runergy USA Inc., Ex. 1030, p. 251



252 ChopJer 6 

6.1 
TRANSIS~OR 
OPERATION 

Cl(')ntrolled al the third. Unlike the BJT,however. field-effect devices are con­
Lro1kd by a voltage al the third temti-nal.rather than by a cun:eJJL 

'Jh<!- history of BJTs and FETs 1s rather interesting. It was the F'ET tha, 
was propo~d first in 1930 by tilienfelcl, but he never gotil ta work because he 
did not N.lly a ppre.ciate the role of surlace defects·or sti.rf.ace states. In the process 
~fb;ying lo dempnstrale experimentally such alield-effect tr,insistor1Bp.rdeen 
and Braltain somewhat serendipitously invemeli the first ·bipolar tral'ISistor, the 
Qe point contac1 transistor. This major breakthrough was rapidly foUowed by 
Shockley's extensio11 of the·concept t0 the BJT. ll was o~y much later, after the 
pr.olilem ofsurla1;e sta!esv.:astesolved by growing ar,, 0,:ideinsula1or qn Si, that 
the fust MOSFET was demonstrated in 1960 by.Kahng and ,AtallaAJthough 
the BIT rei'g,ned supre)he in the early days of selJ)ic.onductor integrated el,eer 
tronics, it has been gradually su[Jplanted in roost awlications by the Si MOS­
FE'f.'Jhe main reasonis, utilikeB.rfs,_t.hevariou~ l'ypes of.Ee.Tare charaoie.rized 
'by a nigh inpur iml!eda11ce, since1he control voltage is applied to a reverse-bi­
ase.d jllnotion·or Schottky barrier, or across an insulat0r.111~e devices are par­
ticularly well suited 'for conlrolled switching between a conducting.~tate and a 
n~nCQnducting state, and are therefore useful in digital d rcuits.,They are also 
suitable for integration. of many devices on a single chip, as we shall sea in Chap­
.tcr 9.ln fac~. millions 9fMOS tr.ansistgrs iµ_ec9~omy used t9.gelherln semi­
conductor memory devices and micropiocessors; 

We begin !his section with a general discuss.ion of amplification and switch­
ing, the 'b~ic ci:r'cuit functions performed bJ trim,sistors. 'The transistor is a 
three-terminal device with the importanUeature that the cUJTentthrnugb two 
jerIQina ls can be controlled by small changes we make in• the cun:enl or volt• 
.age at the third tennioal. 'This control feature allows us to amplify small a•c 
-signals or to s\Vitch tb.e device frOJJJ anon state.to ~n off state.and back. These 
two operations,amplificariof! andswitching, are the basis o[a host of electronic 
functions. This s~tion p rovirle§ ii brief introdu(:tlon to these operations, as a 
foundation for understanding both bipolar and field-effect transistors. 

6.1. 1 The- toad Une 

Consider a l:wo-terminaldevicell:iathas a 11onllneilr 1-Y c)laracteristic, asi:n 
Fig. 6-1. We.•might de'tennine this ca rve experimentally by measuring the 
current for v.arloos applied vQ]rage!;, or by using an oscillos.cope called a c1mie 
trac~r, whleh varies / 8lld Y repetitively and displays the resulting curve. 
When suob .a device is bias~d with the simp_le battery- resistor cort)bina6on 
shown in the figure, steady state values 0f JO and V n are attained. To find 
these :values we begin by writing a loop equatio11 aroUJ]d Uie circuit: 1 

E =ioR+ vo 

'W• u,e r0.1o ,ymbolizo 'th~ 1e10I cu;re11110 for the ck , olu,J, one//• for 1he o-c ~ponenJ,_A ilmllcr 
,che,iio h 11"'1:l !01 oi~e< cun;,,,i, " "d 'fOl\og'o,. 

(6- 1) 
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-=.. E 

. (nJ (b) 

This gi•les us one eq11J1.tion descrl bing-the drcuit, but it contains two wiknowns 
(ID and v0 ).Fortp.l\ately, we have ,lnotherequi1tion ofthef9rm i0 =f(v0 ) in the 
curve of Fig. 6-1 b. giving us LWO equations with two unknowns. The steady 
stale current and voUage-are found by a simultaneous solution of these two 
,equations. However, since one equation is an,alytical and the other is graphi­
cai, we must fi,rst put them into the same form. It is easy to make the linear 
equation (6- 1) graphical,so we plotit on Fig. 6- 1 b to find the-simultaneous so­
lution. The end points of tb.e lin.e described by Eq. (6-l) are at E wheni0 = 0 
and.aLE/Rwhen v0 =.0.Thetwo graph~ ctossat11.o = VI) and in = ln,lhcsteady 
state.-vai.ues or cunenl and voltage !or the device with this biasing cb:cuit. 

Now let's add il tbird terminal Which somehow controls the f- \1 char­
acteristic of the device. For example, assume that the devke lmrreor~voltage 
curve can be moved up t:pe current axis b'y iocreasiiig the control veltage' as 
.in.Pig. 6-2b. This results in a family of i0-vi, curves, depe.nding upon the cboice 
of " G· We can still write the loop equa'tion (6-1) and draw it on tbe set of 

10 (mA.) 

i 
20 

+ 

+ l'fJ 1S 

tir,; 
ti) 10 

..:=..15V 

:; 

(ti) tb) 

Figure. 6-2 
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Figure 6-1 
Ai two-terminal 

nonlinear device: 
(o) biasing 

cir.cult; '[b) J:..-V 
c~~no~lerisl1c and 

load line . 

A three-terminal nonlinear device· 1h01 can be·tonlrol\ed by the vohoge al the lhird lerfl)i'ndl v0 : la) bias, 
ing circuit; lb) 1-V choracteri~tic and load line. If V,;; ~ 0.,? V, the d-c values of /D·and Yti ore os shown 
by the dashed lines. 
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6.2 
THE JUNCTION 

FET 

curves; butnow the simultaneous sol11tion depends on1he valueof.v0 . rn the 
exampJe· of Fig. 6-2, VO is 0.5 V a 11tl the d.-c yalues of !0 y.nd VO are found al 
Lile .intersection to be 10 mA and 5 V, re.spec lively. Wliatever the value .qf lh.e 
coqtrol voltage v0 at the third t<lxm.inal, values of 10 and V 0 are obrained 
from points along the line representing Eq. (6-1 ). This is caUed the load line. 

6.1.2 Amplifitolio11 and Switi:~ing 

ff an a-c source is added to the corrirol voliage, we can ach icve Jarge Vlll'ia­
tions fa -.i0 byn;iakiqg smill cihangeS in "r.1· For C)ql.mjlle, a~ II,:; ~aries aboui it!! 
d-c value by 0.25 Vin Fig. 6-2, vd varies about its d-c value VO b~• 2 V. '!bus 
the awplificat!On of the a-c signal ls 2/U.~ "' 8. If the curves for equal \1langes 
in v0. are. eq_ually spaced on the fo axis. a 'faithful t'lrnplified version of the 
small conrrol sign.al (lan be obtained. This type of voltage-controlled ampli­
fication is typical of field-effect transistors. For bipolar- trausisco.rs,.a smaJJ 
controlcuue:nt.i& used to achieve lif[ge changes,in the davipe current, acb:iev­
ing current amplification. 

Aoorhet important cfrcuii function of transistors is the ,eontrolled 
switching of the devire ofI and on. ln the example of Pig. 6-2, we can swJtch 
ircim the bottom of th.e load line (i0 .; 0) 19 alm@sl the top (i0 "" E/R) by ap­
propriate oltangesin-i•a-11lis type of switching. with control at a third cermi­
nal is partfoularly useful in digital c(rcuits, 

1.u aj11ncfio11 FET (JFbT) lhe voltage-variable depletion region width of a 
junction 1s1.1Sed to control the effectivecross-sectforial areaot a conducting 
channel In the device of Fig, 6-3. the curren1 [D flows through an o, type 
channel between two prTegions. A rever~e bias between tJi,ese p1< regions 
and the channel causes the depletion regions to intrude int.o the n material, 
and the.refore the effective ,½dtb of the channel can be restricted. Since lhe 
resistivity of the channel r.egion is fOled by its dop111g. the channel resistance 
varies w[lh changes in the effec!ive irross-secr1orJal are.a.By analogy, the vaT!­
abJe dtrplehon regions serve as the two.doors. of a g11te,.whicl1 op.en and dose 
on I.be conduot[ng channel. 

fn Yi.g. 6-3 electrons in the n--'t ype- cb.annel drift frorn left Lo right, 
opposite lo current Uow. The end. of tl:le ch'annd from whicn eleclrons 
flow .is called the source, aJ·1d tile end towatd which 1bey flow ls called the 
drain. The p~ region& are called g(Jtes. If the channel were p-lype. holes 
would flow from the.sourne to the drain, inthe,sarn:e direc.:tioo as the cur­
rent flow, aoc;l the ga te regions would be .n·. Jt is cornmon r,rilctice to con­
nect 1be 1.wo gat.e regions electdcally;.thernfore. the voltage V c,.:refers to 
the-potential from each gate region·G to the s011rcc S. Since lhc co11duc• 
tivj1y of th:e heavjly doped p regions is high. we can assume that the. po­
tential ,s unifo rm lhroug·hout each gate. ln the lighl ly c!opc-d channel 
materiru. howe\·er, the potenciaJ varies with p0sition (F.ig. 6-Jb}. Ihhe·chan­
ncl ·of Fig. 6 -3 is e9nsiderecl as a distnoutecl tesislC>r carrying a current I p 
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Figurit ~ 
Slmplirled crosHec/lonol view of o Ivnction fET: {o} lron_sislor geometry; lb} detoil of the channel on.d 
voltage variation along t!ie chormel with VG • 0 on.i:/ smell 10. 

it is clear that the volt!)ge from Lhe drain end of the channel D to U1e 
source electrode S must be great~r thao th.e voltage from a point near I.be 
source end to S. For low values o_f current we can asswne a linear va:ria­
tien-of v.oltage V., in the cba1m_e~ va_ryiqg from V 0.at the d•r_ain. end to zei:o 
at the source -end (Fig, 6-3b). 

6.2.1 Pinch·off and Saturalion 

In Figure 6--4 we consider the channel in a simplified way by neglecting 
voltage drops between the source and drain electrodes and the respec­
tive ends of the channel. For exampLe, we a_ssume lhat the potential at the 
drain end of the channel is tbe same HS the potential at the ele-etrode D. 
This i_s a good approxj.matioo ff the source an'ci drain regions are relative­
ly large, so that there is ll ttle resi.sm.oce between the ends of the channel 
a:tld the electrodes .. In Fig. 6- 4 llie gates are sbotL citcu)ted ttl lb~ source 
(VG"'" 0), SU<;:h that Lbe potential at x :: 0 is the same as the potenLial every­
where in the gale regions. FQr very s.rrµill currents, the wl.dLhs of the de­
pletion regions are close to the equllibrium v-alues (Fig. 6-4a). As lbe 
cuEreol lD. is increased, however, it becomes Important lbat V., is large 
near .the drain· end and small near the source end o( t:he channel. Siu.oe 
the .reverae bias across each point~ the gate-to-ch11-nnel ju-nction is sun­
ply v, when V 0 is zero, we can estimate the !fbape of the depletion te­
giQus as inPig. 6-4b. The revme bia,s is relin.ive1y large near the ti.rain 
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Figureb--4 
D_epleiion regions 
in !he channel of 
Cl JFET wilh zero 

gate bios for sev-
erol values-of y~ : 

(a) lineor range; 
(b) 11ear pinch-off; 
(c) beyond pinch-

off. 

() I.. 
X IQ. 

· Oa1c 

• -Dapletitm I 
(a) s· reglon 

D .._,,, Vo 
Chanm,J 

V0 =0 \ 
v~D = -vo lo 

(tJ)~ -
D Vo 

D 

(Vm)= - V0) ai).~decreases lc:>ward ierc:> nea:nhes0urce.As aTesult, the 
deplelion reg.ion intrudes into 1he cl:tannel near thee drain. and the effec­
tjve e}1ai;m.el area is constricted, 

Since the resistance ofthe constricted ehannel is higher; the F-V pJot for 
the cl1annel begins tc> depart frOltl the straighl lille that ~vas valid at low cur­
ren t levels. As the voltage VD .and current '/0 are increased still further, tbe 
channel region near lhe dfaio becomes more oonsi:riotcd by the dep)eti0n 
regions and the channel resistance contiuuesto increase .. As V O is increased, 
t~re must besom~ bias voliage at ·wbich Lh.e·depletion regions meei near lh.e 
drain and essentially pinch off the channel (Fig. 6-4c). When thishapp.ens,;the 
C\1\'reru,10 cannot in<aease-~gnlficap1ly wjrh furtberiner-casein V 0 . Beyond 
pinch-off the c.urr:e.nt ls sanmued approximately at its value at pinob-off.2 
Once e-lecti:ons from the-ch.annel enter the electric field of the dep1etion re­
gion, they are swept through and ultimately flow to the positive drain con­
tact. After rb-e-0uuen1 satura1es beyond pinch-off, lhedlfforenJ.ial channel 
recsi~tance tLV e5/dfv becomes very bigh. To a good approximation, we ca1,1 

'Saturation I, uJ4d hy d,,vjc;, cn9inoen l~ mar~ dll/e,r4n1 <:<>n.lo~ il)oo any 01her wofd Is u_M!<l. W~ have, 
di,w,;e,l soloci,l'f-Sofu,o•li>n, lhe-,;,.,e,,e ><ll'l!oliort cor<~nl ult> \li11cijotl, ood, now, Jheool\J101lon of ffi 
choro<tetlill('; fJI Chopi•r 7, - will dl.ctru lh• >alum~on .,r o a/T. Ttw. ,tudenl ho, probobly a l;o 
1aad>od >OIUfaflon by"""' In rryin; 10 ob,orb rbe,o variou, m<>Qn!ng,I 
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(b) 

calculate the current al the criliea.l pinch-off voltage. and assume there is no 
fUILhel' lncrease in,curren1 as Vv is inereased. 

6 .2.2 Gate Control 

'Ibe effect elf a neg.alive gate bias - VL is to incr·ease the-tesistan"e o.f 1he 
i:ht1nnel and inllucepinch-offa1 a [ower vruu~ ofeu.rrent(:Fig.6- ~J.Slnce the 
depletion regio:as are lai;ge-r with VG negative. lhe -e:ffective channel width is 
smaller and its resistan(!e is higher in the low-(,Urreht range of Lhe chara:c­
teris1ic,Therefore, fbe slopes of the L,, I'S. V1j curves below pinch-ofl' become 
sm~er a~ the gate '!<>ltage is made more ncgatlv~ (Fig. 6-5b). Toe pinch-off 
condition is reached at a lower .drain-to-source voltage, and the-saturation 
curreni is lower rhan for rhe case of.zero gate bi~ As i10 is varied, afamily 
of cw·ves is obLained for I.lie I- V characteristic of the cban.nel, as i.n Fig. 6-Sb. 

Beyon9 Lhe pinch-off voltage tbe drain current l0 is c-oiJ.trolled by V c­
By varying the gate b ias we can obtain amplification of an a-c signal Sine~ 
t11e input control voltage VG appears across the reverse-b~ased gate junc­
tions, the inpUL impedance of the device is high. 

We can c.alcu4ttc the pinch-off voltage ratbersi.Qlply ~y representing the. 
channel in the apptoximate form of Fig. 6-6.11 the channel is symmetrical and 
the effecl$ ofthe gates are thc•Sl!me in eacll half of the clmpnelregitin. we can 
restrict our attention to the channel half-width h(Y), measured from tl1e center 
line.{}'= l.,) . The metallurgical h_alf-width of the cbannc.1 {i.e.. neglecting the 
depletion region) is a, We can !ind the pinch-off voltage by calt:ulating the re­
verse bia,s betV{een the n channel and 1he p1 gale at I.he drain end of tJi.e chan­
nel (x = L). for.siroplicily we.shttll assume that the ch,'lilnel width at the dtatn 
decreases uniformly as the reverse bia.<1•increases to pinch-off., 1f 1he reverse 
bias berwee.11 the gate and the draiJ1 is - V GD• the width of the depleuon reg.ion 
at x = J j can. be found f.tom Eq. (5-57): 

[
2~(-V at)) ]1/l . 

W(x = 'L) = . . (V co negative) 
qNd 

(6-2) 
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Figure 6-5 
Effeets of o ncgp­
tive gole bias: (ol 
Increase of deple­
tion realon widt~s 
wilh VG negative; 
(b) family of 
current-,voltoge, 
curves for the 
.ohom,els ~ -. VG is 
varied. 
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Figure 6-6 
Simplified diagram of the ch'(\lnnel wrth definitions o-f qlmen,tcins ond differer,tlol volume for calcvlotion~. 

In this e~pres$ion we assume the equilibrium cont.act potential V0 is negligi­
ble compared. witb V 00 an ti the depletion region extends prl.m11ri:ly into t he 
channel for the p--n junction. lncludiug V01s left for Proo. 6.L 

Pincb-off occurs a~ the Qraiti em! of the cbannel when 

h(;r = L) = o - W(x =L) =- 0 

ll,at {s, wnen W(x = L) = u. lf we deEi:ne ~he vah.1e of - V 0 0 at plucb-off a$ 
V11, we. have 

qa2N,, 
Vr = ~ 

The pinch-off voltage VP i.5 a positive n.umber:; its relation to V () and Ve; is 

Vi'=- -V 0 0 (pi.r.\ch-of{) = -Va+ V v (6-5) 

where V (I is zero or negative for proper device ope,ration.J\ forwurd bius on 
the gare would cause bole injection from the p· reiions into the channel, 
eliminating Uiefield-effecl control oE the c.levice.FiromEq. (6-5)lt'is clear that 
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pinch-off results from ll c:ombinat,an of gale-to-source voltage and drain-to-­
source voltage. Pinch-off is remmed at a lower value of VO (and therefore n 
lower lD) wbcn a negative &ate bia~ 1s applied, in agreement with Fig. 6-5b. 

6.2.3 Current-Volklga Characteristics 

Calculation of the ex1;1ct channel \;Urrenl is coJTlplicated, although lbe math­
ijmaL1cs i~ rebn ively s 1rnigh1£orwan111dow pinch-off. The approacli we sh1:1JL 
takl) is to und the expre.~sion for 1 v just al pinch-off. and then .nssume the 
saturation current beyond pinchroff remains fairly consta:nrat this value. 

[n U1e coordinate system defined in Eig. 6-6, Lhe cenle:r oft.he c.hanntl 
at the sou:rce end is tak:_en as Lhe origm. TI1e length. of the channel in the 
.t-direetion i.s L . and the depth of channel in the z-d.irection is z. We $hall 
can the resisuvity o( lhe n•type channel material p (valid only in the neutral 
n II)aterial1 outside t he depletion regions). Ifwe consider tbc difforcn:tia.\ vol­
ume o[u eutralcharmel matcrialZ2h(,-r)d.t, the resistatl'ce of-the volume el­
ernent is pd.AIZ2h.(x) [see Eq. (3-44.)j, Since tlie ourreot dqes not change with 
distance along the channel,11J is related to the differential voltage change in 
lhe element dV., by the conduclance of lhe eleme.nt: 

fv = Z2h(x) dV~ (fi~6) 
• p dx 

The term 2h(x) is the channel width at .~. 
The hij}f-width of thech,annel at poi:n t x dep1:mos on tl1e local reverse 

bias between gate and channel - V r,;,: 

h(x) = a - W(x) = 11 - [ 2t(-·Vc.r) ] l.f2 = a[1 -(l/~ - Vc;)"i ] (6-7) 
qNrl V1, 

since Vci = V0 - v. and Vp= qu•N,/lE. Implicit in Etj. (6-7) is the assurnp­
iion that the expression for .W(x) can be obtained by a simple extension of 
Eq. (6-2) lo point x in the channel.1Jils is ~ lled the gradual chanlu:/ apprwti­
mation; it is valid if h(x) does not va·ry abruplly in any element dx. 

The vollage V m will be neg11rive since t,he ga.le voltage l' G is chosen 
zero or negative for proper. operation. Substituting Eq. ( 6-7) into Eq. (6-6), 
we have 

2Zt1 [ (V_.. - V q)l/'l] _ 
- P- I - v,. dV, - ./Ddx (6-8) 

We can solve this equation to obtail1' 

( 6-'t) 
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wl,lere Va is negative a11d G0 = 7.,aZ/pL is the conductance of ·the channel 
for negligible W(x), Le., witlino gate vo.ltage and low values of ID. This equa­
tim:ris valid only upto pinch-off, Where V 0 - V 0= VP. If w.e assume the sat­
uration currentrema1ns essentially constant at its value at pinch-off, we have 

[ 
Va 2( v0 )

3
/?- 1] = Go½,-+- - - . +-

Vp 3 Vp 3 
(6-10) 

where 

The re-sulting family o:f 1- V curves for the channel agrees with the results-we 
predicted qualitafrtely {Fig. 6-Sb). Toe saturation current ls greatest when Va 
is zero and liecomes smaller as Va is made negative. 
• We can represent the devis::e biased in th_e saturation region by au 

·e-q_uivaJent circuil where changes in drain current ate related to .gate va.11-
.age chan.ges by 

• MD(sm.) l ( Vc;)''
2

] g,..(saL) = av 
O 

= 0 0 :I - - V,. (6- ll,) 

Tue quantity g,,, is the muu,a/ 1ro11.tcn11d11cconce. with units (A/V) called 
sfomens (S) , ~ometirnes called rnlios. As a figure of merit for FET devices lt 
is common to desi:;ribe the transcon.ductance. per un.it cl\llnlle1 width Z. Thi~ 
quantity g,,,IZis usually given in units of milli~iernens per millimeter. 

ft is found experime.nta\ly that a s_quatie-law characteristic clo~ty ap­
proximates the drain current in saturation: 

( ~,, )2 
1 0(snt.) "" r,,s.1\1 + V; , (Va 11e$~live) (6-12) 

where loss•S ¢e saturated drain current w~t):t V c; = 0, 
The appcaranc.e of a i;onstanl v.al.ue of channel resistivity (in Lb.e 0 11 

terin) in Etis. (6-9)- (6-11) implies that the eJeclron.mob~lity is conslant-. As 
mentioned in Section 3:4.4, eleetrn.n velocitY, satUrntion at liigh .fields may 
make th.is as5Umplir;,n invalid, This is p,ttliC\l larly likely for very short chan­
nels.. where even moderate drain voltage can result in a high field along the 
cllarme.J.Anotjler departureirom the ideal model results from ili~ facL 1111:u 
the effective channel length decreases as the drain vol rage is increased be­
yond pi:och-off. a;; Fig. 6-4c suggests. In.short-channel devites this effect cru, 
cause 10 to increase beyond pinch-oft, sh1ce L appears in the denominator 

Petitioner Runergy USA Inc., Ex. 1030, p. 260



Freid-Effect Tr-onsistors 

of Bq. (6-10), in Q0• Therdore, the assurnptio11, of constant saturation current 
is not valid for very short-channel devices .. 

The depletion of the channel discussed above for-a JFET can be accomp'Jished 
by the 11$e of a reveTSe-biasecl.Schol:tky barrier instead of a p-nj.unctlon. The­
resulting deviee is called a MESFET, indicating that a metal- semico11ductor 
junction is used. This device is useful in b.igh-sp·eed digital or n;.iCll'Qw;we cir­
cuits, where the simp.lic-ity of Schottky barriel'S-allows fabrication to close geo­
me trical tolerances. There are parLieiita+ speed advanta,ges for MESFET 
devices in ID- V cmmpounds-st1ch as OaAs or ln.P. which have l1ighermobili­
lies and carrier drifi velocities than Si. 

·6.3.1 The GaAs MfSFET 

Figure 6-7 shows schematically a simple MESFET in GaAs, The substrate is 
undoped or doped with chromiUD')., which bas an energy level nei>.r the cen­
ter of theGaAs band ~l\p. ln eitJ1er Cl\Se the Fermi level-is neat the center of 
the gap, resulting in very high resistivity material (-:10g .0-cm), genera!Jy 
cal.led semi-ms1llnri11tGaAs, On lltisnonconducting substtate a thin layer of 
lightly-doped n-typ(! GaAs is groWll epitaxiaUy. 10 form the channel region. 
of r.be F.BT.~ 'I11e photoHthographic processing consists m.tlefining _patte.ro.s 
in the metal layers for source and drain ohmic contae~ (e;g,, All-Ge) and 
for the Schettky barrier__gate (c.g.,AI). ByTevcrse biasing lhe Schottky gate., 
the channel can be depleted to tl1e semi-insuJating substrate, and the result· 
lpg 1~ Y-c:haracteristics are sim:ilat to the JFET device, 

By using GaAs instead of Si, a higher electron mobility is available (see 
Appendix U:f), andlutthet,cQ-arc G:aAs can be operated at higher tempera­
tures (arui therefore higher power levels) .. Slnce no dlffusJ.ons are involved 
in Pig,. 6-7, close geonietrital 101:etances can b~ achieved and tbe MESFET 
.can be ma.de very small. Gate lengths l., :s 0.25 µ.m are common in these de­
vices. 1111is is important at bigh freq\i.encies, sj'nce dd [l time and capacitances 
must be kept to a minimum. 

.It is possib)eto avoid tbe epitaxial groW1h of the:o•tyM layer ru;id lhe 
etched isolahon in Fig. 6-7 by using ion Implantation. Starting with a (lemi­
lnslllatin_g Ga As sub~ttare, a !,bin .n-type l~yer at the surface of eac:h lrans:is­
ior regi.on -can be. formed by implanting Si O( -a column VJ. donorimpurity, 
such as Se. '.!his implantation requires an i:\!'lneal to remove the radial Lon 
damage, b:ui the epitaxial growth. step is eliminated. l n either the fuUy im­
planted de-vice or tbe-epjtax;iai device of Pig. 6-7. the s0UJ1ce and drain con­
tacts may be imptoVed by further n' implamation in tb.ese regions. Because 

'In· many-c;a,e,, o hrgf;..-e>IJ1M,y, GaA1 •pllo.iol loy•r )<allod a bu/Tor lay,,~ 1, 9,awn between il!O [\Yo lo)" 
ers-,hown in fig o-7: 
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Figure 6--7 
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of-the relative slmpl.icity ofimpli)Jltes GaAs MES:i-ETs and the isolation be­
l ween devices provided by the semi-Insulating subslrate. U1ese.struclure-s 8Te 
commonly used in GaA, in(egcated dscuits. 

6.3.2 The High Electron Mobility Transistor (HEM'l1 

Since the metal-semiconductor field effect traµJ1c.1or (MESPET) is <;01np11l­
ibJe with the use of l ll- V com_pou.nds. il is possible to exploit (he band gap en­
gineering available with beterojunctlom, io lhese materials. ln order to 
maintain high. transconductance io a MESFb"T, l11e-channel co.11ducuvity must 
be as high as possihle. Obviously, the c0nd11c1iviiy can be im,.,-e1.1sed by in­
creasing the doping in the channel and thus tJic carrier concentration. How­
e\'er. in.creasi;d doping also uause~ increased scattering by 1be ·ioni1,ecl 
impurities, which leads to a de!'lradation of mobility (sec Fig. 3~23). Whal is 
needed is a way ofcreatin_g a lJigh elt:etron concen1niliou it) U1e ch~nnel of a 
MESFETby some means other tha_n doping. A clever approach to this re­
quiremeol i:; Lo grow a thrn undoped we.ll .(c.g., GaAs) bounded by widerl)and 
gap; deped barriers ( e.g.,AlGaAs). nus contigu:rati<:m, called modu/azion: dop• 
iiig, re,~ults in c;ondue1ive GaA!; wben eledroos from tlle ,doped AIGa As bar­
riers fall into the well and become tn1pped lb ere. as shownin .Fig. 6°8:t. Since 
li1~ donO,$ are in the Al Ga.A~ rathl':r ~ha!i th.e GaAs, there ls110 impurity ~cat­
L'ering of e le-0trons in the well lf a MESFET is construcled with the channel 
_along the GaA.s well (perpendicular lo the t)O.!!,e in Fig. 6-8), we can 1a~e.acl-
11011tage of this reduced scanering and resulting higher m.ob'ilily. The effect is 
esp,ecially str(:)J)g a now r.empecatare wbe.re laLtice {phonU-rl) Sciltterir\g ts also 
low. 'This devicelS called a mudu/ation doped field,e./fe<!l transiswr (MODFET) 
and is also called a high efectron mobiliiy rransiiaor (HEM'I'). 

In Fig_ 6-Sa we bave left out the band-bending ex_pected at the AlGaAs/ 
Ga.As i:nterfac~ Based upon 1he discus8ion ia Sec1fo.11 s;s, we expect the 
cJedrons to accumulate at the corners of the weU·due to band-bending at 
the heterojunciion. l.Q f;1I;t, only o;ie heterojunci.ion is required to trap elec­
trons. as shown in Hg. 6- Rb. Generally, the donorsfo_ tbc AIGaAs layer-are 
pucpo~ely separated from the. inter face PY - 100 A. Usi,;ig this confi.gura,tion, 
we can aoh.i.eve a high electron concentration in the channel while retaining 
high mobility, since lhe OaAs cbanp.;;\ region.is spal~ally sep-dl'ated trpm 1.he 
ion.ized impurities which provide the free carriers. 
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Figure 6-8 
(o) Simplified view of m_odulotlon doping, slio".'ing only the cor,duction bond. Eleclrons in Iha donor• 
doped AIGo·As foll into the GoAs pote.n~ol well and become trapped. As a result, the undop/lci GoAs 
becomes n-l)'pe, without the scattering by ionized donors which Is typicol of bulk n-type material, (b) Ui.e. 
of a sing le AIGQAs/GoAs hetorofunctiari IQ trap electrons rn the undaped GaAs. The thin . sheet of 
charge due to free elecirons al lhe inlerfoce forms o twcx:limensional eleatron gos (2-DEG), whick con 
be exploited lo HEMT devices. 

In Fig. 6-8b, mobile e~ectrcms generated by the donors in ih,e AlGaAs 
diffuse into lhe small band gap GaAs layer, and they are prevented from re• 
tunling to the AlGaAs by the _potentil!l barrier at the A101!As/GaAs iJ1te:r• 
faee. Tue electrons in the (almost) triangular weU fonn a two.dimensional 
electron gas (sometimes abbreviated 2J>EG). Sheet carrier densities as 
l:iigh as 1012 cm-• can be. obtained at a single interface such as that shown in 
Fig. 6-8b. lonized impurity s~tterlng is-greatly reduced simply by separating 
the electrons from the donors. Also, screening effects due to the e:xtremely 
high density of ili13 two-dimen~onal elecfron gas can r~ducc ionized .impu­
rity scatterin&; further. In properly d~ig,ned structures, Lhe electron trans­
port approach~ ilia!. of bulk GaAs with no impurities. so that mobi,liiy is 
Umited by lat tice scatterit)g. As a result, mobilities above 250,000 cm2N•s at 
77 t< imd 2;000,000 cm2N•s at 4 l< can be achiev.ed. 

The advantages of a HEMT are its abilll)' to locate a large electron 
density (-1oi2 cp:i -:i) w a verytJun layer (<100 A thick) very clo~e to the 
~ate wliile simultaneously .eliminating ionized impurity-scattering. The AI­
GaAs layer in a H:EMT is fully depleted tmdernonnal ope,:a;ti,ng cooditioni 
and since the electrons are confined LO the heterojunction. device heba.vior 
tlosely ~embles that of a MOSF.ET. The advantages of the HEMT over the 
SiMOSFET are the higher mobility and maxit:n.um electron velocity in GaAs 
eompared wilh Si, and the sinoqther interfaces possible with an AIGaAs/ 
GaAs heterojunction oompared with the Si/S102 interface. The high perfor­
mance o( the HEMT translates into an eKtremely high cutoftfrequency, an i:i 
devices with fast access times, 

Althougll we h1we discussed the HEMT in tenns ofthe AIGaAs/GaAs 
heterojW1ctioo, other materials are also promising, such.as tlfe InGaAsP~P 
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system, A motivation for :;tY0iding Al1Ga1-_.As is the presence of a c;leep--level 
defect C-dlled the DX cenror for x > 0.2. w:biGh I raps elect.tens and lmpairs1:he 
B.EMT t:>peration. Since ve~y thin layers are involved, marel'.ials wi th slight 
lallice mismatch tan be groWn 10 Torm pse:uclomorphic 1-lEMTs. An ~xample 
of such a system is the use of a thin layer 0f InGaAs-grown pseudomorpbi­
cally on GaAs, followed by AIGaAs. An advantage of this system is tbat.a use­
fnl band disconti,n-uity can be ..ichieved using A lGaAs ot low enough A I 
com.position to avoid the DX cen4!r proble01. • 

The FIEMT, or MODFET, is al~o referred to as 1;1 ft<tO-dinumsional ell!c­
tron g11~· FET (2-DEG FEI', ot TEGFET) to emphasize the fact that con­
duction along the channel occurs in a ~hin.sheet of charge. The de-vice h.ll!> also 
been called a se;)arately doped FET (SEDFET) , to empba-sfae the fact that 
tlte doping OClcurs in a separa te region from the channel. 

6.3.3 Short Channel Effects 

As mentfoned in Sectioo 6,'2.3, a variety of modifications to the simple the­
ory ofJFBT and MES.PET operation must be made when the charioe1 length 
is small (typically < 1 µ.m). lo the past. these sbo:rt-cbannel effects would be 
c~idered u.ru.1$ual, bu.t noW'ili$ collll;tloo to el)~ounter FE11 devices i.a w.bich 
these effects dominate the 1- V characteristfos. For example, high-field effeets 
occur when l V apgears aci:oss a channel len_glb of 1 µm (10- • cm). giving an 
electric field of 10.kV/cm, 

A simple piecewise•linear approximation to the veJocity:-field curve 
assumes a constant mobjlity (linear) dependence up to some critkal field <8, 
and a eonstant sil tu.ration veJpcity v., for high.er fields. For Si a ·better ap­
proximation is 

µ 'g 
V - - -'---
~ - l + µ,'&/'I, 

(6-13} 

wb.1:;re µ is the low-field mobilil-y. These two approxiJ,T1ati.9ns are show□ ln 
Fig. 6-9a.1f we assume that the electrons passing through the channel drift 
with a oortstant ~atu:ratiorl "'.elocrEy v,,., the-current •tak~ a simple form 

(6-14) 

where his a .slow function of Va. ln this case the saturated cuuent fo.Uows the 
velocil'y satu:i'alion1 ancl dqes not requice a true pinch-oft iµ the sense of de­
pletion regions meeting at some point in the chJ3Ilnel. 1n tbe saturated v~ 
locity case, !he rransconductanoe gm is e.5scntially constant, in contrast with 
lbe constant mobility case deseribedby Eq. (6-11).As shown in Fig. 6-9b, the 
fo - VD curves arc more evenly s:paced .if co.nstant saturation velocity dom­
inates, compared wfth th.e V 0 ,dependent spacing shown in Fig. 6-Sb for the 
long-chiµniel i:onstant-DJobility case. 
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Figure 6-9 
'Effects ef electron velo.cily sorurotlon ot high electric fields: {o) opproxlmolions to the s.olurotion of drift 
veledty wilh increasing field; (b) drain current-voltage chorod erisflas for lhe soturoled velocity co5e, 
showing almost equally spaced ourves with Increasing gate volt(?QC. 

Most devices operate wi1.h ch~racteristlcs intermediate between the 
const-ant mo.bility and the constant veloc.it:y regimes. Depending on the de­
tails of ihEl field distribution, it is possible to divide up llie cl)annel into re• 
gions d.ominated by the two extreme cases, or to use nn approximation such. 
as Eq .. (6-13). 

Another important short-channel effect. described in Section 6.2.3, is 
the reduction i:n effective channel length after pinch•off a.-; r.he dra'in voltage 
is increased. This effect is not significant in long-channel devices; since the 
cllal)ge.m L due to intrusion of. I.be depletion.region is a.minor fr.act ioIJ.of tbe 
total channel Ieng.th. In short-channel -devices, however. the effective cha11-
nel length <:an be substantially sbonened, lead.inf, to a slope in the sahjtated 
1-V characteris tic that is analogous to the Early (base-width narrowing) ef-
Ject in bipolar transistors discl.!$sed in S.;ction 7 .7 .. 2. • 

One of the most w.idely ,used electronic aevices, panii:uJa.rly in digital int~ 
grated circuits,is ilicmetal-insulator-semiconducmr (MlS) traJ1Sistor. In this 
dcvke tlie cliam:iel 6urrent •is controlled by a voltage applied at a gate.,elec­
trode that is isolatecl from lhe channel by an insulator. rrbe resulting device 
may be ieferred to generically~ an insulated-gate field..eff~ct ttansjstor 
(IGFET). Howe11'er, since most such devices are made using silicon for the 
semicop.duct01',Si02foLthe insulator, and meW or heavily c,loped polysillcon 
.for the gate electrode, the-term MOS fie/d.effeci tran.sisror (MO·S'FET) is 
commonly used. 

6.4 
THf MfTAL­
INSULATOR,­
SEMICONDUCTOR 
FfT 
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Figure· 6-10 
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6.4.1 Basic Operotion and Fabrication 

The b_asic MQS transist.or is illustrated in Fig_ 6-l0a fo.r ttie case-of an 
enhancement-mode n-channel device formed. on a p-type Si substrate. Then• 
source and drain regions ar.e d.iffused or implanted into a relatively light ­
ly doped p-type substraie, and a: thin oxide layer separates the conducting 
gate from the Si surface. No cur.rent flow~ from:d.i:ain.to soµri:e without a 
conducting n channel between them. This can be understood clearly by 
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lciolting .at the band dlagi:am of tl;ie MOS"Ji'ET in aqui librium ~Long: 1be 
channel (.f,1/,'\, 6- iOa).The Fermi level is flat in.equililtt:it11n.Ibe·co11dl!cli.on 
b;rnd is close 10 Lile fermi level in Lhe n~ 5ourceldrain, w'hile the valence 
band is closer to the Fli!rmi level in the p-type material Hcn.ce, thttre- is ·a 
potential parrier {or ar, eJectron to go from the source .ro tb.e drain, eo,c. 
re~pendi:ng to the builr-ili pci1en1l"nl oJ 1he buck.-ta-back p-.n juncti"o.ns be­
tween Lh.e source liDd drain. 

\Vhen a positive vol rage is applied w Lhc gale relatiye to the subs1rate 
(which is connected to the ~otm:e in t'his case), positive chariges are in.effect 
dep0si1Bd on the .!\lite meta.Lln rasportse, negati:.-e i:harges· ure frtduced in 
the underlying Si, by the fol'ma.ticin of a dep.letioo reg~on and a thin surface 
ri:;gion conlainingmobile clect'rOns.'Illese inducctl .electrons foml lhe chan­
nel of lhe.Fl:::T, and allow current to flow.from diain lo source. As Fig. 6-'lOb 
suggesLs, the effect of the gate \iollage is to vary the condut:t.nnce of Lhis in­
duced channel for low drain.-tO"source VQltage. analogom; to the JFET case. 
Sin.t:e elcctroos are electrostatically induced in the p 0type channel ~eg1or1. 
the ahannel becomes less p-type, knd 1:he-refore the valenc<! band meves dawn, 
further away from 1he Fermi l~vuL 'Ihis obviously reduce~ the barrier for 
electrons between l:h.e source, tb.e channel, and the drain. [f the barrie.c is re­
duaoo ~uffio.lently by apply.i.llg a gate voltage in excess ofw~r is !mown ~~ 
the threshold vo/Jo,ge, V7. there is r.ignifica1.ucuneot flow from the source to 
ll)e dr~.'Ch~ one view of a MOSFET h, tJ1al i~ ls ;i gate-co.ntrolled ,poieu­
tial barrier. It is very i:mportanl to have higb.-qua.lity1 low-leakage p-n. jum:­
tioilsin. order to cnsru·ea low off-state.leakage in the MOSFET. For :a_gh>en 
v..alue of VO -ihere will be some drain voltage.VO for wbich the.cun:ent be­
comes sauirated, arrer whi.cll it remainS essentially consrani. 

Tue llrr.eshold vollltge V 1' is the minimum gate voltage Ieq11ired to in­
duce the channel. Ju ge.Jjera~ lhe postf.ive ga:te voltage o'f an i.--chan-p.e.1 de­
\.'.ice (such as that shown i11 fig. 6- ll) mus t be larger than some va.lue. -V1, 
before <I co,ndnctiµg ch.~nnel is ind11Qe<;t Simi l11rl;y, a p-cha1µie.l de\1ce (macl.e 
on an n-type substrate wi.lb p-type source and drain 1mplants or diffusions} 
requires a gate voltage moreneg)¼live tb.an some-threshold valuet e indu.ce 
the required positive charge (niobile l10Jes) m U1e· charrueL There are 
exceptioris to thls generahule,:howeyer, aswe shall see. for example, some 
n•ch:annel devices have a channel already with zero.gate voltag~ an.d in fact 
a negative ga~e voltagels_requ~rec! to turn the devke off. Sud, a ''n,orntally 
on" device is called a depletion-mode transisro:r, since gale voltage is ·used 
to deplete a lili.ann.eJ whicJJ exists 1:11 equilibr;ium. The more common MPS 
transistor is 1' noimally off'' with ze-to _gate volta_ge; and operates in th;: en• 
hanceme.nr r,,w.de by applying gate vpllagc large enough to in~cc a clm­
ducting-channel. 

An. !llternativevje.w of aMOSFET is t.ha1 it is a gai,e-controlled resistor. 
If the (positive) gate vqltage exceeds the thresholtl voltage in a11 n-channel 
decvice, electr<;m,s are +nduc~d. in the p-type _substrate, Since this chann!ll is 
connected to the n' ~c1ur.ce and drain .region:s, the srruccure looks electric-al­
ly like =indticed JHype resistor.As.Lh.e gate voltage.increases, more t1l~ troi;t 
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Figure 6-11 
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,cb:arge is induce cl in the channel and, therefore, the channel becomes· more, 
·concfucting. The drain current ~ru(iaJly. incre~~es linearly with tbe drain bias 
(the li!leanegime) (Fig. 6-l0b ). As more drain current flowsin the ch8Illlet 
however, there is moi:e ohmic voltage drop along.he challllel such that the 
channel _potential varies from zero near the grounded sourc.,-c to. whate:ver 
rbe appU-c:J drain JlOtentia). is n ear the drain end of U1e diannel. Hence, the 
voltage difference between the gate and the channel reduces from VO near 
the source to (Vo- Vi,) near the drain end. Once the drambiasi~ ioereased to 
I.be point th& ( V c ~ V 0) = Yr; llm:shold is barely ruairuaincu uear Lht: dn1io 
end, and the chawiel is said to be-pi.oohed .oft Im:reasipg {qe cir.aµ, 'bias beyo,nd 
this point (VO (sat}) ea uses fhe point al which the channel _gets _pint'hed off 10 

move mo.re anc! more into the chanrtel, closer 10 the sou.rec end (Fig. 6-llc). 
Electrons. in the ch&iIJlelate puUed int-o the pinch.-offregion and travel al 'lhe 
saturation drift velocity hecause of-t he very high longitudinal ekclric field 
along the 9baorrel. Now, tne drain c.urrenf is-said to be in. Lhe sr.1turat1on .re­
_gfon because it does 1'0t inc,:ease with d,ain biassjgntficantly (Fig; 6-l0b). Ac­
tually. there is a slig}:it increase ·of llfain Cli.l'reru with drain bias due to various 
effecrs such. a~ cha.noel length 01.Qdula:tion and d:rain~i.ndm:ecJ!b3rrie.r lower­
ing (DIBL) that will be discussed in Section 6.5.10. 

The MOS transistor is piu:Licularly useful in cli-gitai circuits; in whlch it 
is switohedfrom the "off''~tatc (no Goodli.ct'ir1gcbanue.l)to tbe "on" state. 'The 
control of drain current is obtained at a gate eJect.r:ode wb.ic.b is insulated 
·from.the source and drain by the oxide. Thus Che d-c input impedance-qfan 
MOS drcult can be ve.ry lai:~e. 

Both n-·channel and,p-ehannelMOS tlca.nsistoxs ate in common us-age. 
Then-channel type illustrated in Fig. 6- 10 is generally. preferred becaus.e it 
rakes advantage of the fact that. ~he elecp:on mgbility In Si is larger lha,n 
the mobmty of hole& lo much of the discussion to follow we will use the 
n-channel (p-type substrate) example, although the p-cbaonel ca.se will be 
.tcepl io mind also. 

Lel us give a Very sim:P.tiEted desc;riptioh of how such an n-cha.nm:I 
MOSFET can be fabricated. A much more detailed discussion is given. in Sec­
tion 9,3.1. An ultra-thin (-5- 10 m;n) dry ~bermal Silicon dioxide is.gro\l{IJ on 
the p-type s.ubsir-ate. This serves as the gate insulator betwee,n the conducting 
gate and Lhe c')]annel. We immediately cover. it wW1 LPCVD of polysili.con, 
which is doped very heavily a~ usi.ag-P djffusion in order to make it -behave 
,el.ect'ricl!Uy like a IQetaL electrode. The doped polys.ilicon la.ye.I" is then pai­
t-erned to form the gates, and etched an isotropically by R.IEto achieve verti­
cal walls (Sectiou 5.1.7·). 'The ~te itself ii; ~ed as an implanl rria* fq:r an lj+ 

implant wh.ich fol'llls the source/drainjuuctions abuttf;a to thegare edges,,bu:r 
i,5 blqcked irom ~he chaooel r~gio.n. ·Such a sc~liem•~ is calll!cl a self-n1igr1ed 
process because we did not have lo use a separate. lltho,gra_phy step for the 
SOlJrqe/drai.niolllllltion. Sclf•ali_gnmen l is simple,and.is v,ery meful because we 
thereby gua_rantee thaL there will be some overlap of the gate with the 
sou.reef drain bulnot too much oyerlap.'lbe 1,1dvantage$ of this are discussedi11 
Section 65.8. The implanted dopan!s must be an,nealetl Ior. reasons discussed 

269 

Petitioner Runergy USA Inc., Ex. 1030, p. 269



270 Chopier 6 

jo Section 5, 1.4. Finally; the MOSFBTs baveto be properly interconnecled ac­
cording to the cir.cu1t layout, using:metallization. This involves LPCVD of an 
oxide d[etectric. etching ctmiacl holes by R IE, fiputter depositing a tauitable 
metal such as Al. patterning-and e:tchingi1. 

As shown in Fig. 6-!0a, the MOSFET Is SUJiTQli:nded OIi all side,;; by a 
thick Si01 layer, This layer-provjdes critical electrical isolation between ad­
jaceqt rtanslstors on a'n integrated clrcurt. We slu1ll see in Section 9 .. 311 that 
such iso/arion, or fle:hl regions cnn be formed in several ways, such EIS L,OGal 
Oxir(atitin 0/ SUicqn ( Z..OCOS). Briefly. it i1wolves QOposµ:iog a LPCVE> Si~N~ 
layer-ove.r lbe e.ntire subslrate before the fabrication of the M0SFE'Th, pat­
te01ing and et¢hlng it so Lha.t it is removed only in the isolation regions, bw. 
not in the actl11e regions where the MOSFE':rs will be formed subsequerltly. 
A boroi,1 dta111iel :vrop implant is tllen.donei n the isolation regions. Ex[lloit­
h1g the useful Qroperty of Si,N~ that it blocks thermal oxidation. a thick 
LOCOS oxide is sefectively gro.yn by wet oxidati,on only in Lhe,isola:tion re­
gion:,. Tue reason why a thick field oxide layer and a boron channel stop lm­
·plant leads to electrfca.l isolation is Discussed l li Secci.on 6.5.5. 

6.4.2 The ldeol MOS Capacitor 

n,e surface effeots lhat arise in an apparently simple MOS structure a:ce ac­
tuaJJy q'IJ:ite complicated, Although Q1any of th.e,se effects are beyon,d the 
scope of this discussion, we will be-able to i.denticy those which control typ• 
ical MOS transistor operation. We lre:gin 'by COIJ~idetirig 11n uncompl.icated 
idealized case, and then include effects encountered in real su rfaces in 1he 
oeJG s.i?ction. 

Some important definitions are made in the energy band dlagr,am o( 
Pig. 6-12~. The wor)<. function cn-ort1\:le:rlstic of the metaJ (see Section 22,1) 
can be defined in terms of the energyreqw:red to move an elecrron from the 
Fermi level to outsidt: the metal. 1n MOS work ir is more c<invenienl 10 use 
a modified work frmctiou ,7(fi,,, for the metal- oxideiuterfuce.111e energ~ qcl'im 
is measured frol)'.I tlte metal Fermi level to ilie c.onductio.n band Of I.he oxfd~.• 
Similru:ly,q<ll, is tl1e modified work-function at tl1e semiconductor-oxitiein­
ierr.ace. in this idealized case .we I.\SSU!lle tllal tP'" =- <l>J. so Lhe:re is no dlffcr­
ence in lhe rwo .work functions. Another quantity that wm be useful in.later 
du;cus~lon.~ is q¢r, ,v,hicll mcas.ures l~e p,osiiion of t~e Fermi lev~l be1p -.y the 
intrinsic level E,for the semiconductor. This quantity indicates how stroog­
ty p•type c~e seQliconductm is (see Eq. (~.-25)). 

The MOS structure of Fig: 6-12a is essentially a capacitor in which one 
plate 'is a semicoriductor.;)t we apP.lY u negative voltage be1wec11 tl,te 111etal and 
the sem.itonductor (Fig. 6-12b), we cffeetively deposit a ·negative cl1a:rge 011 
lhe metiu. ln1espoose, we e;q,ecJ au eq\Jal ne! positive ch·arge to acq.1mtilate 

•on 111, MOS bood dioSfllTIU of thtt =rton, we <how o firoo~ In the clecir~n ~•"'9Y ·=la loodirio lo fha 
lrnruloJql cond.uiiUcm bC21ld, •lrlce 1Ka bond gop of .SIO: jor t;ther tyr icol IMulol<lr,J Ii mod, grGaler llior, 
that cf 1hb SI. 
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Figure 6-12 
Bond diagram fo.r 
the ideal MQS 
structure· al: fa) 
equilibrium; (bl 
negative volfoge 
co.uses hole occu• 
mulotfon ln the 
f>lyj:>e 5emi­
conductor; (a) pos, 
itive voltqge de. 
pletes hol~ from 
the s:emiconductor 
surface; (d) o 
larger positive 
voltage causes In· 
version-on "n­
type" layer al lhe 
semicpn·ductor 
surface. 
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at the i;udace of the -semiconductor.In the case of a p•type substrate this oc­
clll'!l by hole acc11multul01i at ·the semiconductor-oxide interface. 

Since the appliednegati:ve voltage depresse:, the electrostatic potential of 
the metal relative to· the-semiconductor, lhe electron -energies are raised m the 
met.al relative to the semiconductor.5 As a result, the Fenni level .for the metal 
EFmJies above jts equilibrium position by q V. where Vis the applied voltage. 

Since ~m and •ti, do notchaT1ge With applie'd voltage, moving E,,,. up iu 
cner_gy :relative to EF, causes a tilt in th.e oxide conduction band. We expect 
such a. tilt since an electridield causes a gradient in E1 (and siJnilady in £, 
a:ndEc)·as described in Section 4.4.2: 

1 dEi 
~(x) = - -

'1 dx 
(see 4-26) 

The epergy ban.els of th.e-semico_nd.uctorbend.near the inlel!face ~o ac­
commodate the accumula-rion of holes. Sincll 

p ~ 17i(i.c~- 0 ,J11cr (see 3-2;i) 

it is cl~:ir 11,at an increa.se m hole coocentratlon impli~ an increase io E,. - E,, 
-at the semiconductor surface. 

Slnc:e no C!Urrent p_~ ses through ~he MOS stru,ctu:ce.. there can be no 
variation in the Fermi !evil within the semiconductor. Therefore. if E; - EF 

is to increastt it must occur by E; moving up in Clnei:gy neru; the surface. The 
result Is a bending of the semiconductor bands near the interface. We noiice 
in fig. 6- 12t:i that LheFermi level ne.ar the interface lies doser 10th~ :vale.nee 
band, lnd:i.caring a larger hole concemrntion than tliat arising from the dop­
i.ng of [Ile p-type senticondactor. 

In Fig. 6-l 2c we apply a positive voltage from the metal to the semi­
conductor. This ;ai~es the. potential oi tiii:- metal, lo\Yertng rhe metal Fermi 
level by qV relative to its equilibrium position. A,s a result, the oxide cma• 
dltction band ~ again titled. We notice that the slope of this banq., obtai;ned 
by simply, ruovin~ th·e metal side down relative to the semiconductor side, is 
in •the proper directi.oft-for the apPliedfield, according tb Eq. ( 4-26). 

The positive voltage deposits positive charge on the metal and calls .for 
a coc.rospoi,idin.g n~tnegative charge at the surface:of the scmioond1,1qtor. Such 
a negative charge fo p-type material arises from depletion of holes from the 
region near the surface, leaving behind uncompensated iol]Ized acceptor~. 
11ris is analogous to the depletion region at a p-n junction d),soussed in Sec• 
tion 5.2.3. In rhe deple.ted region the hule concentration qecreases. .ni0ving 
.£1 closer to EF, and bending the bands down near the semiconductor surface. 

lf V{e con,tinue to increase the positive yoltage, t,bebat1.ds at the semicon­
duc£on;urface bend down more strongly. To fact, a sufficiently large voll,\ge ca.a 

'R.etoll 1!,ar "" eled ro•lat[, poronliol dioaram l• r:/roVfn for poalliva 1o,t c~o,ges, in <:<>nlroll lo or, 9b,1ton 
en!!M'gy d,µgrom, whitih iJ dmwn for nagallve·chorge,. 
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bend E; 01!low £F(Flg.6-12d),This is a particularly inLcrestingc;ase,since EF 
► E1 implies a large electron concentration in the conduction band. 

The ·region near the semiconductor-surface in this .case bas conduct.km 
properties typicalofn-type matedal, witb an electron concentration given by 
Eq. (3-Uia). This n-~ype surface Jayet is formed not by dop~, butlr1stead by 
inversion of th.e originally p-type semiconductor due-.to th.e applied volt-ag~ 
This inverted l.ayer;separated from the underlying p-type material by a de­
pletion region, is the key to MOS transistor operation. 

V'{e should tal<e a clo~cc 10O,k at the inver,sionreglon,since it becpmes tile 
conducting channel in the FET. 1.n Fig. 6-13 we define- a potential cp at any 
point x, measured relative to tl}e equi.libciu:ri) posidon of .E;;, 'TI1e energy ({4) 
tells us the extent of band-bendi.ng atx. and q<I>, represents the band-bending 
at the surface, We notice 'that cl>,= 0 is th:e flat l)a11d condition for this \deal 
MOS case (i.e., the bands look like Fig. 6-12a). \Vhen.¢,, < 0, the bands bend 
up al lhe surlace, and we.have hole aocumulation (Fi.g.o-l'Zb). Simi1¢y, when 
<Ji, > 0, we have depletion (Fig. 6-12c). Finally, when-¢,, is positive and larger 
lban <l>F, the bands at Lhe si.irlace are bent down such that,;E.(x=0) lies below 
E,.,.and inversion is obtained (Fig. 6-12d). 

Whi.lec il is true that the·sncface Js inverted whenever cl>, is larger than 
<!>,.-. a practical criterion. is.needed to tell us whether a trueo-cype conducting 
channel exists at lhe sl.lrface.The best <;fitetionfpr strong ir1versio11 is that the 
surface should be as strongly 11-type as the s ubstrate is p-type, That is, E, 
should fie as far below EF at the~1.n:(ace as it is abt)V!) E,, far from.the l\.u.rface. 
11tls condition occurs. when 

(. ) kT fl. ii>, inv. = 21j>F = 2-ln­
q It; 

------------Ee 

------------E. 

Oxicle $_1!_micm\.dudor 

(6-l.5) 
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Figure 6-13 
Bending of the 
se·mlconducfor 
bo11d~ al the otf~el 
of ,strong inv~r­
sion: tlie surface 
potenfic:11 4>, is 
twice rl,e value ef 
<pf in the neutral p 
material. 
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A surface potential of q>p is required ro bend the bands down to the intrinsic 
condition al the surface (Er= EF),and £1 mus.t tben be de.pressed another q~p 
at the surface to obtain the condition wecaU strong inversion. 

The electron and hole concentrations are,elated to the potential q,(x) 
defined in Fig. 6-13. Since th·e equilibrium electron concentration is 

(6-16) 

we can easily relate the eleetron concentration al any x to this value: 

and similarly for holes: 

Pu = n;.eq4>,/kT 

p = Pal!- q~f.kT 

(6- 17) 

(!'J- I 1'c1) 

(6- ISh) 

a1 any :t. We could combine these equations with Poisson's equation (6-19) 
and the usual charge density expression t6-20) to solve. for tj>(x): 

il$ p(x-). 
- = -- (6- 19) 
'i:J;C E,. 

p(X) = q(N'j - N; + p - n) ((i-10) 

Let us solve this equiition to determine the total iotegra_ted charge 
per unit area, Q ,. as a function of t h.e surface potential, d,,. Substituting 
Eqs. ~6- 16), (6-17), and (6- ,8) for the electron and bole conci;ntratioos in 
Bqs. (6- 1.9) and (6~20), we get 

ili<l> = j___/~4') = __!i[ p re --!JG, - 1)- " ri(e f - 1)] 
ax7 ~i:lx e, \ . 

( li-21 l 

It sholilld be keptin ,mind that 

L~ the electric fie!Q, i , at a depth x. 
JotcgratingEq. (6-21) from Lhe built (where the ba11ds are flat, the elec­

tric fields are zero, and the carrier conce,ntratioos are detennined solely b.y 
the doping), towards the surface, we get 

,\j, 

f' (:!X!!) = !l~[p~/ff -]) -n{el- 1)]dq, (6- 22) 

AHer integration, we then get 

c , (2kT Po)[( - 'Lt_:. qd> 1) + "O( .<i! qcp 1)] (6 .,, i ~• = - ~ •e ff + -- - ~ - e irr - - . - . -._,'i 
e,, . . kT po· kT • 
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.A pnrtiql)atly important case is a1, the ~urface (x = 0) where the surface per­
pendieular electric field, 'i,, becomes 

~ _ V2kT[( _111;, qt!>, ) 110 ( 1/<I>,: tJ•~s )]I (6 '") ., - e 1.r + - - 1 + - e kI - - - 1 -~-,, 
• qLn kT Po kT 

where we ba,ve inrr.oduced a new term, the Debye screi?ning te:ngtlt, 

L n= ~ (6-25) \/7i:, 
The Debye l.engch is a very important c<in~p{ in semiconductors. It gives us 
an idea or the distance scale ia which charge itnl:Jalaoces ru:e screened or 
smeared 01JL For example, lf we lb.ink. of i.1:isertill!\ a po_sitivcly charge~ ~here 
in an n-type semiconductor we know t,hat the mobile electrons· will crowd 
arouud the sphere. If we move away fr9m the sphere by sevec;al P ebye 
lenglbs. the positively charged sphere and the nega-tive electron cloud will 
loak like a neutral entity. Not surprisingly, L0 depends inversely on doP,ing 
because the highe::r I he carrier concentration, the more- easily screening takes 
plaee. For r •type material we shou.W use 110 in Eq. (6-25). 

By using Gauss's Jaw at thesur.face;we ca.a relate thefategr:ated space 
t haTge per unil a rea to lhe electric displacement, keepingln mind that rlle 
electric fietd nr displaeement deep in the substrate is zero. 

(6-26) 

The s_pace charge density per unit area OsinEq. (6-26) is pJotied as a. 
function of the surface potential '1>, inRg. 6-14. We ~ee from Eq. (6-24) and 
Fig. 6-14 that when lhe smface potential is zero (flat band conditions), the: 
nelspace e~argc.is zero. This is because the fixed dopant charges are cancelled 
by the mobile carrier charges at fiat baud. When tl,e suiface potential is neg­
ative, it attracts and forms .an accumulation layer of the majority carrier holes 
at the surface,.The {irst te.r:.m in Eq. (6-24) is the dominant one, ano the ac­
cumulation space charge increases very strongly (exponentially.). with nega­
tive su[(aee .Po~l.1t is easy lo see wJ}y by looking at Ect. (6-JS): which 
gives the surface hole co.ncentration 1n a p-type semiconductor as a function 
of surface potential. Since tbe band-bending decrease.~ as a function of depth, 
the integra1ecl accumulation chargein:volves avernging over depth and ln­
lroduces a factor of 2 rn the exponent. Mathetna.tic;ally. this is due to the 
square root in Eq. (6-24).lt must be noted that s:incethi~ charge is due to 
the mobile majority carriers (holes in this case). the cba.rge piles up oe.ar 
the oxide-silicon interface, since typical accumulation layer thicknesses are 
-20 nm. Also, beqi,use of tbe exponenlial dependence of accµm ulatioQ cll!!.Cge. 
on surface poten~ the band-bending j.s ,generally -small -or is said to be 
pinnetl to nearly Zf;!O. 

On the othea: hand, for a positive surface potential, we sec from Eq. 
'(6-24) Umt initia}J.y lhe second (linear) timn is the dominant one. Although 
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Figure 6-14 
Voriotion of spoce<lorg$l densii In the ~emiconductor ds 6 funclion of the .~urfoce polentiol (!), for 
p-~)'pe silicon with N4 = 4 x IO 1 cm- 3 ot room 'temperature. p,ond n, ore the hole ond eladr.on con­
c;eritro tions ot t~e surface, rb; ls the potanNol d ifference be!Weeh ihe Fermi level ond the intrinsk level of 
the bulk. (Gorrell ond Brolto1n, Pliys. Rev., '99, 376 [l 955).) 

the exponenpal term exp(q<l>,/k7) is very large, il is multip lied tiy t,he ratio 
of the minority-to majority earner concentration "vhieh is very small; and is 
initially negligible. Hence, the space charge for smallpositive surface po_ten­
tials increases as -~as.shown in Fig, 6~ 14.As discussed in detail later in 
t:'.hls sec.lion,, this coi;re$ponds to the depletion regipn cliarge due to the !;!X­
posed, fixed immobile dopants (accep1ors in this case). Toe depletion width 
typically extends o'!er ~exeral hundred nm. At some point, the band~bepding 
is twice the Fermi potential (pf·, which is enough for the onset of stro-og in­
verstim, Now. lhe e,cpo(!.ential term.exp(qcl>,(in.v.) /k7) multiplied by the mi­
nority carrier concentration n0 is equal to the majority carrier concentraiion 
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p0. Hence, for band bcnd:i]1g beynnd tliis poin;1.i1 becomes the dominant term. 
As Il1 the case of accumulation; tbe mo!?ile i.nven;icin <;barge 'now rncrease.s 
vcrystroogly with bfas.as indicated by Eq. (6- 17) and shown in Fig. 6-14.The 
typicaJ foversion-layer thicknesses are ~5 nm, and the suiface potenl'ial oo\v 
_is essen1ially pin:oed at 2¢,f' 

It may bei,ointedoul that in acc1:101ulation. and.especially in inversion, 
the carriers are confined in the x-directi.011 in narrow. essentially triangular 
por~otfal well!l, c.ausing quantum mechanical particle-in-a-box slates or sub. 
bands. similar to those d1scussed in Chapter 2. Flowcver, lhe carriers arc free 
in 1.he other directions (parallel to, the oxide-silicon interface). This leads to 
a two0 d1mensionaJ e.leotron gas (2DEG) or hole gas. with a "staircase.'' can­
st.ant density of states. as dJscussed ii, Appendi:.~ JV. The de.nailed ~naly.sis of 
these effects is, unfortunately, bey0nd tbe scope of our discussion here, 

The charge distribution, ekchic rielrl, and elect;ro~lafic polcmtial for 
the invei'ted.surface ar-e sketched in. .Fig, 6-15. r'Or simplicity we use the de­
pletion approximation of Chapter 5 in this figure, a$suming C\">mpl\!,te deple­
tion [or O <x < W, and neutrnlmatcrialfor.~ > W. In this approximatlon the 
charge per unit area6 due to llncomp.:nsated aco.::ptors in the tleplelfr.,11 re­
gionis - qN0 W. The positive charge Q m on the metal ls balanced by.the neg­
ative charge Q.; in the sei.iic0ncluctor, which is th.c depletion lay<-'r charge 
·plus the charge due to the inversion region Q.: 

Q,,. = - O, =qN,,W-Q0 (6-27) 

111e width of theluversion region is exa,gge.r.ated in Fig.. 6- 15 for illus­
trative purposes.Actually, the width of this region is generally Jess than 100 A. 
Thus we have negl~ctedit i.11 s.ketchiQg tbe electric field and potential distri­
bution. ln the potential di.stribution diagram we ~ee that an ap.J?.liec.1 vc.ilrage 
Vappears partia1Jy across Lhe insuliuor (F,) anc;l partin.lly across tbe deple­
tion region of the semiconductor ( qi, ): 

V::, Vi+$, (6- 2.8) 

The vohage across the insu]at.or is obviousfy related to the. charge on 
either side, divided by the c.apacitance: 

- 0 .,d - Q, v, "" - - = -.- (()-29) 
Et C, 

where ~; is permittivity of the insulator and C1 is the insularor capacitance·per 
unit area The charge Q , will benc,gative for Lbe n channel, gMag a po)iitive fl,-. 

Using the depletion approximation, we can solve for Was a (unction of 
ij>, (Prob. 6.7). 111~ resµ ll i~ Hi.: $lime as would be obi.aim~ for tin u-p jimc­
tion in C.napter 5, forwhich"the depletion region extends almost entirely into 
lhe p region: 

•rn 11,i, cllcpl_er, we will ·~ oho'!]. per ""II OfeQ (QJ end capoc,ronce per vnll crea rci le av»ld repecllng 
A 1hroc'9h<>u1 11,,, du,;,,.loq 
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w = [2E,<P,, ] l{l. 

qN" 
(6-30) 

This depletion region grows with increase~ voltage aoros:i UJ;e cap!!Ci­
tor until stron_g inversion is reached. After that, furtlter increases in voltage· 
resu.lt in stronger in:vers•ion T1;lther than in more depletion. 'llius r.h.e maxi­
mum valt1e of the depletion width 1s 

= I2E;$ ,(inv,)] 1
/• = [e,kr ln(NJn,) ]1/2 

Wm N 2 ZN . q • q • • 
(6-31) 

using Eq. (6-15). We know r.h.e quanti1ies in this expression, s.o W,. = be 
calculll,ted. 

The charge per unit area in the depletion region Q d at strongfuversion is7 

Q d= -qN.W .. = - 2(e,,qNu<h)'tl (n-32) 

Th.e applied voltage rnust be large enough to create lb.is deP.letion charge 
plus lhe surfacepotem:i.al <l>,(inv,). The threshold voltage required for strong 
inversion, using Eqs. (6- 15), (6-28), and{6-29), is 

Vr = - ~d + 2<l>F (ideal tttse) 
• 

(o- 33) 

'This asS\}mcs the negative charge at lhe semicorlduclorsurfuce Q , at inversion 
is mostly due to the. depletion charge Q,1. The threshold voltage repre-Seots 
the mini rhum voltageI'(!4Ulred to achieve strong inversi9n, anQ is· un e)l:tremely 
important quantity for MOS transistors, We will see in the next section that 
0th.er tei;ms qiusl be added to this expression for real MOS structut~. 

The capacitanec- voltage characteristics of this ideal MOS structure 
(Fig. 6- 16) vary depending 011 whether the semiconductor surface .is in ac­
curnula.tion, depletion, or inversion. 

Since the capacitance for MOSFETs is voltage dcpehden.t, we must us<; 
the more general expression i.11 Eq. (5- 55) for the voltage-dependent semi­
cb1:1ductor ej!paci ta.nce. 

Actually, jf one looks at tba electriCIBl equivalent aircuit of a MOS c;:apacitor 
or MOSFET, it is the s~ries combinatiqn o.f a fixed, velta.ge-lndependenl gate 
oxide (insulator) capacitance, and a v.oltage-<lepe.udcnt semiconductor ca­
p,icitance [defined according to Eq. (6-34)], such that lhe over-a:11 MOS ca­
padtance becomes voltage dependent. The semi<ionduclor capa<iitance itself 
cau be determined from lhe slope o! the O.1 versus ells plot (Eig.'6-14). Tl is 
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C Sfrong.aocumula1inn 

C; 
'l 

0 

figure 6-16 
Copoc:ilonc~vohage relation for on n-<:honnel h>•substrole) MOS copocitor. The dash.eel curve lor Y > Y, 
is observed at high IJ\!30.sure.rnent frequencies. The aot band voltage V,8 will be discussed iri Section 6.4.3 . 
When !he semiconductor i~ in deplellon, the.seT1Jlronducto.r copadlonce C, ls denoted a~ Cd. 

clear that the semiconductor capacitance in accumulation is very .high be­
cause the slepe is so steep;ie., the accumulation charge changes a lot with. 
surface potential funoe, the series oapa.citance .in accumulation is basically 
the insulator capacitance, C~ Si.llce, for negative voltage, holes are accumu­
lated at the ~urface (Fig. 6- 12b), the MOS structure appears :alm .. osr m.e a 
parallel0plate capacitor. dominated by the insalaror properties C. == E/d (point 1 
in Fig. 6-16).As tpe voltage becomes Jess uegaiive, the semiconductorsurrace is 
depleted .. Thus a depletion-layer capacitauce C~ is added fn.series with. C;: 

"• c,= -w (6-35) 

where E, is the.semic.oaductor permittivity and Wis the width of the d.eple­
tion layer from Eq, (6--30). The total capaoilartee is 

(6-36) 

The capacitance decreases.as W grows from flatband(poi.o.t 2), past. weak 
in,rersian (pqintJ), nntil fi11ally strong inyersion is reached at VT (poi.nt4). Tn 
the depletion region, the small signal semiconductor capacitance is given 
by Lhe·saine formula LEq. (&-34)] whlch gives I.be variation of the {deplelion) 
space charge wj.lh surface potential. Since the cbarge iacrease.s as -~ 
the depletion capacirance will Obviously decrease as 1/vij;",, exactly as for 
lhe depleti.on oapacirance of a p-1:1 junction fsee Eq. (5.-©)]. 
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After inversion is rnached, the-small sigpal capacitance depends on 
w~et.her the-measurements are made at bigh (typically ~1 ¾Hz) or low (typ­
ically - 1- 1 MHz) frequency. where. "high" and "low'' are with respect to the 
gen·emtfon- recombirnrtjorn;ne or• tnemiu.ority earners in the inver~on layer. 
1f I.he gate. voltngeis varif!d-rapidly. the charge-in the inversion layer cannot 
change in response, and thus does not contribute 10 the small signal a-c ca­
pacitance. Hence, the .semi<loncl:uctor capadtance is at a minimllj']l , corre­
sp.onding,lo a nia:ximUm depletion wid.th. 

On tlte other hand, if the gat-e bws is changed slowly. there is lime for 
minority ~'!lrriers t9 be generated in I.he bulk, drift across ll:l e deplet(onwg1on 
to thein:version layer, 1)r go back to the substrate and rc.1combioe. Now, the 
semiconduc1or-cap_aci lunce, u,sing the same E q. (6-34), is very lu:rge beca.use 
we saw in Fig, 6-14 lhut tbe inversion charge inereases expone-111ially with 
•<~,. H ence, the low frequency MOS series c~pacltanee irl ~ortg imersion is 
basically C1 once again (point 5). 

What{!) Lhc frequency deper,idenee or the capacitance in tt<::cumulalion 
(Fig. 6--12a)? We ge:r a very high capacitance both al low and high frequ:en• 
cies because llie .maj<.irily cqni~rs in the accum.u)nliqn layer can rcsp<;>nd 
much faster tbru1 minority carriers. While mincrrity·carriers i:espon·d on the 
ti me sc;ale of p,cniiration-rceoml:>inari<>n ti.rues ( typically hundreps, OF mi­
croseconds in Si). majomy carders respond on the lime-scale-of the dielec­
tric rel11x111·ion lime, ru = 1>~-where fl is tbe resistivit)' arid t. is lhe pennittivi~y. 
Tn.is analogous to the RC timeconstam of a system, and. is.small for tb.e ma­
jorily oarrlert- ( - I o· •J s): As an fnter,esling aside, Ii. may be pi;,inted out that 
in inver-sion, although Lile high-frequency c,i'pacitc1nce for MOS capacitors is: 
low, h is b:igh (.= C1}' fQr MOSRETs because now lbt: in"er~ion. charge can 
flow in readily and very fast ( - '1'0) from the source/drain regions rather than 
having Lo be created by generatilm- recombination in the bulk. 

~.4.!3 Effeds of Real Surfaces 

When MOS devices arc made using typical materials (e,g. , n~ polysilicon.­
SiOr Si), departures from lh.e ideal ci!5e described in tl'1e previo1-1s sectlc>11 
can strongly al'fect V71 and other pr0perties. First. there is a work function 
dillerence between tlle d01Jed poly'illlcon ga.Le-a-nl'I subs\r,at.e. which.deyenr.ls 
on U1e substrate. doping. Here, the heavily doped polystlic:on nots as a metal 
electrod~. Second., rherea:rc inevitably charges at the Si-SiQ1 interface an_d 
within the mdde which must be taken i.nto account. 

WorkPu11cfion Difference. We expecl 11>, to vary depending on ihe dtiping 
of the semieonductor. Figure 6-17 illustrntes me work. fu.ncticin potential dif­
ference <JJ,.,, = <ti,. - 4>, for n' polysilii;on on SJ as the doping is yqrie<l. We note 
that <!Jm, is always negative for this case, and i~ most ne_gatlve for heavily 
doped _p-lype Si (Le.. for E Folose to Uie valenc.:e band). 

If we try to construct an equilibrium di.igram with cf>"" negative (Fig. 6- 18a) . 
we find that.in a.ligni.ngEF we mu~1 include a lilt. in the oi.dJe eotidUl..i.ion b..ind 
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Figure-6-17 
Yoriotion of the 
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Figure 6-18 
Effect ol a nego-
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(o) bond bending 
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negative cf1orge 
at the• semko~ 
ductdr surfoce; 
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d ition by opplico-
tion of o negoHve 

voltog.e, 
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- o.z 
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Ep,,, 
---- E, 
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If,, 

(a) Eq11ll1hm11n (b) l'lal. l111nd 
V = fl v~ v ,H = .J.> "" 

(implying an electric field). Thus the- metal is positively charged and the.semi­
conductor surface is negatively cha-rged al eqlllllbrium, to acoommodate Lhe 
worldi,mction difference. As a re.'11.ilt, the bands bend down near the semi'coo­
ducl.0r surface. In fact, if cf>,m is sufficiently negative, an inversion region can 
exist with no exteroal vol Lage applied. To obtain the fl,u b11nd condition pic­
tured in Fig. 6-18b, we must apply a negative voltage to rbe metal (VFB =- 41.,r)• 

late,face Charge. In addition to the work fUJ1ction difference, lheequl­
librium MOS structure is.affected by charges in the insulator and at the 
semiconductor- oxide interlace (Fig. 6-19). For example, a.\kalLmetal ions 
(particularly Na+) can be ineorporared inad~ertently in the oxide during 
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Figure 6-19 
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growth ot subsequent proce-,~ing~teps. Sin•ce sodium is a c.ommon contam­
immt, ii is necessary to use extremely .olei1n chemicals, water. gase;;, and pro­
cessing, envirorunent lO nriJ1i:mize-its l!c!'fect on dielectric layers, Sodium il'ms 
imroduce positive charge:; (Q,,,) i'n the oxide, which in tum. induce negative 
charges in the semiconductor. l11e effect of :.uch ·positive icmic chi:lrges in 
the oxide deptinds upon the number of ions in,vo.Jved and their d.istan.reh'om 
the sem1conduc1or sur'face (Prob. 6.12).The negalivecba:rge induced ln the 
semkonductor is greater if thll Na• ion;; are rte.ar the i1ner[ace tban if they 
are farlber away. The efl'cct of 1h1sio0Jc charge on threshold voltase is com­
plicated by the fact I.hat Na· ions a:rc relatively mobile io Si02, particularly 
at elevated rt:mperatures, and can ihusdrift in au applied electric field. Ob­
viously, a device '1\-ith V r dependent qo it~ pi\Sthislury of vol rage bias is un­
acceptable. Fonuaately, Na contamination_ of Ute oxide can b'e rauuced LO 

to lerable levels by proper ca1'e in prQ(;es~ing.171e oxide illsn ctmt11ins trapped 
charges (Q,.,) due 10 imperfections in •lhc Si 0 2. 

In addition to ox.ide charges, a set of po~iiivo charges arises frum in­
terface suI/es ut the Si-Si01 interface. These charges. which we will call G;1, rn­
sult from 1he ;mdder1 leDT1inatioa of lhc semicxmductor cry~ta l lattice at the 
0»1de interface. Near the interface is a transition layer (SiO,) containing fixed 
c)lar_ge~ (Q1). As oxida1iu11 take!; placi; In forming the Si02 layer, Si is re­
moved from the surface and reacLS with the oxygen. When the oxidauon is 
stopped, some ionic SI Is left near tbe inter,fo.ce. Thei;e ions.. along wilb un­
completed Si bonds-at the surface. result 'in a sheet of p 0!>1live charge G1 near 
the 111terface. This charge depends o.n oxidation rate and suhs~u·ent hea, 
.trearment. and also on crystal onentatioTI . For carefully treated Si-S102 In· 

terfaces, 1ypiC1ll charge densities due to Q., ii.nLI Gr are uo~1ul t011i charges/cm' 
for-.sampfes w1th { I OOJ surfaces. The interface-charge deTisiry is abl)Ul a factoc 

s;amk,ondoctor 
interface. This 
posiiive <rhorge 
induces on equiv, 
olenJ ne901ive 
chorae ln the 
semlconduCilor, 
wh ic-b requires 
s negotive 
gq.le vo!Joge jp 
achieve the flol 
bond condition 
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of ten higllllr on llllj surfaces. That is why MOS devices are ge.nerally made 
on {100.\ Si. 

For simplicity we will inctude the variolJS·oldde and i.nterfac.e charg.e's 
in an effective positive-charge at the interface Q1 (C/cm2). The effect •of this 
charge is t9.in~uce aJ1 equivaleotnegative charge in I be semiconductor. Thus 
an additional component must be added lo the flat band voltage: 

Q. 
\l F./J = <P,,u - c: (li-37) 

Since the diffei;ence in work function and the positive interface cnai;ge t_iotlt 
tend to bend the:bands down at the semiconductor surface, a negative volt• 
agemusl be applied to the metal relative to the semiconductor to achieve Lile 
flat band condition of Fig. 6-19b. 

6.4,4 Threshold Voltoge 

ne \io!tage required to achieve fiat band should be adi:led to ihe threShold 
voltage e.quation (6-33) obtained for the ideal MOS structure (for which.we 
assllll'.I~ a zero 'flat band voltage): 

Thus the voltage Iequired to·create s trong inversion m:ust be large anough 
to first achieve the ffai bapd condition (il>.u and Q,JC1 terms). th.en accom­
modate the charge-in the depletion region (Gl,,IC,). and finally to induce the 
inverted,:egfon (2,1>£): This equation accottn.ts for the do.min~nt thres')to\d 
voltage eff.ects ln typical MOS devices. .It can be used for both tl-lyPe and 
p-type substrat~s8 if appibp;:iate signs arc i11cluded for eaeh term (Fig. 6-20). 
Typically <Ii,,,, is negative, although its val\.1~varll:$ as in Fig. 6-17. The inter­
face charge is positivl!,so Uie conmibution oflhe - Q/C, term is negative for 
either substrate type. Ou the ocher hand. the charge in the depletion region 
is negative fqr ionized acceptors (p-Lype suqstra1e, 11-channef device} and is 
positive for ionized donors (n-type s ubstrate,p cl1anncl). Also, the term cj,-,•, 
whi.ch is del;ined as (E; - E,.)fq in rhe neutral.s1.1bstrate, can be positive or- neg­
ative. depending on rhe c--0nductivity type of the substra.ce. Considering the 
signs in Fig. 6-20. we see J.hat all fout ter.i~s g[v~ negative ccrntrib 1./.iions In 
the p-chan:aeJ case. Thus we expect nega.tive threshold voltages for rypical 
p•chaJl!\el devices. On the ·other hand, n-chaiincl devices may hnve either 
posithie or.negative threshold voltages, depending on the relative values of 
rerms in Eq. (6- 38). 

111 ii irnp<>l'lool 10 [OII\0"1be, '"°' n<:nooncf cl..v/,:o, ""',node on p-l\lpe.'sub>t,olM and 1h01 p<ham,ef do>­
vic.es hova·n..typp ~ubstn;ite.s,. 
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All tetnis in Eq, (6-38} ex.cep! Q;IC, depend an the doping in.the ~Ub­
strate. The terms iJi.,,, and 4>, have relatively sml!-11 variations as E Fis; moved 
up or down by the doping. 1.arg.e changes can occur in Q4, which vaties 
with Lhe square root of ilie doping impurity concentration as in· Eq. (6-32). 
We illustrare the vadalion ef threshold voltage with s:ul:1stra1e doping iii 
Fig. 6-20.As expected from Eq, (6-38), V r is al.ways negative-for the p-chan­
nel ease. In the n-channel case, ~he negative flat band v0l tage feri:ns can tiom:­
inate. for lighily doped p-type substrates, resulting in n negntive threshold 
voltage. Elowever,.for mo.re heavily doped substrates, I.he increasing contri­
bution ofN. to th.e Q4 term dominates. and V r. becomes positive. 

We should pause here and consider: what pos.itivc or negative V 7 means 
for the two cases. In a pcehannel device we e,i:pect to apply a negative volt• 
age from m~lal to ·semiconductor in order to induce the posilive·charge~ in 
the channel. In this cas.e a negative threshold voltage means that the nega­
tive voltage we apply must be larger than V, in order to achieve su·-ong in­
version. In the. n-cbi:innel case we expect 'ti> apply a positive voltage to the 
metal to induce the cha noel. Thus a positive value for V7 means the l\lppliecl 
voltage must be larger than this threshold value to obtain strong invei:sion and 
a conduc1ing n. channel. On the other ha\ld, a m:gative V T in this cas_e mearu; 
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Figure 6-20 
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EXAMPLE~l 

50Uffl0N 

that a:chaunelexists at V = O due to the <I>mr and Q1 effects (Figs.6-18 and6-19). 
and we must a:pply a negative voltage y 7• to turn.'the de)iice off. Since lig)ll­
Jy doped sub;1:rates are desirable to maintain: a high breakdown voltage.for 
the dfa.iJI juno1fon, Fig. 6-20 suggests lhc1t V ,r will be ne-gative for a-channel 
,devices made by standa.rd processing. This tendency for tire.formation of de­
pletion mode (normally on) a-channel mgriisiors i$ a problem which musL 
be dealt with by special fabrica 1.i-On methods to be descrlbed in Section 6.5.5 . 

.Ann-r-poJ!~ilicon•gate>n-cliannel M0S ~- on ~1J1·1}'~ Si 
sµl>li~t.e WI.th N0 ='S l:Ol~cm➔. Th~ A_pi. ttie gate 
region, and the efieotive interf,i.ce charge . . <2/cm'li_ F'md C1, 

!lJl.d ½iii' o.n tt1e C-V • , al\.d .fil)d,.W m, V~m, and 'lt.t. 

li.T Ni, S 
<l!E. =-1:ir- = 0.0259 ln, Ql29eV 

q n1 l . . 

Wm = 2[ it ]m = 2[~1, Jm 
= 4~1,5 X 10-5em-= 0.41:.S fl,m 

From Eig. 6-4.:7,, It!,,., ~ - O,ijS V. and we have 

Q1 = 4 X 1h10 X 1.6 x 10-19 = 6.4 ><" lo-'9 dcm.2 

C = ~ - 3.;,9 ¥ 13.~ ~ l(rt4 = s 45 10-, F~ 2-
1 d 0, ;1 ,>t 1-wrs • • X • cm 

VFs s= ~- - q.'(/C, = s-0:95 - 6.4 X 10~ /;3.45 X l o-7 = - .0;9@ V 

·C¾ =--ciMW11.1 =-'i.6 X 10-19 XS, X 10wxa'4:1'5 >.< 10,~s 

= -~~,2 X 10r~r;m2 

Q,, 
li'v;-= Vnr~ t '24>.11 =e- -0.969 + -t, l:l.~58 = ""iYaiSV' 

E 10~14 
Cd = -·· = - - .CC....C.--'---,--= Z.-.5 ~ 10-B'F,!titti Wit, o-s .. ..,.,. 

6.4.5 Mos Copacitance-Vollage Analysis 

Let ua see bow the varigus parameters of a.MOS device such as insulator thick­
ue.ss, subsu:ate doping, and V 7 can be.d.etennined from the C- V characteristics 
(Fig. 6-21). Fust, the shape of the C-V cm:ve depe11cls upon the cype of substrate 
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doping.If lhe hlglcfrequem,-y capaci.u:mce is l'arge Iornegative gate biases llJJd 
small for ·po.si.tive biases, it is a p•typesubstr:ate.and vice versa. From the low­
frequency C-V curve for p-type-rnaterlal, as the gale bias is made more posi­
t(ve .(or less nt1galive), the.i;apacitance goes down slowly in.depletion and then 
mes rapidly in inversion. As a result, !he-low-frequency C-V is ool qui!e sym­
metric in. shape. 'For a-type· 5JJQstrates. the C- V curves would be the mirror 
image Qf Fig. (l-21. 

The cap,aolumce ~1= e/(lin accumulation or strong inversion (atlowfre· 
quencies) gives us the insuliltor tbickoes..,;, d. llte minimum MOS capa.citante, 
C.,.,., is 1heserje~.combi1Jation ofC1 and the minimum depletion capacitance, 
C dnnn = F,:IW,,,, corresponding to the maximum depletion width. We can iJ1 
principle use the mej\Sureinent of Cmin tp determine the sobstrat~ doping. 
However, from Eq. (6-31) we. see thatthc dependence of W,,. on N,, is com• 
plicated. apd we get a lTan~cendental equation which C/lD. only be solved nu­
merically. A cw ally; an approximate, iterative-solution exist~ which gives us N, 
h1 terms ofthe minimum depletion t apacit~ce, C<fmin, 

(6-39) 

where Crun.u, is in F/cm2• 

Once-the substrate doping is obtained, we can detennine the flat band 
capadt:;mcc from il. n can besfiown ,t:bat the sem:ioondUctor C!)pacitarice aL flat 
band c ,fJ (point 2-io Fig.. 6-16) is derellllined from the Debye length capacitance 

E", 
Coctry, = Lv. (6-40). 

wr1(!fe the De bye length is dependent on doping as describec;I in Eq, (6-25). 
The overall MOS flat band capacitance, Cp11, is the series wmbination of 
Cdft~y• arid C,. We can thus 9etermin.e V RJ corrtispoadfog to the CFli. Once 
C;.VFB· and substrate doping are obta ined. all terms in the Vr expc,ession 
(Eq. 6-38) 11re known. fnLcrestingly, the threshold voltage Vr does QOI 

correspond to i:xactly the minimum of the C-V characteristics, C mln, but 
a s~ghtly higher capacitance marked_as 11oiriL 4in Fig. 6-16. 1n facl, iL cor­
resi;,onds to the series combination of C;-and 2Cdmin, rather than tile series 
combination of C, and C~min • The reaspn for this is that when we change 
the gnte·bi!ls around ~trong inve\"Sion, the change of,oharge in the.semi­
conductor is the sum of the change in depletion charge. and !he mobile 
inversion charge, whe-te the two a.re equal in magnitude at the onset of 
strong inversion. 

We ca,n also determine MOS pa raµielen; sue.Ii, as the/ ast interface sta{e 
density, D;,, and mobne ion charges, Q ,,., from C- V measuremen,rs (Fig:s.6-21 
and 6-22). The ter111 fast intcrfaoostale ref era to thefacl lh1'l lll~e derects ea11 

change their charge state rela:t:iveJy fast m response to changes of th.e gate 
bias. As the surface polential in a MOS device is varied, thc-IasL lnterfaci: 
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si;ttes or traps in (be bal)d gap caJJ move above cir below the Permllevel in re­
sponse to Lbe bias, because. their positlo11$ rel at iv'/! lo the band edges a(e fixed 
(ffig. 6-'21 b), Keeping in mind. tlie property of the Fer.mi~Dirnc distn'butioo 
that energy level~ below Lb,e.Fermi level have a high probability Of occupan­
cy :by electrons, whtle liwels ahMe the Fermi level teud to be empty, \ve-see 
that a Caslint:ecface•s1a1e movip,g above the Fet'.ml level would Lend to give up 
its i.ra.pped electrna to l:he.serniconduot(;)r {o~ equivalently capt.uce a hole). 
Conversely, the same fast lnterfat-e state b.elo\\> Lhe Fermi level c.aptU:Ies an 
electron ( or gives up a hole). It obviously mllkcs sense to talk io. tcnns of elec­
trons or holes, c!epen·din.g oa wbith is lbe majorily c:an;ier in the sernlcoa.dut­
tor. Since Gha.rge storage results in capaci tance, theiast ioleJ'.faoe states give 
ris~ to a c:apacrtru11,,-e which is ~n parallel with lbe dep(etion capat:iti)nce. 111 the· 
chan.nel (and henee is aoditive),and·this combination lsin ser[es with the in­
su!li.tor capadLance C~. ·111e [asL interface stares can keep pace with low fre­
queney variations of the gare bias (- 1- lOOO Hz), bul nol at extremely high 
£req11encies (- lMHz). So tJ1,Hast interface staies contribute to lbc tow fre­
quency eapa.citance Ci F, but not 1:be high frequency capacitance CH,,. Clear­
ly. from the difference b'ctween the two, we 11ught to bt: able to compuie t:be 
fost interface state density. Although we will not do the detaHed derivation 
here, it cll'n be sbo.wn that 

(6-4l) 

WbUe the fast interface sh.1tes·can respond quickly to voltage changes, 
the l'rxed oxide cb-acges· o1, as the name implies. do nol change their cha~ge 
slal'e r.egatd[es.<: of the gai.e. bias or surface potential, As mentioned abo11e,. 
the effect of these charges on the Bat ba.nd a.nd tbl'esho.td voltage. depends 
1,10t only on, the !lumber or charges but also lbe.ir lot;alion rt~tive to the 
oxide-silicon interface (Fig. 6-22).Hem:e, we must take a weighted sum of 
U1ese chru:ges. counting charges cjoser lQ I b~ oitidi;-silicon interlace more 
heavily rhan those that are farther. away.This position dependence is the 
basis of what is caUed lhe lrias-te11.1perai11.re stress ,est for measuring the nw­
bile ion con.te•nL Q,,.. We heat up the MOS device to -200-300~C (to make 
the ions more-n,obile) an,d apply a ·positive gate bias to generyite a f:ield or 
- 1 MV/cm within the o..xi.de. After cooling: the capacitorti'.i.room tempera­
Lure, theC-V characteristics ai:e measure·ct. We bavesecn bow VFl1 can be de­
termined from the C- V carve, usingEq. (6- 40) and Ci. fl GB is also given by 
Bq. (6-37),ThepQsitive bi.aHepeJs positive; mobile ions such as Na• to the 
oxide-siliconintcrface so thauhey c~mtribute .hilly to•a flat band voltage we 
can oall VFB··Nel(t, the capacitor is hca\ed l!P again, a n ~gallve lii.lts is applied 
so that the ions drift t0 the gate eleatrode, a11d another C- V measurement 
is .made. Now, th~ mobile iens ar.:e loo far away to.affect the s~micond11ctor 
band-1bending, bot induce an equal and opposite charge on tbe gate elec­
trod\l, Frgm ttle resul.tingC-V, 'the new fiat band, Yia, is de~~tntlned. From 
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Figure 6-22 
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Mo.bile ion determlnolion: (o) Mo.vement of mobile ions due to po$itive and negative bio5:-temperalure­
strsss; (bl c~v chorocleristios under positive (dashed line) and negative {solid line) bios-Jemperoture. 

Lhe difference of the two flat band voltages, JNe can•detem;1ine the mobile i'oit 
content using 

(6-42) 

Q.4.6 Time-Dependent Copadtance Measurements 

During C-V measurements, if the gate bias .is varied rapidly from accu­
muJatlon to inversion, (he depleLion widtb cr:w momentarily _become 
greater- than the rJreoretica:1 maximum for gate biases beyond V r, This phe­
nomenon is known as deep depleti<>n. and causes the MOS capacit'J!:)lce to 
drop below the theoretical minimum. Cmio, for a transient pe1iod. After a 
time period characteristic ofthe minori ty carrier !i'fetime, which determines 
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Figure 6-23 
Time<lependenl MQS copocHonce (C,t} due to 1he oppllcolion ef o step vo11age v,. (which puls the co, 
pocilor fn o:ccurnulolion) to V, (whidi p.uls the c;opoci tor in inversion}. • 

the rate o.f genera tion of the rninor,ity catrierS in the MOS device, the de" 
plction width co11apses back l.O the theoretical malli mum and the-capaci­
tancre recovers to C ,mn (Fig. 6>-23). This capadtanc.~ transient, C-11 Corms the 
basis 0f a powerfu:1 technique to measurn the Lifetime, know.11 as the Zerbst 
technique. 

6.4.7 Current-Voltoge Charoderislics of MOS Gate Oxides 

An ideal gate insulator does no.t conduct any curren t., but ro.r real in.su­
lalors the.re <mn be som~ leakage cu.rrent which varies with the voltage or 
e}ectric field acros..~ lhe gate o.iide. By looking aL,the band diagram of the 
MOS system perpendi<mlar to the oxide,..sil.icon interface (Fig. ·6-24), we see 
that for -electrons in the co11duc1ion band, t.hereis•a barrier. t>.E.r (= 3.1 eV), 
Although e leclron.s \vith ·energy le.ss than Lhis barrier cannot go through the 
oxide classically, it was discussed in Chapter 2 1hal quantum mechanically 
electrons can tunnel through a banier. especially if the barrier thickness is suf­
ucientfy small Th'e deta,iled calculation of the Fo.wler- Nordlieim tunneling 
cur-ren t for electrons going from the. Si condu.ctfon band to the condu.ction 
baud o£.Si02, and then having the electrons uh.op" along in the oxide to the 
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Figure 6-24 
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gale electrode, in\'olves solving the Scbrodinger equaliua for the- electron 
wave funct:i.on. Tho Fow.ler-Nwdheim tunneling current/ FN can be e,cpressed 
a~ a function or the electric field in t'he gate oX'ide: 

(6-43) 

where B is a constant rlepenµing nn mt; and the bamer height. 
As gate oxides ar_e made thinner in successive generatio.ns of MOSF.ETs, 

the.1unne1in,g barrier ln tbe gate oxide becomes so thin that the electrons 
in the conduction b.lllld of Si can tunnd through the.gale oxide and emerge 
in the ga·te, wfthoµt having to go via the conduction band of the gate oxide. 
This is known as direCI t1qm{!/ing ratber lhan Fowler-Nordheim t:unne-ling. 
The overall physics is similar, but some of the details are differen1. For 
in.stance. Fowle.r-.Nordhei.m tunneling involves a triangular barrier, while 
direct llnineling_ is Uuough a ttapeioldal barrier (Fl:g. 6-24a). S_uch tun­
neling currents. are b.eeoming a major prnblem.in.modem devices because 
the ustrlu-1 fe11ture of_.h:igh inp\Jt.rmpedaq_celor MO$ devices is degraded. 

R is necc.'lSacy to increase the gat.e capacitance in successive gener­
ations ef MOSf'ETs in order to increase th.ll drain current, as d.iscu~ed 
later in Secti.on 6.5. One can.' achieve higher C, by using, insulators -with a 
dielectric constant higher than SiO2 instead •of reducihg the gate oxide 
thickness, d, as can be, seen from Eq. (6-29). The advantage of not redu.c­
(ng_-tf too much is tnat it keeps the tunneling barrier wide, and the gate 
oxid.e fielcl low, thereby keeping the gate tunneling leakage current low 
(Eq.,6-43}_. Sil.ch b.igh di;;leclricconstant insulato:rs such as haf11ium diox­
ide, HfO2, are also known. as '.high-.k gate dielectrics because k is also some­
t4i1es used as a.symbol for- clielectric cons.tan!. 

Prolonged charge transport through gate. oxides cap ultimately cause 
C3l/l~lrophic electr.ical breakdown ,of the mcides. This is known a~ Thne­
DepMdenr Dielectric Breakdown (TDDB). One ofthe popular models that 
explains Lhb d~gta.d;ition involv.es ele'ctrens tunneling into lhe 1:onduclio~ 
band of_ the gate oxide from the negativeeteotrode (cathode), thengainiag-en­
ergy from t.l'.!.e electric field, ~us becoming ''hot" etectrons in the gate Qxide. Jr 
tbey gain sufficient energy, they can cause impact ionizntion within the oxide 
and rrreate electron-hole pairs. the ele'cttpns are accelerated toward the (pqs­
itive) Si substrate, while.the holes I.Iavel toward the gate.Bowever, elecrron and 
hole mobilines are el!:tremely small in SiO2. Ho1e mobilities are particu'larTy 
low V-0.01 cm1/Vs}. -Hence, there is a great pro[)'enslty for these impact-gen° 
e:rateilhnlei, to b.e trapped at pefect sites within the Qxide, nea;r the cathode.'n,e 
resulting band diagram (Ft:g. 6-25) l.~ altered by this she.er of trapped positive 
charge. which causes the intemal electric.field betwe.en tltis point.andthe gate 
to 1111::r.ease. A liiniilar distortion of lhe el.ectri!l field -near the Si anode is creat~ 
ed tly the 1.rapped impai;L-generaied eh,:clrons. Howe,ver, ihei steepest slope 
in "Fig. 6--25, 11nd therefore the hig!;ie1n field,.is .near the gate; As a Ies.Ull, the 
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6.5 
Tl-IE MOS FIEID· 

EFFECT 
TRANSISTOR 

P.oly Si gare 

Figure 6-25 

+ 
+ ... 
+­
+ 
+ 
1· 
+ 

holes 

Time<lepe11denl d iele# ric breakdown of r;,xides: Band diagram of a MOS device 
showing the band edges• in the palys·ilicon gale, oxlde, and Si •substrate. Trapped 
holes and electrons in the oxide distort the bond edges, and increase the eleclric 
field in the oxide near the gale. The lunpeling b.orrier w idth is seen lo l?e l~s lhi:Jn· 
if there-were no charge trapping (dashed li1Je). 

bartier for electron tunneling from the gate into the oxide is reduced. More 
ele.ctrons can tunnel into the oxide, and cause more impact ionization. We get 
.a p.ositlve feedback effect that can lead 19 a TUna:wayTDDB process. 

The MOS transjstqr is also called a sur{ace field-effect transistor, since it de­
pends on control of currerrrthrough a thin channel at the surface of the semi­
conductor (Fig. 6-10). When an inve'r~lon region is formed under the gate; 

• current can flow from drain to source (for an n-channel device). In this.section 
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we analyze the conductance of lhi.s·cl1l!-Illlel and1ind the 10 - Yo character­
istics as a fu.nolion of gate vollnge V ,:,.As in the JFETcase-, we will find these 
characteristics below saturation al)d fbeiiassume1D remains essentiaU.y con­
stant above saturation. 

6.5.1 Output Chara.cteristic.s 

lbe applied gate voltage V r; i.s accountel'l for by Eq. (6-28) pl'us the voltage 
required 10 achieve flat band: 

(6-44) 

The induced charge Q, in the semiconduct~r is composed of mobile charge 
Q,, and fixed charg~ in the d:epl~tion region QH. Substituting G •. + Gd.for Q ,., 
we ean solve for the mobile charge: 

(6-45) 

Al threshold the term in brackets can be written V r; - Vrfrom Eq, (6-38). 
With a v.ohage VD applied, there is a voltage me Vx from the source to 

ea~ poinixin the channel Thus the potential 1>.,(x) is thatrequired to achieve 
strong inve(sioil'(2<j,p) plus the voltage V,: 

I( we.neglect the variation of Qix) with bias. V,,Eq. (6-46) can be sim­
plified to• 

(6.-47} 

This equation descnbes the mobile charge in the channel at point x (Fig. 6-26). 
The conductance afthe pifferential etement.dx:is µ.,Qn(x)Z/ dx , whereZ is the 
width of th.e clumne I andµ,., is.a surface ,electron mobility (indicating the mobil­
ity in a Ulin region near the surface is not tbe same as in the bulk mat~al). At 
point x we have 

l v4:r = jL,,ZIQ.(:X)[dV:. 

buegrating from source to drain, 

lL 1 ndx = ji,,ZC, f \vG - Vr- V..,)dV., 

. µ,,ZCi[( ) , . l ) ] lo = - L- Va - Vr Vo - 2Vo. (6-49) 
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determines the conauctance and transeonductao:ce of the n-cbannel MOSFET 
[seeEqs. (6-51) and(6- 54?1. 

In this analysis the depletion charge Q ,i ln tbe thresJ10td voltage V•r is 
simply the value with n.o drain current. TI1is i;rnn app:i;oximation,since Qa(:rJ 
varies considerably wheo VO is applied, to reflect the variation in v .. (see 
Fig. 6-26b). Ho:,vever,Eq. (6'-49) is aiairly accurate description of drain cur­
rent for low·values of V 0 • and is often used in approximate design calcula~ 
tions because oflts simplicity. A more accurate and g~eral expressionJs 
obtained by including the variation oI Q,,(x). Performh1g the integration_of 
Bq. (6-48) using, Eq. (6--46) for Q,,(x). one obtains • 

l 
µ,.ZC, 

o= ~ 
L 

x{cv(7 - V.fn- 2<i>,---½VDWv -f ~[(Vo+ 2,t,p)l/J - (24>p)'11J} (6-50) . C, . 

Tl1e drain i,baracreristlcs-th·at Te.suit from these questions are shown in 
Fig. 6- lOc. lf the gate v.oltage is above thr.e$hold (VG> Vr), the drain current 
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is de..~bed by E.q. (6~5Q) or appraxim.ately by Eq. (6-49)-for low V 0. fuitially 
the ch_annel appeam as an essentially Jineanesistor, dependent on V r.· Toe CQn­
ductan.cc of the charinel in this liI)earTegion~ be obtained from Eq. (6-49) 
with Vn ~ (Va -V-c): 

(6-51) 

wbe.re Va > Vr for a channel to e'ASt 
As the drain voltage is increased, the voltage across the oxide decrea5es 

near tl1e drain., aoo Qn become~ smaUei: there. As. a result the channel be­
comes pinched off at the drain end. and the.current saturates. Th.e saturation 
condition is approitimately gi'Yen by 

Vo(sat.) = Y c. - Vr (6-52) 

The drain current atsa1matioo remaJns essentially constant for larger \/al.ues 
of dr'ain voltage. Substituting Eq, (6-52} btto Eq_, (6-49).-we obta.in 

l 0 (sat.) == ½µ,.C,z( Va - V1)2 = i~µ11C1Vb(sat.) 

for the approximate value nf drain current at saturation. 
The- transconductance in the saturation range can be obtained ap­

proximately by differentiating Eq. (6-53) with respeol to the gate voltage: 

. illn(sat.) Z_ . 
8,11{sa1.) = V = -;-µ.

1
• 11C1(ll a - V'r) 

i) (j , 
(6-54) 

The derfvalions presentecj.here <1re ba$ed on the .µ.-channel device.For 
the p-cha,mel enhancement lransistor the voltages V0, Va, and Vr are-neg­
ative, and,ouo:ent .flows fto11,1 source to drain (Fig: 6-27). 

6.5.2 Transfer Charocterlstics 

The omput characteristics plot the drain current as a function of the drain bias, 
with gate bias as a parameter (Fig. 6-27). On the other hand, the lranifer char• 
acteristics plot the output drain current as a function o[theinpur gate bias, for 
fixed d;ain Was (Fig. 6-2811). Clearly. i1) !he lineanegio.n,lo versus VG should 
be a straight line frora Eq_.(6-49). The in1er~t of this line on the Va axis is the 
linear region threshold voltage, VT (!in.) and the slope (divided by the applied 
V 0) gives us the linear value of kN, k.N(lin.), of then-channel MOS.FE1~1Iwe 
look.al actual data; however, we see that while the characteristics are approxi­
mately linear at low gate bias, at high gate biases the drain. current incre.a:ses 
sutrlinearly.Theuansconductance,g..., (lin.), in the linear region canoe omained 
by differentiating the right-hand s.!de or Eq. (6-49) With respect to gate bi11:S. 
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Fi9ure 6-'27 
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The Km (lin.) is plotted as-a function of V O in Fig. 6.- 28b. Jt may ~e noted that 
the transcooductance is zero be.low Vt because there is li~le drain current. It 
goes through a maximum at the poinl of infleciion of the I 0- VG curve, and then 
decre8.(;es. This decrease is due co two factors that will be djJ;cassed In SecHons 
65.3 and 6.5.8: degradation of the effective channel mobility as a function of in~ 
creasing transverse elec,lric iield across the g.ate mci.de, and source/drain Serie$ 
resist.anee.. 

For Lh_e ,transfer charncleristics in the-saturati0n region, since Eq. (6-53) 
sh.ows a quadratfodependence o.f /0 on Vc1, we g~t a linear behavior by plot­
ting not the drain current, but rath.c.t. the square root off D,-as a -function- of 
VG (Fig. 6-29). Ia this case the intercept gives us the threshoJdvolfage in llie 
saturation region, Vi{sat.) .Wes,hall.see in Seetion 6.5.10 that due to effects 
sucli as drain-induced barri.e-r lowering (DlBL), for short cluqmel leng_tJ1 
MOSFEI's the V.,.(s'l\t.) can he lower than VT(lin.), while the long channel 
valu-es are similar. S.imilarly, the slope of the ,tra.o.sfer characteristics can be 
used to determine the value of kN in the salur:ation region•. kN(sat.) for lh.e 
n-cbannel MOSF.ET, wl'.!ich can be different from kN(lin.) for short chfll\nel 
devices. 
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Figure 6-2.8 
Linear region 
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drain current ver­
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for MOSFETs in 
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(b) transconduc­
tance as a fu1·,c~ 

lion of gate bias. 

Figure 6-29 
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SOI.IJTION 

tltjr an "TI-ch;innel MO_SFE.T willi a gate o:,p_de t~ckoess- <;>f 10 pm, 
~ = 0.6 V, and. Z = 25 1.1,m, L = 1 µm. Calculate the drain curreot·at 
I{,= 5V and VD= 0.1 V. R~p~1t for Ve. =3 V and VD= S V. Discuss 
cw.bat happens ·for Vi) = 7 V. Assume an .elecu:on channel mobility of 
~" = 20.0 an2N-s. 

C = :! _.!S,9)(S.S.S _x 1.07"
14

) 3A5 x 10-1 F/crm 
f d 10-6 

,For VG= 5 V and it follows that V.a = 0.1 V, and Vr = 0.6 V, V0 < 
(Vr, - Vr); we are in 1:he linear region. Tolls, 

z _ [ 1 2 ] lo= L µ;nCi (VG - Vr)Vn - 2V D 

= ¥,t2~)(3.4S· x 1-0-1)[ (5 - 0.6) X 0.1 - ~0.1)2-] = 7.51 X 10◄ A 

ForYG = 3 v. YD = 5 v. Vn(sat) = VI'., - ·vi,= 3 - 0.6 = ~4 V 

lp'= 1 µ,,c{ Wa - Vr)Yi,(sat.) +t(sa~)] 

= 7(200.)(3.45 X 10-7{(24)2 - ½(2.4)'.2] == 4..97 X 10- 3 A 

For Vv = 7 V, / cJ Will notJn~rease;•bc:ca\l!le we·are,in, the.sarurat~on 
-region. 

6.5.3 Mobility Models 

The. mobi!i1y of carnets in tbe chanoel of a MOSPET ls lower 1han i.n b,1.lk 
semiconductors .because there are addiiional scattering mechanisms. Since 
caa:iers in the channel are very close to the semiconductor-oxide interface, 
they are. scattered by surface l'oughn~ and by: coulombic interaction with 
fixed .eharges in the gate oxide: Whea \he carriers tr.ave! in the inversion layer 
from the source to the drain, they encounter microscopic roughness on ·an 
:ito:rnisticsc11Je at tbe oxide-silicru:i iutedace an.cf uodergo scattering be;:cause. as 
discussed in Section 3.4.1, any deviation from a p_erfectly periodic cryslnl po­
tentjal rest,ll~ in scattering. This mobility degi:adal:ion increases wiili the gate 
bias because a higher gate bias draws the C1;1mers closer to the oxide-silicon -in­
terface, where 1.hey :a11e more fo.tluented by tbe interfacial.roughness. 

It is very icHerest.lag to note that ifwe plonhe effective carrier mo­
billty in t:heMOSFETa.s-a function of the average transverse electric field 
in the-middle of the-inversion layer, we·g:et what is known as a "uni,i-ersal" 
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mobility degredlttid11 curve for any MOSFET, which is independent of the 
technology or device structural parameters such as oxide thickness and 
channel doping (.fig. 6-30). We can apply Gauss's ll!.w to the region marked 
by (he colored b(lX 'in Fig. 6-31. which encloses all 1:he depletion charge and 
h.alf of the inversion charge in the ch/!11.0el. We see tl11J.t the awrnge trans­
ver.se field in the middle of the in11er$ion cegion is given by 

While this model works quite we[) for elec;tn:ms,for reasons that are noL clear­
ly understood at present, it has lo be modified slightly for holes in the sense 
Lhat the average trans.vers.e field m,ust now be defined as 

'(,,ff =:. ( Qd -i ½Q,,) (6-55b ) 

111is degradation of mobility with gate bias ts often compaclly described 
by writing tl1e drain current expression as 

wl1ere 0 is ca.lied the mobility degradation parameter. Because af the additional 
CVc - Vr) tenn.in tbe denominalor. thedraio currentincreasessub-linearlywi.th 
gate.bias for high gate voltages. 

In addition to this dependence of the channel mobility on gate bias or 
rran~v.erse eleclric field, there is also a strong dependence on drain bias or rh.e 
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Figure 6--30 
Inversion .layer 
electron m9bility 
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differenl MOSFETs 
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Figure 6--31 
Determindlion of effective transverse field. idealized charge distribution and tronsvers.e electric field in 
the lnversfon layer ood deplelkifi layer, as o function of depth in the channel 01 a MOSFET, The region 
lo which we apply Gouss's low is shown lri color, • 

long\n1dinal electric field.As shownin·Fig.3-24,.the carriet dl'ift ve\ochy in­
cre;ises linearly with olt::c;tric (ield (olunic behavior) until Lh°t~ field reaches l .. ,~ 
in other words., the mobWty is constant up to ~ .. ,. After this, the veloci ty sat­
urates at v,; and il can no longer be described in terms of mobility. TI1esl.}ef­
fec1s can be des..:6bed as: 

V =- µ f, for" < '£.at 
and v = Vs f01: "& > ·<&,.01 

(6-57) 

(6-58) 

Toe maximum 1011.gitudma.l ele.cu:ic field near the drain end of tile channel 
is approximately giv~n by \he vohage drop along ,b.e piMh-off reg.ion 
(V0 - Vv(~L)), divided by the l~ngth of the pinch-off region, 11L: 

,_ = (l1> - ½:;(sat.)) 
t::,,,.. il.L 

From a two-dimen~ional-solution of the P.o1sson equation near the drain end, 
one can show that the piiloh-off region b.L shown in Fig, 6-1 l c ih approxi­
mately equal to -V(3d'X_1). wher.e d is the gate oxide th.k kness and x1 is Lile 
souree/d:l:airt junction depth. The (act of of 3 fa due, Lo the rijtio of the die1ec-
11i c constant for Si t o that ofSiO2• 

6.5.4 Short Channell MOSFET 1-V Choro~teristics 

ln short channel devices, the analysis has to be somewhat modified.As men­
tipncd jn the previous.section, lhe effec\ive channel mobi lily, decreases with 
i □cfeasi n.g tl'ansverse•etec-tric field perpendicular rn 1be gat:e oxide (i.u:., the 
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gate bias) . .Furthermore; for very high longilvdii)al electric fields in the pinch­
off region. the carrier velocity saturates (Fig. 3-24). For short·channel lengths, 
the carriers travel at thes:c11urati(:>n velocity over most oft.he channel. In, that 
ease. the drain <.•1:u:rentls given by the width times the channel charge per 
unit are~times the saturation velocity: 

(6-61)) 

As a tesult, !he saturation drain currenl does not increase q_uadratica)]y with 
(Vt: - \I,.) 11s shown in. Eq. (6-53), but rather shows a linear dependence 
(note the equal spacing of curves in Fig. 6-32). Due to lhe advances.in Si de­
vice processing, particularly pho101ithography, MOSFETs used in,:nodern 
integrated circuits tend to have short c.hannels, and are commonly described 
by Eq. (6-60) rather than Eq. (6-53). 

6.5.5 Control of Tbreshold Voltage 

Since the threshold voltage determines the requirements for turning the MOS 
1Tal)sist9r-on or off; it is ve~y important to be able to adjcrsl V, in designi:.og 11:\e· 
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Figure 6-32 
Experin1entol -ovt-
pul charoderistics 
of 11-chonnel ortd 
p-c!,onnel 
MOSF.ETs with 
0. l -11m channel 
lengths. The 
c;urve~ exhiblt a l, 
m0s1 equal spoc-
ing, indicating a 
llnepr.depen• 
dance of I~ on Va, 
rather than o quo-
drotic depen-
-dence. We also 
see that fr1 is r:101 

con~tarit b!,Jt in-
creoses somewhat 
wilh V0.in lhe sol-
urotioJi reg:1ori-
The p-chonnel de-
vkes hove lower 
currents· ~ouse 
hole mobilrtfes ore 
lower lhon alee-
Iron mobilities. 
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device.. For e:<ample,if the transistor is to bnised in a circuit driven by a 3-V 
biittery, it is cJ.car thal a 4-V threshold vor~age is unacceptal,Jle. Some applica.:.­
tions requi:i:e nol only a low value of V n but also a pn:cisely oomcolled vatm: 
to match other devices in the clrcui\. 

All or'the terms m Eq. {6-38) can be <ionlcoHed to some exten:t.'C'he 
worl.. function potential dlEferen.L-e !T>.,, ls determined by choice of the giite 
conductor- matedal; 4,,, depends .on the substrate. doping: Q , can be ceduc:cd 
by prop~r oxfdation methods and by using Si grown in the (100) orientati'on; 
G,1 can be adjusted by doping of the substrate; 11i1d C1 depends on the thic'k­
ne~ arid dielectric coi:i.stanl of the insulator. We sbfl1l djs~uss here several 
methods .of controlling these quantities fo device fabrication . 

C/,oict: of Gate E lectrode. Since Vrdcpends on <Pm.,, the choice oflhe g.ate 
elec1tode material (i,e., the gate electrode work funo1ion).has an impact on 
the threshold voltage. When .MOSPETs were first made in the 1960s, they 
u~1:d A I gates. How.ever, since Al ha$ a low melting point, i r-prec:luded.the use 
o( a self--aligned source/dui:n recbnolow.,: because lhaJ required a high lem­
peralure source/diain implant anneal atter the gate r1)rm,atioo. Hence, Al 
wns supplanted by n- doped Ll'CVD polys.ilioon ·refracro,y (high melting 
-point).gatils, where the Perm] level lines up with the conduction band edge 
ip Si. Whilethls works quite weJI forn-channclMOSFETs, we shall seG in Sec­
tion 9.3.l ll't.al il c= create prdblenlS fo r p-tihannel ,MOSP.ETs. Therefo~e. 
sometimes, a p- doped polysilicon gate is used for p-ahannel devices. Re­
fraCloty metal giHos -.y1tb suitable workfunc1ions arc ali;o bemg resea!'cheq 
as possible replacements for doped polysillcon. One anractive candidate is 

iu11gi;ten;w,hos~ w1)rk functi<:111 is such ibat the Feni1i l~11el happeus to lie: near 
the midgap of Si. 

Control of C,. Since a low va!ue oi l/ r and a high drive curreriLis usually 
desired. a thin o>tideJayer is used in the gate region tP ioc;re.as,: C;'=Z t./dm 
Eq. (6-38).rrom Fig: 6"20 we see that lncreasi.rrg C, lllll.kes Vr less negative 
tor p-charu\eJ devices and less posiLive for n-C:han,nel, 1vjth - Q11 > G;. For 
-practlc11l considerations, the gate oxide thickness is: gene.rally 20-100 A 
(2-10 l'!m) 1n modttn deviee$ having 1;ubmicrpn gate le.ngtb. An exampJe of 
such a device is-shown in Fi1:,rure 6~33.Toe gate oxide, easily observable in this 
micrograph, is 4-0 A thlck. The in\erlltcial layer be~wi;en the crystaJline s.ili­
co11 and lhe amorphous Si02 is also observab.le. 

Although q low threshold voltage ls d~i,abJe in l))e gare reg_ioo of a 
transistor, a largi: vaJ.ue of V,- is needed be! ween devices. For example, if a 
number of tra.nsfators are interconnected on .a.single Sic.hip, we do not wnnt 
inversion layers to be formed inadver,tently b~tw.eeo devices (generally called 
the field) . One way to avoid s:uch parasitic chanrte~{ is to increuse VT in the 
field by using a VCJ¥, thick oxide. Figure 6-34 illustrates a translstor with a gate 
ox.lde lO nm tliick and a field oxide,of 0.5 µ,m. 

'Th.e value of C, can also be controUed by varying e1. A S,1O1 layer 
which has soqte N lntorporat1fd in I~. le:idhtg lo the formatiort of a ~moon 
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Figure6-J3 
Cros-\ seclion of a MOSFEJ. This high reroluJion transmi~lon elecfron mictogmph of d sil~ 
con Me1al-Oxide Semiconductor Field Effect Transistor shows the silicoo channel and metal 
gate ~eporoled by~ thin (.dO A, 4 nm) silicon-oioxide i~sul~tor. The inset shows a mogni, 
fiecl view of the lhree regions, in which indlvlduol rows of oloms In 1he cryslalllne silicon 
con be distinguished. (Photograph courtesy of AT&T Bell laborolories.J 

oxynitride,is of1en used. Such si.licon oxynhrides bave slightly higher€, and 
C, than..SiO2, wit!J excellent interface properties. Other higli dielectric-con­
stant materials such asTa2O5, ZrOt and ferroelectrics (e.g-., barium-stron­
tium- Litanale) are also b:eing investigated as replapements for SiO2 as lhe 
gate dielectric in MOSFETs in order to increase C, = eifd and, therefore. the 
drive current of the MOSFET. Generally ~peaking. we cannot use these 
high. dielectric constant rnateri al.s directly on the Si substrate; a very thin 
(-0.5 nm) interfaciaJ SiO2- layer is neede.d to achieve .a low (ast l:ntert'ace 
state density. It is clear from the expression for C1 t'h.at for these high di· 
electric constant materials, a ph~cally ~icker 1-aye(, d, can 'be used than for 
Si02 and still achieve a certain C1. This is very useful for reduciqg the tun­
neling leakage curreru through tlle gate dielectric, discussed in -SecLion 
6.4.7 .A, physically thicker layer implies a wider tunneling barrier with a re• 
duced tunneling probability. 
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Figure 6-34 

rolysilioon or 
metal inierconnect 

/ 

7 -----
p,cuannel stop 

P~ti'.1!titil' fiUIJ 
l rh.n\iSl(J1 
{isol111 ionl 

Thln oxide In the gate region ond t~lck oxide in the field-between ii:ons'istors for Vr c;ontrol (not to scale). 

Thre&ho(d-1.djustmenr by Ian lmplc111ra:tion. The mos\ valuab.le loot for 
corttrotlrng threshqld voltage ls ion implanratioJJ (Seci:ion 5.1 .4). Since very 
precise quantities .of impurity can be introduced by this method, il is possi­
b'le to maintain dose control of V.7.FOr example,Fi,g. 6-35illustrates a boron 
implantation through the gate oxide of_a p-channel device -such that the im­
planted peak occurs just below the Si sw:f,11:e.The ueg;jtively cl:uirged boron 
aci:eptors serve to reduce the effects of the positive depletion charge Q,1, As 
a result, Vr becomes less negative. Simil.arly, a shallow·boron tn1planL into 
the p-type substrate ,of an n-chaunel ~. ansislor can make v,,. positive, as re­
qtfrred for an enhancement device. 

lf the implantation is performed at•higher energy, or into the bare Si 
i:ilstettd of through an oxide layer, the- impurity dislribl/t ion lies deeper below 
the surface. In such cases the essentially gaussian impurity concentration 
profile cannot be approximated hy a spike a1 the Si surface. Thete.'(ore, ef­
fects of distrfbuted charge on the 0 4 term ofEq. (6~38) must be considered. 
Calculatioil.s o.F the effects on V.r in rfiis case are more COU\f>licated,.an.d the 
shlft of thre,,;.hold. voltage with implant.ation dose is oft.en obtamed. empiri­
cally Instead. 

The imp.lamation energy required for shallow Vt adj ustme:nt implants 
is low (50-100 keV), and re{i:1Uvely low doses .are needed. A typical V1 ad­
justment requires only about 10 s of implantation for each wafer, and there­
fore tbis procedure i's compatible With large-~cale produeti<i n requirements, 
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Boron implanl through ga1c oxide 
{bet'orcpolysl lkm1 g~te ftirmatlon) 

s l ! G j !o 

Figure 6-35 
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Adjustment of Yr in a p-chonnel transistor by boron implantation: (a) boron ions ore [mplonted through 
the lhin gale oxide but ore obsorb.f!d :wl!hin the thick ox1de regions; (bl voriofion of implanted boron 
concentration in the gate region-here the peak of the boron distribution lies just below the Si sVTfoq~. 
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EXAMPl.E 6,,3 "F.!>r a p-chann~ ~.iktor with a gate oxide thickness oil 10nm, calculate 
the boron ion dose F8(B'-f Jon11/cm2) required~~ redu<:1; fr111om- l.l v lo' 
- 0.5 V. Assuti\e that t he,implanted acceptotS: form a sheet of negative 
charge j'ust below the Sf su:rfat'e', If, i~_~teaa of a,shallow;.B= impllllll, 1l wa,s­
a m"®Ji;broadi:r distpottti,on, now;would the Vir calculation change?,, As• 
suming~ boron-.ion beam eur:re)lr oI 1~ A and:soi;ip9si.ng tbat tlje are.a 
s~nnedoy the Jon be4m ls 650 cn:12,,how Ion~ does this implant tak:e? 

SOWTION Siu 1>r,_e a$.'~ed to fot1JLa sheet of chal,"ge jµlil 
bel eot th._e rorerl oxide'Charge rerm,m Vrs,• 'llilfii, 

E (3< U) 
<::,. = ] = , l = 3.45 X 10,..'Jll'/cJJi2" 

nEa - 0.5 = -1.1 + c;-
"' -7 

!fo = =-----"-..-10.6) = t:3 x iOUl,lm--i 

1f the B dlstrlbut1on is oeeper, w.e oannotass:ume it to be a.sheet charge· 
tn V FJ)• If-it \$ appr0$imalely cons1a11t ol,fer llte mtlxin1t'111 dwle1(9n wii:l/J11 

we sli-Ould instead change l'he.substrate.dopi,og term f11 lhe expr.ession for 
V'T. Ot~erwise, che-ca~culation haste be done l,iy numerJcallS,wlvJ:og·Fois~ 
scm'i. equauo n in the aepletion regfo11i,witna vacylng; doping wncentra• 
CiomcOrr'es9anding ro theJ3t1isJ.nbulfoh., to Obtain i.lfe v9lrage diogin l.he­
senilconduotol') 

F9.,r a beam clM',(ent of.10 µAi~nned .over'a 65,0~tar~l area, 

to-~(C/s) 
6SO cm1 {(s) = !~ X ~.012 fion$fcmZ) ~ 1..6 ¼ tfr1,!J(C/jon) 

~,ela.~e:¼!'=1'3.5,s. 

l[ the implantation is continued to higher doses:, Y,1, can be moYed past 
zeta; to the deplelfon -rnode conclitloo (Fig.6-36). Th.is capabillty-.provldes con­
siderableflexibility to the integrat.ed-dr.cuit designer ,by allowing enhancement• 
;md depleti6n-mode _devi~es lo be incorpOI:ated on the-same chip. For exan;iple. 
a depletion-mode transistor can be used instead of a resistor as a load elemim.t 
for 1be enhancement device.,Thus an arr~y of MOS transistors C1ll be fabncat• 
ed in an lC layout, with some adjusted by implantati.oo to have the desired en• 
hanC!;lme'nt mode Vr and o~rs implanted co becoll!e depiction kiap.'l. 

As mentioned, V rconllml is important not only in the MOSFETs but also 
.ii:J the isolation or field.1egions. In addition lo using a thick field.oxide, we can 
do a diannel scap implant (so called because it slops turning on a parasitic 
channel in the iso1ation tegions).sclectively in. ~e isQlatjornegions: under lhe 
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field oxide (Fig. 6-34). Qenerully; ii B channel stop implant is used for n--chan­
nel devices. (It must be noted I.bat such an acceptor implant will raise tbe field 
thresholds forn-cb·armel MOSFETs made in a p-substrale, but will decrease tl;ie 
field thresholds.for p-MOSFETs_made in an n-substrare). 

6.5.6 Substrate Bias Effects 

ln the derhiation ofEq. (6-49) for current along the channel, we assumed that 
the source S wascoooeeted lo lhc substrareB {Fig, 6-:i7). ln fact. it is possi­
ble to apply a voltage befw!:len S ap:d B (Fi.&, 6-37). With a reveL-.e b}as oe­
tween the substrate and the source ( V 11 negative for an n,charrnel device), the 
oepleiion regiol} is widenecl and llic t:llreshold gale voltage required Lo 
acbie,•e Inversion =t. be increased to accommodate the l:arger Qd.A sim­
plified view of 1he resuH is that Wis widened uQjformly along the ch.ann~I. 
so that Eq. (6-32) should be changed to 

Q~ = -[2E,qN.(2<l>j: - V 8))112 (6-61) 

'11le dw.nge i.n 1hresllol.cl voUa,ge pue to tli!: s.ubstrale .bias ls 

,/'2E,qN. [ l(l ) LP. 
aV1• = C. ('2tl>r-V 8 ) -{2cj>,,. -J 

' 
(6-62) 

11 the subsu:aJe bias 'V.11 is much larger lhan-2<j>,(lypically -0.6 V), the 
threshold voltage is domin-ated by V8 an.cl 

~ ' Al'r = C, (-Vfl)m (ncbannel) (6-63) 

where V8 will be negati\fe for the 11-channel case. As the substrate bias is in­
creased, lh'e threshold voltage becomes more positive. The effect of lhls bias 
becomes more .. dramatic as the substrate doping is increased. sinea ~ V1, is 
aJso •proportional to \/Fi;.For a ,;-channel device the bttlk-to•s9w·ce voltage 
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Figure 6-36 
Typical variation· 
of V7 for o 
p-ohcnnel device 
with increased im­
plcnled boron 
dose. The origi­
no]ly enhonce­
menf p<:honnel 
transistor 
becomes a 
d!ipletton-mo.de 
deviee (1/.r> OJ by 
s-uffkienl .El 
fmplanlotJon, 
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il =SOA 
N;,= 1.S X 1017 cro-3 

LO 

p- Si 

0 .__ _ _,_ _ ___. __ _._ _ _,_ _ _ '----'-------'- - -'---'--- '---_,_ _ __, 
115 1.0 I.S 

Figure 6-37 
Threshold volloge dependence·on subslrote bies resullin'g from applicolion of 0 voltage V8 from the sub­
strole (l:e., bulk) to the source. For·n chonnel, V,8 must be zero or negolive to ovoid forword blos of the 
source junctlori- For P. c;honnel, V8 must be z1a1ro or posltlve. 

V.u is positive Lo achieve a reverse bir..s._and the approximate change AV-, for 
v· ~ 2·1• is U . 'i'F 

Thus the p-channel threshold vol tage becomes .more negati:ve with sub-
strate bias, • 

The substrate bias effect (also called the body effect) incr-ease.s VT for 
eilher type of devke.. Thi.s effect can be u.~ed to raise the rhre-sbold voltage 
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of a mar,gmallyenhan.cement. device ( V7 = 0) to a somewha.tlargcr and more 
manageable value. Th.is can be an asset for n-~eJ devices particularly 
(see Fig. 6 -20). The effect can present prob!emS; however-, in MOS integrat­
ed circuits for wh.ich it is i,mpraclital to co110ecl each source reg[on to t.be 
substrate. ln these cases, possible Yr .shifts due to the body effect must be 
taken inlo aci;ount tn the ctrcuit design. 

6.5.7 Subthreshold Chorocteristks 

li we looklu the dta.in cwrentexpression (Eq. 6-53);ir appears that the current 
abruplly goes. lo zero as sooo a.~ VO is .reduced to Vir-1n reality, there is still 
some drain condactiod belmv-ihreshold,and this ls knowuas.tubtJU'esho(dCJ)n• 

duclion. This current is duc·to weak mversion in the channel 'between flat band 
and thrc.'ihold (for band-bending betwemzero an<l 2<i>F), which Leads to a dif­
f1JSiou current from source to drahi. The drain current in the sublhresbold re• 
gion is equal to 

where 

C = 1 + --"--....:;. [ c. + C;,] 
' C; 

ft can be seen th.at 111 depends exponentially ,on gate bias, Va. However. V 0 
has LiUle influence (1nce \10 exceecls a few kT/q. Obv'iously, if we plot 
In f O as a fmiction of gate bias V.c;, we should:get a linear bebavioc in the sub­
threshold regime, as shown in Hg. 6-38a. The slope of this line ( or more pre­
cisely the retj:pro.cal of the slope) is known as the subthreshold slope; S, which 
has l)•pjcal values of-7() inV/decade at room Lemperature for sta,le-of-the­
art MOSFETs.111 is means tllal a change in the input VG of 70 m V will change 
the output 10. by an o,rder of rnagi,iturle. Clearly, the smaller the V!;llue of S, 
the better the cransistoris as a switch.A small value ofS means a small change 
in the inpu~ bias can modul;ite the output current considerably. 

ll-can be sh.own that the expression.for Sis given by 

s = _ d_V,_G_ 
d(log 10). 

dV0 
ln 10 d(ln / o) 

Here. the factor In 10 (= 23) is in.lToduced to'changeh:om log,0 tonal• 
ural logarithm, ln.11lis equation can be understood by looking al the electric-al 
e<JUl\lalent circuit of the.MOSf'ET in terms of Llle c;apatitors (Fig .. o-38b}. 
Between the gate and Lbe substra~e, we find the gate capacilance, C,, in.se­
ries with tbe parallel combination o[ the depletion capaci tance irr tine chan­
nel, C,1,,and lh.e fast interface state capacirance, C,,== qD11. The e,q;iression in 
qrnokets In Eq. (6-6~) is simply tbe capacitor divid!lr ra'ljo which teUs u~ what 
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t 
v., 

---­,---
Vo=O.l V 

S = 70 mV/deca<le 

10-14 L_ _ __,__._ _ _ _,_ _ __ ,__ _ _ _,_ _ _ _. 
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lSource) 
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Figure 6- 3~ . 
Subcthn~shold conduction in MOSFETs: (al Semilog plot of 111 vers11s VG; (bl equivalent drcuit sh9wing c.a• 
pocitor divider which determines- subthreshold slope. 
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fraCllon or tbe .. applied gate bias, V c;, appears at the Si-Sl01 in terface as the 
sutl'ace potential. Ultimately,it is ilie sutlaet: potential that is ~pcm:sibl:elor 
modulating tbe barrier between source and drain. and therefore the drain 
currenLHenec,S is aruensu.re of the efficacy of the g,aie potf)rilial in modu­
lating I I). From Bq. (6-66), we observe tha1 S ls improved by reducing the 
gateO'.xide thickness, which: is reasonable because if lhe gate eJectr.ode is clos, 
er to the channel. the gate conrrolis obviously beher.The value o.fSis high­
er for: 'heavy c:hr{lmel doping (whillh in creases tbe depletion eapaci[flnce) or 
if the siJk0n- oxi'dc interface has many fosdo.terface :'>ta1es. 

For a ven• small gate voltage, tlie sublhresb.old cu,rrenl is r educed te 
the leakage current of the sourat/drain junotions. This determines the off­
stale leak.age c;urren!, and, thcn:fore the st~dby power dissipation in man,y com­
pl erneri ta1y MOS (CMOS) circuits involving both a-channel .and p-ch.aunel 
MOSFET!I. lL alsn WlJ'.lerlin.es theJmpontaru:e of havin& high qualiiy source/ 
dminjunctioos. r-rom the subthresbold characteris~ici;, h cnn be seen that Jf 
Lhe V, tif a MOSFET is too low. i~ cannot he tumed 9ff £u.1Ly a t Vc=O. Also, 
unavoid0ble statistical variadons of Vr cause drastic variations af t:be sub­
th1~shol'd lcru<age c~nl. On-'lhe 0 U1er huud, if V r is tc,y h igh, on~,~acrl{ices 
drive C:LU ren t. which uiipends l1n the difference between the power supply 
voltage nnd V.,... H>r tl11:,SI! rea,se'.)ns, the Vr of MOSFETs ba~ 111storically been 
desig.ned to be ~0.7 V: However, witb the recent advent ot various types of 
low-voltage. low-power porutble elect.ronici;, lh~c are new challeoge·.--mde­
vice and circuJt <ln.~1gn tu optinuze speed aJ1d power dissipallon. 

6.5.a Equivalerat Circuit for the MOSl"ET 

When we at~c-mpt to draw an.,equivalent circuil of a MOSFET, \ve fmd 1b.a:t 
il1 &dditicrn ,IO•the inu:insic MOSFETitSel.C. there are a va'riety of p11rnsiLic el­
ements associated with it. An important addition to tl:rc ga.tc capaoitance is 
lhe ~o-callec:l lll!i/le1•0vcr/ap cupm.:;umtedue to Lhe ovedap behvee,n th~-gate 
and Lhe drain region (Fig, 6-39.). This cap.acitance is particular.ly problemat­
ic bec.w~e it represents a re.edt1ack path between tile omput clrll,itt ,t.erlitlnat 
and the irrplll gate terminal. One can measure tlte MilJer 0apacitance at high 
freque11cy by ,holi:ling. the g::ite al ground (Ve=> Q) so tlia1 an invmlon lay_er 
ls not foirmed ii, the channd. Tbcre'.by, most of the measured capacitance be­
lW(:!eri g;\te anddr:un is du<:: to• the,Millt:r uapacit!!JTce, i:alh,:r thari lfrc gate, ca­
pacitanc~ C,. fl ls possible to minimize tJus capacitance by using a so-calltid 
sr:lfalig11ed gute. Ib I hi,s procf#ls. (he gi.ile itll!!-lf ls used to ma,o;k.the ~ource/drain 
implants. thetoby·achieving aJignmorrt. Even in this design, however, there is 
still a c.crtain,amo'LulL of ove:i lap bacause of ttie lateral strngg.lc .or spread Qf 

the irnplamed d o pan lS undernealh the gale. futther exacerbated by the lat­
eral diffusir.,n wluctl occ.u(s dpr,iog high 'tempenlture-ann,ealing. This sprl'\ap 
of the: sourl'.ll/drain _junctions unde1• 1heg,11e ed&e-detennine-s what is called 
th~ channel length T1..'-(Juc1itm.A'Lr1 (Flg. 6-4-0J. H ence. we get the eJeclrlcal or 
"ef.tectJve" chartncl IC11g1h. L_;,rr• in tcttus of the physic~} gate leugJb, Las 

L,11 = L - t.L ,1 (6~n?) 
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figure 6--39 
Equivalent cir-0uit of o MOSFET, showing the passive copccltlvo nnd lli!Slslive components. The gate cc­
pecl lor1ce C1 is the surn of the dislribuled cop.acitcnces from the .gale t.o the seuree end of the channel 
(Cc;s) end the drain end (CGol· In addition, we hove on overlap <c:apadlonce (where 1he gate electrode 
overlap_s 1he source/drain (uncllons) from-lhe -gole-16-~~urce (Cos) and 9?18-fcxfraln (Cool - C® f-s also 
known as the Miller overlap c_apodtonce. We also hove J;-n junction depletion cupocilonces ossocioled 
with lhe source {Cis) end drofo (C16). The parasitic resis.tonces include the $0.urce/droin ·serie~ resistance~ 
.!Rs and Rp). and Jhe-res,s!onces. in lhe substrote·helween the hulk cootocl and the source o·nd dro1r, (Rss 
and R8p). Th·e drain current coh be modeled os o [gore) voltage-contralled,Qonstont-<:urrent source. 

There can. also be a width r,eduction, iiZ. which changes the affective width, 
z,11, fiorn the physie:aJ width Z of, the MOSFET. The witH b reduct.ion re­
sults from the electncalisolation regions that are. formed around all tran• 
sistors,.gei1e..ally by LOCOS. The LOCOS isolation technig u~ i~ discu~sed 
in Section 9.3.1. 

Anolhe,r very important p,araa;ieter i.n 1be equivalent cirouit is the 
source/drain series resistanae,:Rso =(Rs+ R0 ), because it degrades lhe dr.ain 
curr.ent and tr.ansconduotance.For atertain applied diilinbias to the soutc¢/ 
dram terminl.11s, p.art of lhe applied voltage is "wasted" as an ohmic voh;;1ge 
drop across these resistances, dapert.din& on the drain cur.renl (or gale bias) . 
Hence, d1e acmnl dra;in voltage applied to tlie intrinsic MOSFET itself is 
k.ss: this cause:; 10 to increase sub-lin.carlywilh V 0. 

We o;in determine RsD, along with AL11• from t·he overall resis1ance of 
lhe MOsFET in the l inear region, 
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This corresponds to·tlie iotrfosic channel impedance Rt:!1,. plu5 the. 
so1ardNitain resistt1T1ce.Rso, Modifyi.n:g Eq. (6-51) we ,gel • 

We can measure V o/10 in lhe linear range for variou., MOSFETs having the 
same wi~th. bu~ d,iffe,rent ch~nel lengths. as a ('Unction oE.substr.ate 'l;rir-1s. 
Varying the i;11bstrare. bias cha ages the V-r through the body effect, and there­
fore Q,e sl9pe of tl1e str&i.ghUiue.~ thai tesuJt'from p.lotti-ng the overnll resis­
rance as a function of L. The Hoes pm;s through a point; haviogvalaes which 
Cl)UespOrrd to ALB Ellld Rw, as slwwn inliig, 6-40. 

6.S.9 MOS$ Scaling ond Hot El~ctron Effecti; 

Much of ~he pr~tµ:ess in ,~mico'oduc1or i:nt,egrated ci-rc:~1 technology can. 
be attributed to lhe abUi·ty to smink or so11/e lhe devices. Scaling down 
MOSFETs has a multitude ofbenefit,s. 1:,rom 'Table 6-1. w.e see t~e benc­
fils of scalingfo terms of the improvemen t of packing densiLy,·s.Pe-ed and 
power <\.is.sipa,tion. A key concept In sc:1lli% fir.it due to Dennard al IBM. 
is !hat the various strt1c1ural parame1er.s of !be MOSFET should be-scaled 
in coocert i:f the d.evice is to keep fl.1ncliOJ1in1;properly. ln othenvords, if 
lateral dimcn:sions such as the channel lengtll and width are reduced by 
11J11ctor of K,so should the v~rlit11I climensiM.s surh as suwce/draiJl junc­
tion dep.tb.s (x,) and gate insulator lhkkness (Table 6-1). Scaling of de­
pletion widths is achieved indirectly by sqalfog up doping concentrations. 
However, if we s:imply·reduce.d the dimensions of 1he device and kept the, 
p,)wer supply v~i llage~ (he same, th!! internal elettTh: fields in I.he device 
would increase. For ideal scaling, power supply voltages should also be 
reduced to· keep the lntcrnal electric fic1dHeasonatily consti,mt rrom one 
teohnology generation to tbenext. Unfortunately,in practice. power sup­
ply vo.llagl?~ are 1;101 scale.cl hand-i1Hrn,nd with lhc device dirnensions.,plirt­
ly because of other system-related. constraints. The longitudinal e lectric 
fields in the pinch-off regjori , arid lhe tran~ver~e electric fie'lds across lhe 
gare oxide, ioerease with MOSFET scaling.. A variety of -probl'ems then 
arisce which a-re gencr.ically known as hot ete·ctron effects and short chan­
nel effects (Fig, 6-41). 

When an electwn 1ravelsfrom tl)e sourt;e tot.he drain along the chamiel, 
it gains kin.etic energy at the .expense of electrostatic potential energy in the 
pinch-off region, and b~comes a ' 'hqt" electron. At the c<mduction band edge, 
the electron has. potential energy only; as it gains more kinetic. energ,y1 

il i;noves higher up hi the co11duclion band.A few of the electrons can be'corne 
energetic.enough to surmount the3.l-eV potential barrier between the Si 
channel an<l the gare oxide (fi_g. 6-.25). Some of 1.hcseinjecterl.hot electrons 
can go through the gate oxide and be coll.ected as g,1te current, thereby re• 
duc!ng llie input impedance. More impor,tanliy, some qf the:~e elect cons can 
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Figun:! 6-40 
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be trapped in the gate oxide as fixed oxide charges.According to Eq. (6-97), 
th.is iacrea.ses the.flat 1,~d vol ta~, and thlm~fore fhti V7. In addition, lhei;e 
energetic ilot carriers can rupture Si- H bonds that exist at the Si.aSiO1 in­
terface,creal.ingfast interface slates tliat degrade MOSFETparametef-li such 
as transconductance-a-nd subtb.res.b:old slope; with stress. The results of such 
hot carrier degradaLion are shown in Fig. {i-42, where-we see the in.crease of 
V7-and decrease of s lope. and tberefore-transc0nductance; with stress.The S0· 

\ution to 'this problem is to use what ls ko-own as a lig'1Jly doped arain (LDD). 
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Tobie 6,-1 Sc<lifng rules lor MOSFETs according too coMtPnt foclor K. Tlie horizontal and 
varhcol dimensions ore s<:oled by tfte -sorrte factor. The voho13es ore also scaled td keep the 
fnhirnol eloclfic rrelds mote or lo$ constant, and the hc;,t corrlot effects m.onageobfe. 
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Figure 6-41 
Short channel effects in MOSFETs. As MOSfETs are s'caled down, potential problems dve to short chonoel 
effects include hot carrier generation (ele,;:tion-hole pair creoflon) in the pinch-off region, punch-through 
breokdown belY,lee)) source ond ,drain, and ltiin gote ol(ide breokdown. 
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H0t corrier degrodotien in MOSf ETs. , he lineor region tronsler chorocterisJIC$ befoni ond ohe,:.hol corrier 
Gtres indicate on increose al V1 and decreo·se of. tronscanductance (or ch0nnel mobdity) due lo hot eleclron 
damage. The damage con be due lo ho~eloclron inj~tior, Into lhe gale O)(ide which 1ricreasenhe flxE!d 
oxide. charge, and increasing [cJsl interface stole dt;nsilies ot the oxide-s.ilicon interlace (lndicored by II) . 

As cliscusse.d in more detailin Section 9.3.1. by reducing the doping concen­
tration in llie sourcefdrain, the deplel ion width at the rever~e-biased drain­
channel junction is increased and the. eleculc field is reduced. 

Hot carrjer effects are less proble(tllltic for holes in p-cl1aonelMOSFETs 
than for electrons inn-channel devices for two reasons. TI1e cliannel mobility.of 
holes is appr_aximately b~ lhat of el~trons: he.nee, for lhe s,.irne cle.~tric 
field, thece are fewer ho! boles than bot electrons. Unfortunately. the lower 
hole mob.ility is also responsible for lower d.rive currents in p•channel than 
inn-channel.Also, the barrier for hole injection in t l1e valence band belwee.o Si 
andS!02 is.hi~er (5 eV) than for electrons i11 tbe conduction band 0,1 eV), as 
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shown inFlg. 6-25. Hence, while LDD is mandatory for n-channel., it is often 
n9t used for p-channel devices. 

One "signature"for hoc electron effects is substrate curreat (Fig. 6-43). 
As the electrons travel towirrds the drain and become hol,. tbey ~ cre11te 
secondary electron-hole pairs by impact ionization (Fig, 6-41.). The seeondary 
electrons are cµil~edaJ U\e drain,and <;a1.1se tbeclr.aincune.nt in sanmrtioa 
to increase with drain bias ar high voltages. thereby leading to a decrease of 
the output impe'Claoce. The secondary holes ar.e colleded at Lhe substrate as 
substrate current. Thi!:. current Cl!TI create circuit pmhlems such as noi-~e or 
latchup in CMOS circuits (Section 9.3.1). lt can al~o be used as amonitorfor 
hot e)eGtroo ef:fecrs.A.sshown in Fig. 6-43,$ubstrate current initiaUy increas­
e..~ with gate bias (for a fixed, high dtain bias), goes through. a peak and then 
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Figure 6-43 
Substn:ite current 
ma MOS.FET. The 
substrole current 
In n-chonnel 
MOSFETs due lo 
lmpacl-generated 
ht>les In, the: pinch• 
off reglon,. os o 
function of gate 
bias The, ~ub-
slrole c.Urrent inl• 
tiolly increases 
with VG l:iecaus& 
of the correspond-
ing increase of. /0 . 

However, for even 
high.er VG, the 
M0SFET ,goes 
from the sotura-
tlon to the linear 
region, and the 
h1gn electric fields 
1n the pinch,off- re-
9ion decreas.e, 
causing less im-
pact iorii:i:oHon. 
(After Kamala, 
el. al. , Jpn . J. 
Appl. Phys., l5 
!]976~, 1127.). 
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decre3$eS. Th.e r.,as-011 for lllis l:l~llavjer is lh;:u inltially, as the gate bias 111-
·cr.uases, the dram cunent increases and thereby provides more primary car­
rjcrs in to the pinch-oil' l'eg(oo for l01pact io~Clon. However,Jor evenhig}ler 
gate bias. the MOSFE1" .goes from th~ saturation region intll the linear ,·e­
·gion wh.en {be fi';xed V n drops below V 0 (saL) = (VO - VT)-The longitudinal 
eltictric field m the pinch-off regmn drops, thereby reducing t:lie rmpact ion­
iZ!\tioa t',ltes. Hot clettrc~n r<iliat;ility SLUdies !lre:tl,'me und.er " worst case'' coo­
diti-ons of peak substrate cur:renr. These are geJ1.erally done under accelerated 
coniliiioils of higher-lha:n-not'mal opera1iil_g volla_ges so that if there ate ~y' 
_poteo:tial probJe-mst rhey show up in a Teason.abl.e lime period. The degrnda­
tion da,a is U1.~extrapola,tad 10 the actual operating oonditipns. 

6.S. l O Drain-Induced Barrier lowering 

If small ch11nncl lengt.b MOSFETs are nm scaled properly, and !be source/drain 
junct\on~ are too deep or the channel doJ)inr, is t()O \ow, mere can be unintended 
clei:;trostatic interactions bet,veen the source and the dram known as Dr11in­
inrlr1ct!fl B,1rrier L awering ( OLBL), This leads w punch-th re.ugh le,1ka,ge or 
bre.akdowu between the source and Lhedrain,and loss of gate control. 'Jhe phc-
110TI1e.non c.;aa be l.llltlcrsmoq fronl Fi,g. 6-44, where ,ve have schematically plot· 
fed thesurfnce potential along the cllannel for a long channel device and a short 
device. We sc.~ l)l,t~ as the d,ilJ,Il bias is focreased, ihe cmidut.-JiQJl baoi:l edge 
(wtticlHetlects tlte electrarieue,g.ies) in the dram-ispulle<ldC1wn,and thedram­
clmnnel deplet.fop width ex.pnnds.. For. a long channel MOSF8T. foe drain bias 
doe:;-not nf(~ctthesouree-to,channe1potential b:irrier. whicheorresponds to the. 
built-in pot~tial of fhe ~ource-cbaa.nel p-o jun,ct,ion. 'Hence. ll rrl~~ the gate bi1ts 
is increased t() lower Lllis potential barrier. chere is little drain current, On the 
other himd, for a shorl thannel MOSFET, as th.e drain bias 'i~ raised and the 
condaotio11 band edge int.he drain is:ptlllecl dm\fil (with a aoncomitanL increase 
of the drmn clepletio'n wi9(h ), (be ,;uurce-thannel pot.e°"ti-;i.l barrier is low­
ered due to DIBL. This. can be shown numerically by a solution of 1he two­
di'[nens.lomtl Pai!ilion equalitm ln the cl\annel region. SiniplisticaJly, the onset 
ofDlBL ii; somelimes co11S1dered to correspond LO l'he drain depletion region 
expandio.g and mcrgi1).g with. the~ourc~ depletion region, ll.nd causin~pum::h­
tm:cugh hreakdo',OQJ between source and drain. ffewe.ver, it must be kcp1 'in 
rnina' th;ll DTBL.fl. ultimare.ly caused by U1e lowering of ib.e·soutce-junclion po· 
tentia1 banier below the bui lt-in potential. Htmce. if we gel DJBL inaMOSFE.T 
for a gr<1>unded ~1.1bstrdfe. Lbe problepi can be ntiifgt.lte.d 1,y appl yi.rig a subslrilte 
reverse bias, because that mises the potential barrier at lhe source end. This 
wt,rl.cs in spite ohhe fact r~iat, be (lralo.ctepletion region i1)1eracts e-ve'I:' more wit.b 
the source depletion region under such bac.'k bias. Once the sourGe-channel b>ar­
rit'.f. !s-loW_cred by DU3L. lhete C/'a.O be sigcilicant drain leakc1ge current, with 
the gate be.Jng unable to sbm it off: 

What ate the soluti<111S to !his problem?lqe sqmce/dr-ainjwlct.ionsmust 
be made s(1tficiently shallow (i.e .. scaled properly) as I.be cb.annel.le.ngrbs are 
ret!Ooed. to prevent DIBL Se.conJlly. 11ie oh11nn.eJ doping must be ma_de 
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figure 6-44 
Drain-induced barrier lowering ln MOSFET&, Cros~ secl,ons ond polenlial dislrlbution along the channel 
for a long channel and short channel MOSFET. 

sufficiently high !0 -prevent the drain from being able Lb. conlr0I I.he source 
junction. This is achieved by performing what is k11own as an an.ti-pu11eh­
thm11gh implant in the chaaneL Sometin'1es, in:~tead of such an irµplaiit 
throughout the channel (which can have undesirable consequences such as 
raising the Vr or toe betl.y ettecl), a localizedirnplaot is done only near the 
sou,-ce/drains. These are known as halo orpoc.ker implants. The higher doping 
red.uces the source/qrain depletion widths al.ld prcveni-s their interactiqiL 

For short channel. MOSFETs, DJBL is related to the electrical moda­
lrition of the channel lengrh in the pinch-off rt)g.ion,.LIL.Sln.ce tJ:i.e dracn current 
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is inversely prpportional to the ele.cttical channel le,ngth. we get 

• 1 Ll (' + t:,LL) lvocf-til • (6-(,9) 

Ior: small pi11c11•-off regions, AL. We ass= that the CractionaJ change.in lbe 
channel length is proportional to the drain bias, 

(6- 70) 

where>. is lbe channel length modulation parame.rer. Hence, in :lhe satura­
tion region, the expression for the drain current becomes 

(6- 7 I) 

This leads to a_slope in the outpul cbara<;teristics, or a lowering 0f Lhe out­
put impedance (Fig. 6-32). 

65.11 Short Cha nnel Effect ond Norrow Width Effect 

[ f we plot the threshold voltage a.s a function of: channel length in MOSFETs, 
we find that V rdecreases with L for very small geometries.This effect is called 
the short channel. effect ( SCE), and is somewhat similar to .DlBL. The m,ecb.­
ani.sm is clue to somclhrng called.chargesharingbetween thesource/d!'ain and 
the gate (Fig. 6-45)9.J;rom the eq1Jation for ihe threshofd yo(tage (6-38). we 
notice thai one of lhe terms is the depletion charge ~er the gate. 

,!" d111in 
• '1------~:.- I , ' . 

;;=~ =::ir=~ ' 
Equi-

"' 
potential • p-Si 

7 
Depletion edge· 

Fi!jure 6-45 
Shor1 chono~I effect in a MOSFET. Cross-sll!clioncl viev; of MOSFET _clong thi! lengih sh9wing depletion 
cilol§e ,horing {Golored regions) between the gate, source and dr.oin, 

'L You, •A tl1Tlple 1heory to p,ed,ct the lliteshold 11olloge of ,hork:honnel IGfET,( SoUd-Stole Eloctrori/c,. 
17 (1974)1 10S9. 
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The equipotential lines _in Fig. 6~45 designating the depletion regions 
curve around the contours of-tiie ·soUtce/drafo junctions. Keeping in mind 
that tlieelectric field lines are perpendicular to the equipotential contours, 
we see that the depieti.on charges 1l)aL are physically underneath the g-.ue in 
the approximately triangular regions neat lhe source/drains have theirfield 
lines terminate not on the gate, but.instead on the :;ource/cln\ins. He.nee, elec­
trically these de_pletiou charges are ''shared" witn the souree 1UJd drain re­
gions and should.not be counted in the VrCXpl'e~ion,Eq. (6-38). We can deal 
with this effect by replacing, the 01:ginal Qd in the rectangular region under­
neath the gate by alower Q,1 in the trapezoidal regio·n in Fig. 645. Clearly, 
for a long channel devio.e, the triangular deple tion charge fegions near lbe 
sou.roe and drain are a very small fraction of the total depletion charge un­
derneath the ga1e. However. as lhe channel lengths -are reduc.ed, the shared 
charge becomes a l.irger :fra-ctiao of tbe total, and t hfa resul ts in a VTroJJ-off 
asa function otL (Fig. 6-46).This ls important becau.~e it is bard to control 
the channel lengths precisely io manufuaturiog. The channel length varia­
tioo·s ~hen lead lo problems with Yr <:001.rol. 

In the last several. years, another effect has been obse.f\(ed in n-channel 
MO_SFETswith decreastng L.The 1'rinitiallyg0es up before it goes down.due 
lo the short channel effect. Tots phenomenon bas been dubbed the reverse 
short t:lwmtd ef[ecl (RSCE:) , and is due to interactions between Si point defe.ctS 
that are created· during 1.he source/drain implaat and the B doping .in the than• 
nel.caus:ing the B lo pile up near tbesoui·ce cmd drains. and LJ,us raise the V T' 

Another related effect in MOSFETs is the 11(1.rrow widt.h effect, where 
U, e: V-,; goes up as the channel width Z ls reduced for ver:y narrow devices 
(Fig. 6-46). This.can be understood.from F.1g. 6-47, where s0me ,of the deple­
tion charges tJJ:u:ler the LOCOS isolation regions have ffeld line& electrically ter­
minatin~ on the gate. Unlike the SCE., where tbe effective depl1:tio.11 charge is 
reduced liue lo charge-sharing with tbe source/drain, he-re lhe depletion charge 
belonging ro the gare is increa-sed. lr,e effectls not impoctant for .Yery 111ide de­
vices, but 'becomes quite .itnporiant as U1e ,v.idtbs are redured belo,v 11.un. 

6.5.12 Gate-Induced Drain leqkage 

If we examine the sul)lllreshold cbarachmstks shown in Fig. 6-38, we find th:al 
as the gale voltag_e is ·reduced below V r, lhe s_ubthreshold current drops and 
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Figure 6-46 
Roll-off t:if Vr with 
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figure 6-47 
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then bottomi; out at a level determined by tbe.source/draln diode leakage. 
H owever, for even more negative gate biases we find thl,ll the off-state leak# 
age curre:ntaotually .goes up as we try to turn off the MOSFETmore forbigb 
V o.i thjs is known as gate-indttced drain leakage (GlDL) , T;,e ~aµJe effect is 
seen at a fued gate bfas of ne-ar zero, for increasing drain bias. Toe reaso·n for 
GIDL can be unden1.tood fromFig. 6-48, where we s))ow lhe ba.nddiagr~ 
a:s a tunction of depth i:n Lhc region where the gate Qverlaps the drain junction. 
A.s th.e.gate is ma'de more negative (or alternatively,for a foced gale bias, the 
drain is made more positive), a depletion region forms in then-type drain.. 
Sim:e ihe dra,ln doping ishigh. lbe depletion width$ tend to be narrow. tr I.he 
band-ben,di,ngis.mote lhan the band iap E~across a narrow dypletlon region, 
lbe conditions are.1;011ducl-.c to band-to-band tunneling in.lh.i$ region, ~here­
by creating electton-1mle pail's. The electrons Lhen,go 10 the drain.as· GIDL. 
lt.mllllt be emphasized thatthisrunneling is ncit through the gate oxide (Sec­
tion 6.4.7), but entirely-in the Si drain tegion,For GIDLto occur, tbedtairl 
doping level should be moder.ale (4018 cm-3). Hit is much lower than this, 
lhe dq,lc\ion Widths and tunneling barriers are t9o wide. O.n the other hand, 
if the doping in the drain is very .high. most o[ the voltage drops_in the gate 
oxide, and the band-bending in the Si drain region drops l?'elow the value E_,. 
GIDL is nn important.factor in limi1lng Lhe off..srate leakage current in srnte­
of.tbe-art !v!OSF.ETs, 

6.J Three-terminal acffile devicescapable o[powu gain are ke-yto the.switching and SUMMARY 
amp-Jifiqatlon of elei:cronic slgnals. 'Ilui inpw impc!dani;i:. is (desirably) high for 
voltate-controlled field-effect transifflors and low fer current-co1urolled bipo-
lar junction t:nmsi.~tor.,. 'D,e power gain of ~he a-c signal com.es from Ille d-c 
po.wer sup!)ly. lt is also desiTnhle 10 fotve ~ hlgti t>o lpul Impedance a11tl :\ linear 
dependence of ourp11tcurrenrwith n?.~p<!al lo input voltage {Qr current). 

1$.2 Reid eftectdevicessucb.as thelFETs (or MESFETs·,md HEMTs) usita r<.werse• 
biased p-l\Junclion (or. Schottky dii;J,de) as a.ga1e10 control Llle Widepleted parr 
ofa.c.han11e/ aod Lhcceby modulate the.current flow between asouro, (Sl of air­
riers and a //rain {D) of.t-an:iers. 

6.3 11Tc MVSFF.T u.~es an oxide-isolated gllte (MOS cuipacit;pr) rhal ilfts a, v.e.ry 
high.input impedance LO modulate Lhe·:l>arrier between S'.and D and to.change 
lhc conductivity of the channel, 

6.4 An enhana:mem-mode 'NMOSFET hn, a p-lyPe channel betlVeen lhe n• source 
and the drain regions.At therflat:band umdiliom (\I rs). there is no bandcbending 
as alunc.tion of depth 41 the channel, A g~le bias more oegr~~v~ than Vmcilµse!j 
exponentially more holes to be ac.cumulated.ncartne surface with band-bending. 

6.5 More posltiV<l' gatevoliages initially repel ihe majority c-auie-r holes and create 
a depleiiort region.1llen, nbtwe I.he lhr~shotd vo/cagJ! (Yr ), I hey at.traut minor­
ity carrier electrons near the.surface and invert the surface, thereby fomiing.a 
cunduct1ve cluinnel.betwe~n seurce and drain. PMOSFf:i'Ts have the oppo-\-l.te 
polarities. 
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6.6 The \11 oa11 be increased byinc,-ea.sing thechunnel dopmg und tile gate oxide 
lhiokt1e~ {IOWecrC,). Ji is also affected by v,'B>':,1,:hlcl;i. depeods 1,n thcfgatewc;,r)! 
function and oxide charges, and in<.Teases with substrate reverse bia.<1 (body 
effect) as well. 

6.7 The ovecall MOS capacitanc_e is the serie1; co11ibiaation ofa fixed gate (;apaci• 
lllnceC;and the volt11ge-dependenl semiconductor cnpacHlince in 1he chlmI1111. 
The iuversi1m charge per unit area is approxima1e.ly C,(V c; - V 1:). 

6.8 For long channelMOSFBTs. initially-[0 -inoresses llneady with .V 0 , and then it 
·suturiues om:e tile itl\•ersion channel is pin.cited off near the drn,in en"' 

6:9 'Th.ere is a quadratic dependence aJ.10 on VG for long channel MOSPETs. For 
·slwr1 clummu devices that operate in lhe velo11iry,sa11ua(ed region-Or source• 
i11jection ro,gi11fe, th_e dependence o[J0 on Va is apprcrlUlltalely linear. 

6.10 Par short" l., lm,., often inoreaseuligblly wlth Yo due to various short channel 
effe~1.s, !J.:ading-10. a decrc!ll;i., o( output impedance. Shon channel effects in­

cl_udc druui-irtduceµ ba,rlj:r-lowerli1g (DIIJL) aJ!dclu~rge;r/r.ariJ1g, whicli leads 
to Vr ro/1-offwitb L. 

6.11 TI1ere is some coriductioii below V1'- chru·aclerized by a subthreshold s)ope, 
that is l!' ·rneasurc of tl1e effectlvene1;_s of tbe:MOSFET as a switch. 

6.1.2 Conduotio.n abo.ve Vt in-the channel invll:fsion region reflects-an cffective.·clla11.• 
(le! mobility lower than t11.ac in bulk due tom~face ro11glme,fu/Jatteri11g. and-in• 
,creasingly so.at h.ighe.r V,;, 

6. ta 1n highly sea.led MOSFETs, 1herec.an be go11:-nmneli11g leakage currents {1nit• 
igated by lri_gh-k dielcctrici) aiul ho1 elj!c1ro11 (iuid, to a le~ser exten\., hole) ~T• 
Iecl'S, mitigated by lower power supply voltngCl;' and lightly dopt,d drains 
(LBD.i). Tue resulting nigh-SID parasitic s~ries ccsistance is minimized by Self• 
Aligned.siLTODEs (SAUCJDE), described in Cbapte:r 9. 

6.J A.i;sumc the JFET sho'\\•n in Fig, 6-6 is Si and h.a.~ p" regions doped-with l018 

accepLors/cm~ and· a ehrumel wi1.h 1.016 donors/cm3, lf the cbrumel hall-width o 
i~ 1 µ11),compare VI' \\\ith Vo, Whal vi;,ltiige Vi;0 is;reqnired-io cau~ pinch-olrwheo 
V0 is included? With. Vc:.-3 V,at what value of V0 ·doe.5 the curremsaturate? 

6.2 If the-ratio ZIL = lOfortheJFET of Prob. 6.1,a.nd IJ,,r= 100() cm1N-s,caloulate 
10(,aL) forV c; '= 0. -2, -4. and - 6V. Plot /o(sa1.) vs. V0(sar.). 

6.3 For the JFE'!·of Prob. 6.2. plot lv vs, V p for r.hes:ime four values of VG• Ter­
minate each plot at tpe point of saturation 

6.4 lJ~eEgs..(6-9) and (6-.10) lo calctilatc and pl,or70{V 0. YG}a.t 300K.for a SiJEEI 
witha=1000 A,NJ= 7 X 101' em•l,Z=lOO µm,.and .L=5µ.m.Allow V0 to range 
from Oto 5 V. and allow VG to-take on the values 0,- 1,-2,-3, -4, and - 5 V. 

6.5 O&e the field-depe1)dent mobility e,tpr.essio11 to -calculate and plot J p(V1-,: Va) 
for the Si JFBT descnoed i.o :Prob. 64 for gate lengths of 0:25, 0.50.1.0.2.0, 
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and ~.O µ.n1 and a.gate voltage ofO V. The field-dependent moliilit}' model of 
Eq. {8:_12) takes the form 

where l¼I is the low-field mobJJity (as given in Fig.3-23) and v, is tire saturation 
veloeity (191 cmls).A.ssumc tb.a,t ~~ V i/L,and assume thatthe•drafn currentsnt­
llNlles: when it reaches a maximum. Discuss the advantages of haviqg·a short 
gate length device. 

6.6 The cumm.t ID varies almo~'t linearly with VD in II JFET for low v<!luey r,,f V 0. 

(a) Use the binomial eX;pansmn with V 0/(-V 0) < 1 to rewrite Eq. (6-9) as on 
appmximatio·n to this case. 

(b) Show tli!lt the expression,lor the channel conductance/ rJV O in the line.a.r 
range ls·tbe same as g,..(sat.) given by Eq. (6-11). 

(c') Whal vl1Jue of gale vo)Ul.ge Va turns t-he devi.ce off such lhni the chaI111el 
Gondoctance goe.s ~o zero'! 

6.7 Show that the width of the depletion region in Fig, "6--15 is given by Eq. 
(6-30). A_ssµme the c-.i.rricti are cel)lplelely swepl ou! within W. as w;is don.e 
in Sec.lion 5.23. 

6.8 Hnd the maximum depletion width, minimwn (:Bpacitance C., arid threshold 
voltage for an itfeal MOS Ca"paciwr withcal0,nm g:ate oxide {SiO,) 0 11 p-lype 
Si with..N

0 
= 10J• cm-l. Next, include the cITects of 0111 bilnd voltage, 11.ssuming 

an n+ polysilioon gate and fixed o_xide chat:~ of 5 X 1010 q (C'km1-) . 

6.9 An Al-gate -p-channel MOS transi,stor is made on an n-type. S.i substrate with 
Nd= 5. x 1.011 ct11--1• The Si02 thickness i$ 100 A in the gale re_gi,,m. nnd lh_e ei-
fective ioterface charge Q1 is 5 x . 101" q Clem~. Find W .., , Vr-8 , nnd V r, Sketch the 
C-V curve for this device and give imporlan.t rturitbcrs for the scale. 

6.10 Use tiq. (6-50) to calculate and plor !0(VD, Vr:;) at 3.00 K for an n-¢h_annci Si 
MOSFE'I'with an a.icicle thickness d = 200 A. n channel mobilityµ,,,= 1000 tm2/ 
V-s,Z = 10(1 µ 1;'11, L '"' 5 µ./n, 1111d N. 9f 101', 1015, 101\ nn.d 10'7 cm-3• Allow \I 0 

to ra-nge from 0-ro 5 v and allow Ve ro take on value., ofO, 1, 2,3,4, and5 V, 
Msume that Qi= 5 X 10" q Clcm2, 

(1.Jl Calculate-the Vr ofn Si0 P-channel MOS transistor for nn 11~-polysi.licon gate 
With silicon 01{ide thlckne:;s·=S0 A,N_, =1 X 101Kcm-~ and n.fo.-ed chru:geof2 X 
1010,rC/cm1. Js it an enhancement- o:r depletion-ml1de device-? What 8 dose is 
rc_qli:ited to change the Vr to 0 VI/ Assume a sliallow·B implant. 

6.12 (a,). 'Find the vohage VF8 req11lred 10 rtldoce to -zero the negative ~ha~e in­
duced at the ,sewiconductor surface by a sheet of positive ohargc Q0 , Jo­
catc.d ,t' below the rrietl)l. 

327 
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328 'Chapter 6 

(b) In the case of an arbitruy distribution of charge p(x') in lheruide.show lhar 

6.13 Redraw.Figs. 6-12, 6- 13, and 6-15{or the p-c!wnnel Ci!Se (n-type sub$trate). 

6.14 Calculate the Vr ofan MOS capacitor where we deposit a ru.gh-kg.ite dielec­
tric, HfO,z, whOS/1 relative clielecrrlc Mnstn:nl is 25, on_a ,,ove/ p-typc sernicon­
du~'.tor whose electron affinity is 4 eV, b,md gap is 1.5 eV, l'clative· d\e!ectrk 
constant is 10, and inuins'ic cs.trier concenttation ts W12 cn1·j. TI1e gate i.Sc made 
of .i me~al wl1ose woi:~ runc,tion l.!15 e.V, gate oxide thicl,;oess is 100 A., a_nd NA 
.is 101Scm•J and that has a fixed oxide charge af 5 x 1010 q C/cm2: At V;, what 
are the electron and hoJe concen'ttntions at the oxide-semicondu.ctor interf;i~e 
und dC'Cp in the subst:rnte? Sketch a la0el.ed band di11&ram normal to the sur­
(ace a1 Yr, ·and mar1' off the i:elevanl values on the bJ1sis of the numbe;rs given. 

Ske4cb. the low-•an.dhigh-{requency G-V chara.oteristics oi this capacitor, and 
l!ltpfo ln their diffctenc'es. How would !he a!la:r·acteristics change 01 large nega­
tive gau: bias if we doubled the qxide thickness'? How about if we doubled the 
substrate doping? 

6.15 A Si l':,f.OS capacitor has 1be high frequency C- Vourve sho\1/Jl in Fig. ·p~l5 
ootmalized to the oapacii-tln~ in stroag accumulation. Determine the oxide 
1hiclme.ss and sub:;1Ta1e dop"mP, assumi11g a gate-10-sul;>strate wor\d\mclio.n~if­
!erence of -0.35 V. 

Figure P6-l 5 LO 
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6.16 For the capacitor in Prob. 6.15, determine the initial full band voltage. 

6 .• l7 For the capacitof in Prob, 6.15, determme. the fixed oxide cbnrge, Q1• i1I1d the 
mobile ion OO!lle.n:l. 

6.18 For a long chaJll\!11 n-MOSFE'.I' with Vr -= 1 V;cal~ulatc the Vo requi{ed far an 
ID(,at.) of 0.1. mA and V0(saL) oE 5 V. Calculate the small-s,gnal o.utpu1 con­
ductance g and th'nransconductance g,,,(sat.) a1 y .o = 10 V. Sketch the cross 
section of this MOSFET,and schematically show the inversion charge and de­
pletion eharge distributions for VO= I v ; S V, and l 0 V. 

Recalculate tf:\enew./0 for VG- Vr-= 3 V and VO =-4 v: 
6.19 Calculale the V~f a Sin-channel MO~FET fora gat.e0to-subSt:mtecwork:fune­

tion differ,eace ~,,.,.= -1.5 eV, ga.te oxide thickness = 100 A. N,1 = l 018·cm·', and 
'!'bred oxide cba:rg,fo[ 5 x 101° q Clcm~.for a su(>strate bias of-Z.S V.Al V'T, wh~t' 
are the-elect.con and hole conoentrations at tbe oxide-Si inter.face am] deepip 
the substrate? Slq:lch a labeled band diagram nol'inal lo Lili.\ surface at VT, 
showing 1111: Penni potential. 

6.20 Calculate the VT ofa,Si n-cbaoncl MOSFET for an n· -polysUicon ·ga1e wi1h 
g111e ·oxide 11:iic;k:ness = 100 A, N,, = 101a cm-3, and 11 fixed oxide charge of 5 x 
ro10 q C/cm?. 

6.21 Fata MOS~'Twith 'V,,= L V and Z =50 µ.m, L-=2 µm,calculale.lhe draifl cur­
rent at VG"" SV. V0 =0.1 V. Repeal for VG:'3 V, Vi,= SY.Assume an electron 
chl,IDilel IJ\Obility itn =200<;m2/V-s, ;ntd the substrate~ COQnected 10 tl1e souree. 

6.22 For the MOSFET characteristics shown in F)g, P6-22,ca.loulate: 

LO 

4V 

3V 

O OIL:::::::::::::c==rl.==r::::==zc=::::;:==:.:a ==i::=:::;:::==:;:==1'5 

Yo (V)_ 
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J. Llne-ar Vrnnd ki; 

2 .. Suturntion Vr and "" 

Assume c\llinnel mobflity, ii. = 500 cmlfV.s lllld V ,,, = 0. 

6.23 For Prob. 6.22, calaulale th~ ga1e-oxide.1l)iclme&H 1Ind substrate doping; either 
graph.ically or .iteratively. 

6.24 Assume .rhat the inversion layer in a Si MOSFET c.an be treared as n 2-D elec­
tron gas trnpped in an infinire rectangular potential well of width 100 A. (rn re­
ality; it looks more like a trlangular well.) Calculate Lhe inven,ion charge per UUJt 

area asswning that the Fertr1i level lie., midway \ietwecn th.e second and third 
s ubbands. Assume 'f = '17 K, and effectiv~ mass = 0.2 mo, AssUJJ1a also that the 
Fermi' function can.be I reared' as a rcc1angular ·functioa. A\l;o .sketch (E:, It) ror 
tb.e fus1 lhree subbands. Refor to Appendix JV. 

6.25 An n-ob.ao.oal MOSliET with a 400-A gare·oicide requires il:li v,, to be lowered 
by l V. Using n 50-k-eV implant of a singly charged spedes, ancl;i$suming th11t 
the Implant distribution Is peakied at the ox:id.c-Si interfacC'aod can be regarded 

-as a sbect chni:ge ai th.at ince~face. what lmplani parame.tcrs {h-peoies. energy. 
dose. and beam curreo:t) would -you choose'/ The.scan a.rea is 200 cm1 a:nd the 
lk;;ir~d implant time is 20 s. A$sume similar raogc sratistlc:s in oxide and Si. 

6.26 Plot lD vs. Vo witl1 severalv~lu-es of Vo fora thin-o_xide p-c~el tranststorwith 
a 10-µm oxide and V r = -1.l V. Assume thill T1,(sat) remains constant beyond 
pinob-off.Assume that iLp = 200 c_n?/V-r., and Z == 1 O.L. 

6,2,7 A typic:alfigutc of merit for high.-frequenay operation of .MOS transistors is the 
cu1offfreq_uency /,: g1,;i2-rrCr;LZ, where the gate capacitance C0 is ess<mllally 
C1 vvcr rno~r Of tbe voltage range. Express fc above pinch-off in tet'lll5 OfJJll!• 

teria)J; parameters t111d de'vice di:mens.ioni;. li.nd caloulate fc for !he transistor of 
Prob. ·fi.26, with L = I µ.n;i . 

6.zs -When :m MOS trausittor is biased. with V,:, > Vu ('5J11.), the effective ohanne) 
length is rec:juccd by AL and the current I'D is littjler than TD(sat.). as show1UD 
Fig. 6-32. Assomlng that the depleted.region (11. iii df;lscribed by an elCpression 
sfmllar 10 ~- (6-30) with VD - V t1(saL) for ihecvollnge ac.ros~M..$.how that the 
conducronce beyond satumt.io11 is 

and i'i11d the e.xpressi.on for g' 0 in terJilS of V 0 . 

6.29 From Fig. 6-44. it 'is clear rhnt the depletion regions 8f thesource and drain juno--
1ioos-ea'n meet for snort. channels, n conditioo called p1mc/1rlhrouglr. Assume that 
1.he s0urce .and drain r.egions of an n-channel Si MOSFEf are doped with 1.0;,o 
donors/cm1 and the l-µm-lo11g channel is dqped with 1010 acceptors/cm~. If the 
source and substrate-are groundoo, what drain voltage ,\ill ca.us.e-punuh-through? 
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Queslion 1 SELF QUIZ 
(a) Whal is the main distinction between an active-devke and a passive devic.e? 

(b) If :i.device b.as power gain, where is thehigberenerg;y of Lhe·a-c:signal at the 
outpu't coming-from? 

(c) What is.the dlstlnc.ti:OJJ between a <iurreni.-<:ontrolled vei:sus volUJ,l,W·CQntrolled 
tbr1.te-1emtlnal active device? Which ls prefer:able'I 

Question? 
For parts·(a) through (c) below,consider the following Iow-frequtncyga-te capacitance 
(per uniL ar~a) vs. gate voltage charoeteri~tic for a 111etnl gate 11-cbannel MOSFET. 

(a) On the blliow.J'igure lnJ,el the approx imaie rcgions9r points of 

• weakJnver~ion (1) • accumulation (4) 
• Hat band (2) • threshold ~5) 
• strong inversion (3) • depletion (6) 

(b) What is the O)(ide capacitance per un:it .,rea-? _ _ _ µF/cmi 

(c) On 1hec11rve.below, sketch the high-frequency curves far this MOSFET with 
grounded soutc.e/drnin. 
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t.2 

1.0 

0.8 

0,6 

0.4 

u - - ----- --- ----- -

- 4 - 3 -z - 1 0 

Qu~tioo3 

l 2 4 Vo(V.) 

Lll,bel-in the .. answer" spate-µrovideel above lhe figure- the following MOS capnc­
Jtor band diagraIPS as correspondlng; to aco1.1,mu1'11tion, weak inversion, depletion, 
strong inver,si<in.flat band or thie5hoJd. Use each possibility only-once. 

ll.llswer: _ _ _ _ _ _ 

_ __.._._ E,-
_ ____ ___ _ E; 

El~ 

Si 
..-.c.rgy 

t 
-.. po&ifJO.D 

amwe:r;. _ _ _ _ _ _ 

answer: _ _ _ _ _ _ answer: _ _ _ _ _ _ 
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Question 4 2 Vt; I.S V 
Consider the following MOSF'E _ _ _ _ .,;,.,:_;...;.... __ 

l0 (mA) 

I I 

I.S 

1.0 

---..------,--- Vo(V) 

o.s 4.0 6.0 

II 

1annel de\llce? 

0 2 ng channel or ~hon channel device? 

'°11old volinge V r ? 

• cnhanccrnent-mode MOSFP.T ? 
(a) Is this on o-clwmel or p·.U 

(b) Does this appear 10 be a 

(c) Whal is the apparent thrci-)SFET dccrcosed (improved) by; 

(d) Is this a depletion-mode I e oxide tblckncss? 

ie : substrate doping? 

Question S .me one thinsffac1or/effec1 that limits the extent to 

Ls 1he subthreshold slope of n 1\1 reduce subthreshold swing. 

(11) locret1~ing or decn:a.~ing 

(b) lncreos1og or decreasing 

For each of these 1wo methods, cn1tnre increase, decrease, or leave unchanged (cir· 
which the method can bo used 1 

:nt or a p•n diode? 

Question 6 I dccrn" / 11Dcllangcd 
Would increaS1.11g Lhe dev1re ten 
cle the correct answers): -drain leakage current of MOSFET? 

(a) I.he reverse saturation cu·st<1 de~ue I unchanged 

in.crt-
::C 

(b) the ,ubthrcshold source•. 

incro~ 

I 
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Qu~lon 7 
Ass1;1ming no interface ohru;ge due 10 defec1s and/(1r !rap~ would decretising the oxide 
thic1'11e.-;s/increa'iing the oxidecapacita,nce.of an n-cliaohel MO~FeT increase, dei:rea.l'I!. 
or le.avees.5tJ°!itiaJly 1mc/ia11g111i tl}e-fi:>JJowing para.me\eJ'l, (ci:(llle \he·correct11nswers): 

(a) the flat baod voltage, V ,8? 

increase / decrease / unchanged 

(b) the tllresbold voltage, Vr? 

111crea.~e· / decrease / unchanged 

(c) the subthcesbold slepe? 

Tocrease / decrease / unchanged 

Que$fjon 8 
Consider the following MOSFET characreristie-

-l.5 

-l.O 

0 

I 
I 
I 
I 
I 

--~~ 

I 
l 
I 
I 

2 3 

(ii) Wbatl:s lhe transcomjuou:mce g,,,.nt VO= -1.0V Vn units of mbos)? 

(b) WhaLls t4e.apparen1 ~sbold voltage at V0 = - l.OV? 

{c) Does 1hjs MOSFET, appear to bea longc\lannel or shor_lcha1mel device? 

(d) Is this ann-channel or p-channel clevice? 

(e) Is this a depletion-mode or enh.ancement-mode.MOSFET? 

Questinn9 
A senior [n electrical and compµ1erengi11eering in a device l'ltbricaLion course pr.e, 
sented the following characteristics as-lhose o/ an a-channel MOSFET that b.e. had 
fabricated and charocte1 ized ill a 1:empe:raturo oi 300 K.. 

Petitioner Runergy USA Inc., Ex. 1030, p. 334



• 

10 (mA) 

l.O 

0 

Field-Effect Tri:msislors 

lu (mA) 

w-o 

l(j--l 

10-2 

10-1 

10~• 
-;..----- v-'-0 _.;_-_~_so mV. 10_ l 

0.5 l.O l.5 - 60IJ 

' ' 

I . 

- 500 - 400, 

(a) H we were to believe (his student, would this be normally o.nldep/e1io1.1 mode or 
anonnd/ly ojf/e11Jiarrcemen1 mode MOSFET? Circle one choice below. 

nonnaUy oil / normally on 

(b) [f we we1c to believe this student. would this MOSP.E-T appear to be. a long 
d1a,mel or short c1uumel device? Cirole one . 

long mannel / short channel 

(c) :Uwe were to believe this-student, what would be the ,rubtllcesltold·slopels1ili11g, 
S1 of this .MOSFET? 

(d) This student, how.ever, was subsequently expelled from the university for fal­
sif_y:,ing this data, leaving him with nothing to show for bis years at school but 
huge collecg-e loan debts. What ,clearly pnysically W1Iealistic aspect of these 
MOSFET cbaramecistics (beside.~ less than 6tlloothcurves) should have drawn 
suspicion? 
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