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' 
7. J Re\'er-;;eApplied liias 

Object ive 

To calculate the space charge width and ch:Clric field ln a po JUncuon. 
Co11~1der a .:.i lico,1 pn junclion at T = 300 K with <loping rom;c-,m1ro1ic.113' of N" = 

101"' cm· 1 and N4 = 10'' cm \ 

■So l ution 

lo r'.):ampfo 7. I. we determined the built-in potmlial banicr a~ \11>, = 0.635 \I. From Equa­
tion (7.31 ), the space charge width 1~ 

II'= 12~, \/-, [,v• + N•]J'" 
e N,,Nil 

= 12£11.7)(8.85 X 10 "J\0.6J5) [ 10'• + JO" ] ) O/ l 

1.6 X JO-" (101•)(!0") 

- 0.95 1 ~ 10 •CU)= 0.951 /101 

U':>ing t::quations t7 .28)and (7.29). \\t! can find rn= 0.86.i µ m. and x,. = 0.086 µm 
The peak ckctrk fo.·kl al lht· rnt.:Wllurgical junction, u1;ing Equation (7. l6) for cx~m 

pk. is 

. eN,x. - (1.f. x HJ-"HIO''J(0.86'1 x 10 ') 
E . = ---· - --'------'- = 1 . 3 4 x Hl V/tm 
=• f, (11.7)(8.85 X 10 ") 

i 
I Comment 
1~ peal elecrnc. hdd in ,he :-pace <:hargc: region of II pn juslction i:-. quite large. \\c must 
k~l) in mind. ho,,e"er, that there i$ no mobile charge in 1hb regi<.rn; hi::nce there '"ill be no 
drift current. Wr: may al>o nolc. from I his exampk. that the ,1;·idth of each spacr chttrgc region 
i-- a ~ciprocal limctian of the do1,mg c.onccntration: The dcpkLion regiorl will extend funhcr 
um, the lower•doped region. 

TEST YOUR UNDERSTANDING 

Kl.3 A silicon !)njunction at T = 300 K ,, ith 1.i:-ro applied bia~ has doping concentration:-: 
('If Nd = S x lO'" cm-, and ,V,., = 5 x 101.1to c.:111 -

1
. Dc1cmliue .tit , x,, W. and IE-. . 

(tUJ/A rl)l X srr = tt:Jl-~, •111:,) O! X ,s·v ~ ,u 'UJ:,)1,, -0l X l l ' v ;; ":< 

·w, •-01 x Ir~ '" "x ·,uv) 
F.'.'.4 Repeat c7.3 for a GaA< pn junction. (WO/,'\ ,01 x 98C = l"":l 

·w, f 01 x 91°9 ,,,11 ·w, ; or >< 09·~ - ·•x ·m~ ,-01 x !1.H = •r ·,uvl 

7.3 I REV~: RSE APPLIED BIAS 
11',:c apply a potential between the p and n regions. we will no longer be in an equi ­
librium condi1i1m- 1he Fermi eoergy level will no longer he constanl through lht 
system. t- igure 7 .7 shows the energy-band d i(l,gram ()f 1hc pn j unction for the case 
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CH AP TER 7 ThepnJuncc,C/l 

p 

---- £, 

Figure 7.7 I Energy-band diagram of• pn junction und,T 

re\ er-:e hias:. 

' 

\vhen a positive voltage is applied to then region with res:pect to the p region. As llr 
positi,·e potential i~ downward, the Fcnni k\el on then side is belo,v the Fenni level 
on the p side. The difference between the two is equal Lo the applied voltage in units 
of energy. 

The tocal potential barrier, indicated hy V,"''' has inerca,e<l. The applied potell• 
tial is the rcvcrsc•bias condition. The total potential harrier is now gh·cn by 

(7.32) 

where Vµ is the magnitude of 1he applied reverse-bias volcage. Equation (7 .32) c:m 
he n:wrinen as 

(7.33) I 

where v,, is the same built-in potential bainer we had defined i11 them,al 
eqmlibrium. 

73.1 Space Charge Width and Elcetric Field I 
~igure 7.8 shows a p11junction with an applied reverse-bias voltage VR ,Also i11dicated 
in the figure are the electric (icld in the ~pac;e 1.:harge region and ,be electric fie.Id E11r.r• 
ioduced hy the applied vohagc. The electric fields in the oeutral pand n regions are es• 
scntially £cm. or at least very small. which m~-ms that the magnitude of the clcctrk 
field in the space charge region must increase aboYe the thenllal-equilibrium value 
due to the applied voltage. The electric field o riginates on positive charge and tCl1lli· 
oates on negati \'C charge; this means that the number of po.<.nivc and ncgativc charges 
must increase if t.he electrk. field increases. for given impurity dopingconcentrations, 
the number of positive and negative charges in the depletion region can be increased 
only if che space charge width W im:rca~cs. The space charge width W increases, 



7. 3 Rev,,rse App· ed Bias 
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Figutt 7.8 A pn junction, wilh an applied rc"crsc-bia.'> 
vohagc. showing 1he direclioos of the electric field induced 
by V • and the space charge electric field. 

Iherefore, \\ ith ar\ i1\cre:1~ing reverse bias voltage VR . We arc as:,.uming 1haI the elec• 

tric field in tht· hulk n and p n:gions is zero. Th is assum1>tion will becomcclcarcr in the 
next chapter when we discuss the curn·nt-vohage characteri~tic,. 

ln all of the 1,revious equations. the built-in potential barrier can be replaced hy 
che total potential barrier. The total space <.·barge: wiJrh can be ,,rl11~n from Equa­
uon (7.31)a, 

(7.34) 

sh0\\1ing that the 10Ial i-.pace charge \•.:idrh increases as ,vc :'lpply a rever.-.c>bi.:is \.Oh­

agc. By , ub,tituting the total potential h,rrier V,0 "" into Equations (7,28)and (7.29), 
the space charge widths in the n and p regioni-. re~rectively, can be found as a func· 
tion of applied revcrse-bia'> voltage. 

Ohjective 

To calculate the. width of the space charge region in a pn junction when a re\·er::;e.bias voltage 
1<applied. 

Again con~ider a silic.on pn j unction at f = _\00 K ,.,.i,h doping concentrations of 
N,t = 1011• cnr3- and Na = 10'' cm' . Assum~ that n, = 1.5 x 101

1) cn,-3 aJld lei Vk = 5 V 

•Solution 
The buih-in po1en1ial batTierwas cakulated m Example 7.£ for this case and i:,, \.'..,, = 0.635 V. 
The ;pace charge width is detennrned from Equatinn (7.34).Wc have 

\V ~ f2O 1, 7)(8.85 " 10-" )(0.635.,. 51 [ 10'6 + HJ'' J j '" 
l i.6 x 10- 'Q oo•ei ,t io•5 > 

W = 2.K3 x w - J ..:m = 2,8J Jon 

1£XAM l'Lh: 7.3 



CHAPT ER 7 The O>Jtutction 

■ Comment 

The space charge width has increased frorn0.951 µmat ,ero hia< 10 2.83 ,,mat a rc'<m· liis 
of: V. 

The magnitude of the electric field in the depletion region increases with an ap 
plied re,•trse-bia, voltage. The electric field is still given by Equation, (1 .14) and 
(7.16) and is still a linear function of distance through the space charge region. Sino: 
.t,. and x, increase with reverse-bias voltage. the magnitude of the electric field also 
increases. rhe maximum electric field still occurs at che metallurgical junction. 

The maximum electric field at the metallurgic-01 junction. from Equations (7. 1JI 
and (7.16). is "I 

E • ..,. = -eN,x,. = - eN.xe (?Jj 
< \ ( ~ 

lfwe use either Fqua11on (7 2R)or (7.29) ,n con1unc11on w11h the tota l pocen1tal bar· 
rier. v., + VR. then 

\Ve can show that the ma:icimum electric field in the pnjunction can also be written as 

- 2(V.,+ v.~ -
IV 

- --- -
(7..17) l 

where Wis the total space charge width 

-------~--------------------------------' OESIG~ 
EXAMP LE 7.4 Objective ~ 

To des_ign ~ p.1 jun~ion to n~ n~imlDn electric fiitld .aoo voltage spcc.ifications. . 
Cons,dt-r a Mlicon pi Jtuicuon at r = 300 K with a p-cype dopu1g concentrauon of 

;v., = t 0 ·

8 
<.:.m - ·'. D,.:.lCl'utinc lhe- tt-type doping conccntrnlion such lhaL tht maximum clcaric , 

field i; E.-1 = 3 x lo' V/cm a, a reverse-bia; voltage of v. ; 25 \" J 
■ Solution ~ 
The- maximwn clcc..tric field is !,ri\·cn by Equation (7.36). Neglecting v,..,. compared to v"'. wt 
can v.Tlll· 

or 

3xl01
- • ' {

21J6xlO "'H25) (JO"•N )J ''' 
- (1 1.7)(8.85 > H)· 14 ) 10" -1- N, 



260 c HAP TE R 7 The pn Junctloo 

From Equation ( 7 .64}. the paramerer m required 1s found frMu 

I 

or 

--- "'2 
m+2 

A spcci f'rc dop1 ng pr<i tile will } idd 1hc desired capacitance charactt:ri-.lic. 

7.51 SUMMARY 

(7.<xi 
a 

(1.66 

■ A uniformly doped pn junction was ini1ially consldered. in which ooc n:gion of a 
semiconductor 1s uniformly duped wi1h uccc:ptor impurities and the adjacent region i~ 
uni formly doped with donor impuri1ics. Thi~ type of j 11rK11on is called a homojunc1ion. 

■ A space charge regil)n, or di::plc.:tic.m region. is formed on either side of thi:: mt:talhir!-'1C:.il 
junction i;.eparaling 1hc n and p regions. I his region is es.:.entia11y tlcplc1cd of any 
mobile eleclrOn~ or holes. A net positive charge den;;il) . due lo lht: posith-cly charged 
donor impurity ions, exists m then region :::ind a nc1 ncgattvccbarge. densi1y, due lo lhe 
negat1\ely charge.I ucci:plor impurity ions. exists in the p region. 

■ An dcctric field e:\isu. in the dcplelion region due to che net space charge: densi1y. The 
direction of 1he electric field is from the n n::giun 10 the p tegwn. 

• A potcnlial difference exists acros,:; the c.pace-charg,e region. Under zero applied b1ac., 
tlus potential differencc. known as the built-m potential harrier. mitin1ains lhermal 
equilibrium and holds back majority earner electrons in the n-region and majority 
carrier h()lt:"- in the p region. 

■ An applied revcr:;,e bia~ vollage (o region posuive wnh respect to the p region) increased 
lhe potential barrier. incrcasC"- the 5Jiace charge \\ idth. and incrcasc-s the magnitude of 
lhc electric field. 

■ As the reverse bias voltage changes., the amount of charge in the depletion region 
changes. l his change in charge "'ith voltage defines the juncuon capacnance. 

■ The linearly graded junc:tion n :prescn1s a nonumfonnJy dopl?d pn j unction. F.:\prcssiom, I 
for thcekctric field. built-in po1eruial harrier. and junction capacitance were deri\ed. 
The functional n;l111ionsbips differ fro111 tho~e of the uniformly doped j unction. 

■ Specific doping profiles can be. usc.d to obtain specific capa!;ilance chamctcristics. A 
hype1;1brupl junclion is one in which the doping decre.ao::e~ a,,ay from 1hc mcla)lurgical 
junctior). Thi:-. type <J ljonclion is advantageous Ill vuractor di()de-. that an: used in 
rc'SOrulnt circuil~. 

GLOSSARY OF IMPORTANT TERl\-1S 
ahruptja.t1ction ;.1pproximation l he assumpti<Hl 1ha1 there is an ~1brup1 discominutt)' in~ 

charge density between the. space charge region und neutral scmiconduc10r regi1)n. 

bui It-in potcn1ial bat ti~• Tl1t: dc-ctro~tatic potcnti:tl difference between the. p nnd n regions 
ofa po junction in them1al equilibrium. 

depiction la)1er capacitance Another 1ern1 for junction capacitance. 

depiction region Another term for space charge region. 



hypcrabrupt junction A pn junction in "hich 1he doping concentrauon on one side de­
creases away from the metallurgical junction to achieve n specific capacitance-\ oltage 
cha.nictcris1ic. 

junclion capacitance The capacitance or the pn junction under reven.e b1a.<:. 

linearly graded junction A pn junction in which 1be doping concentrationi. Oil either side of 
the metallurgical junc1ion arc approx11na1ed by a linear di~tribution. 

metallurgical junction The interface betwe<n the p,- and n-d.oped region~ of a pn junction. 

unc-sidcd junction A pn junc1ion 1n which one side of 1hc JUncuon is much more hca\ily 
doped than the adjacent s ide. 

reverse bia.s The condition in which a positive voltage is applied to the. n region ..,,,ith respe.c1 
to the p region of a pn junclion so that the p1)te1Hial barrier between the two regions. in­
creases abo"'e the thcnnal-e.quilibnum built-in polcn1ial barrier. 

!ipacecharge region The re.gion on ci1hcr side of 1he metallurgical junction in \\hich there 
1s 3 net charge density due to ionized donora in 1he n-n:gi1.1u and ioni1.ed acceptors m the p 
region. 

~p;J("e charge width l he width of the s.pacc ch:.ugc region, n funclio11 of doping conccntra• 
lions and applied \'Oltage. 

rarac.rnr diode A diode whose rcact:mee e:111 be varied in a c:.untrolled nHl.nner \\'1th bias 
\Olt.a.g_e. 

CHECKPOINT 
After sludying 1hi~ chapLer, the reader should have the ability to: 

I Describe wh.y and ho" 1hc :-.pace: charge region 1s formed. 
■ Draw the energy ba11d diagram of a zero-biased and revc::r..c-biai.ed pn junction. 
I l)efote and denn the expression of the buih-in pocemial barrier voltage. 
■ Derive the expression fo r the ele.ctric field in space charge region of the pn junction. 
I Oescribc what happens to lhc parameters t)f lhe ~pac~ charge region \\ hen ~ ~vcne bia-:; 

,uhage is applied. 
■ De.tine and explarn 1hc junction capm.:itnocc. 
■ Describe the characteristic!. and propenies of a one-sided pn junc1ion. 
I Ucscribc how a linearly graded junction 1s formed. 
■ Define a hyperabC\lpt juoctiun. 

REVIEW QUESTIONS 
Define 1he boill-in potc::nlial "'ohage and describe hov., it mainlains thennal equilibrium. 

Why is an elecuic field formed in the space charge regiun'! Wh> is the electric field a 
linear function of distance: in a uni forrnly doped pn jun-ction·~ 

J. Where docs the maximum clt!ctrit.: rield occur m d1c space charge region? 

4. \\'hy is lhe space. charge. width larger in the lo\\-cr dopc:.tl 1,ide (lf a pn junctton·., 

S. \\'hat is the funct ional dc:pendc:m:c:. of the space charge width on reverse bias voltage? 

6. Why docs the space charge width im:rea,c: v.ilh n!,erse bias \·oJtagc·? 

7, Why docs a capacitance exis1 in a rc.,erse-biased pn junctton·? Why dues the capacit:mci: 
decrease with increasing reverse bias \ultagt'! 




