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Surmrary Notes For P-N JuncTions
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2) pn TJunchon Electrostatics

A regien Aep/lefed o mobije charge carriers exis?s in The w'c/m%j of
due o mobile C/)arje carrier redistribuhon

The meﬂi//urj/'cal J'thﬁbn)
(Ao/e! difvgfsfn} infe The n-type rtj/'on/ and electrons d/'%ﬂ;.j

info The p-type resion, /'n/f/'a.//j)

This rgjl'on extends o distance ZP InFo The /'7?pe, s/o{c,/
ond a distance A, Jnto The n-type side.
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For a step J‘wncﬁ'on/ 1he clmrjc—o/(n;:'z(? olish/ butron
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o > X
_?A/ﬁ

mda//hrj;'ca/ J'uncﬁon ot X=0

o r a/wqrja neuﬁa//ﬁ

looks [/ke

Nof& '/7112/'/' ZFNA = 7‘,, ND

=) _nqe o/e’/e-/{py, rejlvoh €)(7[(’Mt?/5 ﬁ:rfher /h?La
the side which is more lightly olgped.




| _ Mor€ /i;lm‘/j a/o/pcac, side,

The C/Mr e Aistributon in ﬂc c/cf/c/wn reron 5/(/::

rise to o non-zero electric felof oistribubon, Z5 ©
which can be obtajned using Poisson’s Equathon: Zx =z

For a $+ep Juh c“‘t'ort/ the ,C/t’c‘/n'c,' ‘/;e/o( Aistibubon £= fzs o

looks like N 2 . - ,

Note: T=0 [nthe .
ﬁkd!l'"eﬂ‘)‘\fd

p-tope ancl nfpe
r‘ey tons

(xs-%p, X>X,)

§/ope =

S

The elechic Reld serves fo counternct fhe dibhosion

of mobile Oha,—je carriers. .

= At equidibrium (Vy=0), there (s no et current fow
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77’)5 &/ZCWIC po;‘(n‘/lﬁb( dl.ﬂ"wkwﬁan /! ﬁé%d/ned bﬂ “"/’03/4}‘)*'9
The elechrc Leld dirhibutron deX

For a S-Fe,p Junc#an, “the e’fc'f\riC-po-/-en-Haé dist>r butron "
looks like Vix)
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‘/‘O 'fl‘c_ \/O/ﬁj& olraprga( aCropsSs ‘H’le o/ep/eﬁan r‘é’j/an R
and that meost of “his vo/—faje /s o/roppec/ across The USRI




TIn equilibrium (y,=0), the +otal voltase oropped across
the deplehon region is equad o the built-rn potential Vy,
which is due +v +ne work - funchon difference betueen

the p""ppeﬁ and n—‘l'ypa regions:
.= E. - E + - . )
?VLL ( ! F>P-g,'o{c ( EF El )V\-S)’GIC

, - i Eg/2 o/ejenaafc p-Side
where ( - F)p—side B kT,éK(NA/nZ) r?on-d(?é’ﬂffﬁ"/ﬁ /D—Sl'c{&
‘e ) Es /2 Aegene rate n-side
- E; ., = .
F h-side kLo (ND n;) . non c/egfhé’r’df n-side

k Na N,
IF both sicles ave monvp/ejenem#c/j ﬁ/apw(/ Vb,’ = %éh/ 2/;:)

When an edernal bias Voltagse V, # 0 /s appliesd, +he
+otal l/D/+Qj£, drorPea( acrpss The Juncﬁbn /'s Vbl — VA i
VA is detrned A be pafil/?'VC whtn The voltase applred +o

+Fh e P—sl'a/e /s 17/’5/12r Yhonrn he vo/ltase Qiof//é’o( 4o Fhe n-side:

. / g ¥? IV n .
Quafl-neu*m/ r'ejfou /!P eﬁdg<;€50 ) a}uan—'nll"fw"[ f'eg’/o" )
A ,

L (€ is Verysmwa)

(€ is very small) 7y
i
10~ |36
'@ @@ (D! . ,
+ \7 97 @@f
D/rrm'c c‘byﬂ‘acf 0),”4441: C“On-/'a.c'f’ Ify /) '0)
(excess carritr concentvs ons =

(excesscarrsen
COMCQM’/'YCH‘.JMI = O)

Note ‘H/m/% a PDS//?]/(L VA’ Serves 7"79 CDM/’I?‘(.’IQCL‘F +he.
b“//?/"/." /907‘8/17/7?3/ Vi . [ﬂ/'f /s w/r9 +he Fotal l/a//’aj(;
a{rofpca/ across The junchon /s reduced by VA')

A y)eijiv& \/H serves F» reinforce the builtin fm‘enﬁb/.
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A Ffusion across the Junchion is reoduced by V/}'

C“V"Ierf wn"ﬂ )<me7’7c énerjc:) sre:z-/'ek ‘/‘f'mn
%(\/bl > Ccanr o//fﬂse ACrDS S 'ﬂtLand70n

o e b i et

Inee ‘}L‘a Carrier 0(/5’/7’/éu‘ﬁ0n5 /n -ﬂe VQ/CHC(__
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energy e ceate Fhan 9(Vei V) /ncreases

,expm\en{—m//i w it MCreasznj VA
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\/A< o' ‘"reverse bjas”

Totad voltase drOfped across The J'w-;cﬁon /s ncreased:

=> \/e'J fcw’ mo bile CAﬂrjt carviers can oAidfrse
across the Juh chon. Minori carriers which
l\a”;en to Aiffuse  jnto Hre o{efle/ian rejl'On
are swept across The J'«hm‘)‘an ("collected” jnto
“hae qua)’ivne(/t'f/,a/( )’(’)ﬂfOnS)/ COHS'Hﬁ/(ﬁ'nj +he
only sigmﬁcm—f {nejw/{vc) current whick Fows
across the J(bthC’Hdn.



el Note Jhat Vi decreases with incréasin "y doping

-.. 'nqg WIQI#A a‘v[\“hre o/e,a/e#on re‘j{on }5 Cl‘ldnj(ﬂ’ accorp//';?j/y:

..,-;. PSS ; -\/255(\/b: \/A){ +__._

. ,n_._,,_.. w - XF + x'n - ? NA ND
-_. /\/a‘ft ‘ﬂuw{' W rncreases wuifh reverse bras aiel Lecréase:

/

e with Aorward bras.
| 2 (Ve V)
cram PPy a one-sided }'unc-/l'a",, . \/—S ~ 4

W-, where N = pnet dvpan*/ Concén?‘»/a/)?n on //:5/17*/34/9,?6{ Side

I | PPN
L The peak T-Felof is /2[;(:0)/3 N (Vi) T

Ss st vy ceamd

e 77"¢ JuncﬁOVI w/// b/£<‘.,éa/0wn Nun/fr reyerse A/«; /1£ L
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3) Excess MinoriTY CARRIER FroriLEs IN A P-N TuncTion

£ s

X

t _ excess minori'l'?-carriea
sNp | \g 2P (—{Proﬁl'lcﬁ In a long-ba:
‘% ' diode under foruwsers b

= | L
~Xp Xy

Depletion- Edge BOMndqrg Values :

Va n |
4 /kr"l) Recall the Law of the Tunchon'

#Va/kT

An, (=%p) = npo(e
pn= ”/’-C

ik
)

ADPy (Xn) = Puo (e 4 =l ‘jﬁvrqughm‘f’ a/ey/eﬁ‘tm region

npo ) PF“’ are eaéf})}bflum mmor‘n"‘j‘carn,er &{Eﬂﬁf‘!’lﬁﬁi

N, (X) and p(x) are found bg solving “the m)‘narﬁg-carr{er

diffusion equations in the quasi-neutral regions

(e ?v‘/kT’_' ) C* (x+%,)/Ln

An?(x) = Npo vac'dc ( X < —xp)

Va/kr F(x?x L
¢ T)e n)/‘P

AP,N(?‘):PW(@ n-side (x>%,)




4) P-N DiooE T-V CHARACTERISTICS

cu rren-f-

g densites n
A
T
Componenfz of current
-« {/'n a long-base djode
under moderate forward bias
- - +
T=Tns e J”d# * J;dr.',f.; j;d:# * J;oln#

‘To(if,f ¢ ﬁ"aO//em” op Carrier concentraten
Taeifs % rnaﬁm'v‘ua/e of' carriec concentraten

M'}’\D"Ny' carrier cancenﬁaﬁbns are \/!/9 Jow
=> neglect :7;/;//#;‘ 7€" m’-’m"'"j Carrifrs ¢
: = A _ oanp
P'l‘glon : J-n N J:\p(,'ff B ?‘Dﬂ Aax = ?, D, olx
on' = J = - apn . _ dApn
n-region J;’ TSt T ?Dp Ax }Dp Ax

Ajsuminj no thermal R-6 in o/ep/cﬁbn region,
T %) = T, (%) (also: T (%)= Ty (%) )

Since Total current Flaw:'nj in diode 15 constant,

T=3,(-%) + To (-%,) = T, (-X,) +Jp (%)



V/k'r (x )/ Lo
Lang« Base Diode: ang (x)= N (C} v

(e 9,\///«’) o (X=%,) /e

apy (X

T l-%,) = ?D“(Na (5?%”“ >(L )]

‘ l'z Va/kT 4
o (%) =455 [%;, (e P4 L’,,)]

Dn J») V, V.
_ e o/l gVa/kT
J = 3'""1(1";1/\/4-’- LPN&(](eZ/ -1 =j;(€ "l)

5%0;4— Base D».Oc/(’. :

[Z
J= ?,n,'z' Wf;'\’a de

a/kT ) - (6 ;\/q/k'r—')

[

where W,
Wy

width of quasi-nental p-type region (W, -x,)

t

wWid+h of guasi-nentrad H"/'gf{ rfjfan (\A/N-x,,)

Note that diode current is dominated by The term
associated with +he more //ghf/ﬂ Aoped side;

?,ﬂ (LPM,( lang-ba:c roofe

ptn dicde \7;':{

?’”iz ( wh’,Nd) short- base diodc

7")"2( T.%%; ) Iongabase drode

nt d/A : T ~4 ‘
F ac{c ’ g z’nfz ( |,\,j;",\,"L short- base diode



de.: The current '/./owfr:j across The J'uncﬁan
consists ,orimmq./; p./‘ carriers /}17/'857%0(
fom The more heaw/j Aoped s1de oF %td'uncﬁbn.

Lz

v n;% n;
j:a("x'o) ~ /Na J;(X.n)"’ /IVd

/

ptn diode (N, >>Ng): T =T, (x,)
nt p drode (Nd>>Na.): J-ZJ;('XP)

Nore: The excess majam'-/'g—car‘rier' concentrafion prmq'/es

are +h8 Sameg 4s 7Lh£ excess m»’nori%;-ca.rr{er CDncerH’rq‘hbn

pro#iles) Fo maintain charce neutrality.,

(e APy (X)=an, (X) p-side

Any(X)=aPy (%) n-side

=> MaJ'ong«car\rier current will have a difhusion component
(COn-)n'bu-Hnj current in the dicection opposife fo the

drift component).
nesahve, increasin onenhedly /n magn/%«/c,
/ 4 I—/wmﬂ/ f}.j?m,. J

j;’ (x) = J;dncf i J;drh[‘f P'Sldﬁ

J;-, CX) = J;dlff 'PJ;'dr'# n—SIdc
‘\ngga:fivc, increasing exponen/);;j/ﬂ jn magntude




3) MiNnorITY CARRIER CHARGE STURAGE IN P-N Diope

£

Note Yhat the minorHvarrier
charje stored in the diede
is dominated bv the componeat
on the lePrHJ dapca( side:
ptn disde : &y >> Qn
ntp diode: @n>78p

> X
minoriy - careier
recompinahon ifehmes
Wy 0o T n* Va/kT v
- _ o B N, FHK _
Qp'?'/x AP,.,(X)/X = ¥ Lo Ny (‘5 -] = J;,(X,,)Tp
Wp 0,Y% n?* aVa/kr
Q,,:‘?-/_XPM,,(X)JX =t L Nple 1) =T, ) T

C harje - control model:

Currentds 5upp/4 ohm:ja o maintan the
eXCess m(nOrHy-carrier prmci/es. (This c}m@c

1S consumed b@ rccombinaz‘han,)

X
Fp (%)= 7 L
: (5+ea49—5+d¢ conditions )
&
T

Tn ('X'p) B

% For short-base diode: replace 7, , Tn with transit hme
72 s 2
Wy Wp
T, G 2D, for holes | %, = zb, ﬁ:r clechons

r
«.f,‘,/:- 3




’-/') P-N Diope DiFFusioN CAPACITANCE

Co = /%/ (F/am")

For a one-sided diode, we can consider The

excess m»'norflg—carn'er charge stored on the Iijlq-f/;
doped side Pr;‘mam‘lg :

ptn diode Cu= rr €

@, = {%PN(: LP 7€V /on;- base drede
i ?Pne ("I;E'B) for short-base iode

* C4f is negligible under reverse bias
(R is very small )

* Cx Increases exponentrally with V, under
forward bias

5) P-N Diobe CoNDUCTANCE

dT % [/ % Vs
T pa/kT &
9od = AV, kT Jo e =k (T+T) ¥ kx T

t
-

. .. R | .
diode small-signal equivalent ciecurt "Zi %léd %CJ /r‘Ca(




6) P-N JuNcTion D10DE © DEVIATIONS FROM THE TboeaL
a) Reverse Bias (V. <0)

Larrier concentrations are reduced below egurfybrium

values 1n The depletron region :

\/A/k'r
pnc: n,"‘e, * < n

2

= there will be net aenerafion n the deple-ﬁbn reqion

The generofed carriers will be swept out of
the depletion region due o Hhe electric feld :

6/(0‘/7’0/)5 e /)«7‘(7fe ;/e:j/on
holes —> f’fype region

Thus, the net 3entratron resulds in additronal

neﬁaﬁ've diode current : e

2.4n,
I;"“ A Wde/’

L [ (€¢-E;)/kT (e,--a)/k-r]
Where ,To =KX TF 4 + ’Z‘;) e

_ . A A
"recombindtion /l1£€7‘7m¢1




b) Forward Bias (V, > 0)

Carrier concenhrabons are 1ncreased above

equilibrium Values n The depletron reqron:

_ z ?’V‘L/k‘l’ 2
pn=n; ¢ zn;

=> there will be net recombination in the deplehon resion

The net recombinahon results in an adoihonal
pos[-ﬁve Aiode current

37 1 Way £\
I = 27T, CXp (;?—):;

r

* This addibonal component of current s
signiticant at Jow current densibes (V,<6315Via sz)
N g Va diodes
because (I,,/I)"’ exp (- ET?)

Since the divde dittusion current
is proportronal 7 1> (Bom ideal diode
cquation) and The reécombination carcent
15 propertional o ns (Ir/l)ﬂz'n"‘.‘

= I, is neshsible in Ge drodes,  and
I, is neﬁ/,'j,'é/c yn Si dodes at ¢/evated Femperature.



A+ high Forward biases, addihonal etfects become

l'mpor'f‘an‘f :
t) Series Resistance

"'VOHaﬁe opplied across The junchon s
ceduced om \/&/ due Fo the voltage

drops across the quasi-neutrod regions

o-'c Yhe diode:
VJ' = VA - IR;

(1) ngh-)wel )'nJ'ech'an (HLD)

Carrl'ef concentratfion prnpi/c,f undeyr HLI :

[og scale
A n,=an_ +n__ >n (Np, =Ny )
PP J' ‘ n n no no ne — d
|
[ ) P
i 7

v As \/A, I's ’”6(64560(/ excess m/na/"vy and mgb//i’v

corrier concemtrafons will increase,




#Va kT :
str many = e (FHT) s

FYa/kT .
AﬂN :APN = PNO (e -—/) n-side

For moderate V, *

APP << Ppo = PP <z Pf’” = /\/4~ P-—sm/c

1t

Nyo = Ny n-side

an., << p => Ny p

No

(.e. ma\}'or[‘/?'cmm'e/ concentrations are not
sigmé'can-f/? fncreased above equilibriam valnes

] . . . /, .« . N
- '/0w~/el/e/ /nJecf;an/cana///wns ’oret/al/

For large, Va;

As V, increases, the side of the Junchon which
/5 more /;'5/»7‘/2 a’a,oep/ will reach MHLI conditron :
any 2 ny, = ng > ng,
i,e, The maJ'oriv‘Q'carn'er concentration s
Sijnﬁﬂ?‘(‘ﬂmvb/g /)76/¢A$€4 abm/e e9u:7/£r/um

value .

= < /gm'ﬁ cant gradient I ma J'ﬂ/f-@ ~carrier f/mq'/t




Net effect of HLI is 4o decrease etfechieness
of V,; in mcreasmg diwode current :
Ir ~e Bz at high biases
(Vo within a few Fenths
of a Vol of P )




7)Diobe TrANsSIENT KESPONSE : TurnN- OFF

—_ A
+ - vF
+ —_—n
v; ALY >t
- _vk | e

YRS

_l
R
RS

Uy ()
/ﬁ :

-(;5 : s+br43e o(da.} +Hme ‘i/% decreases asap, (xp) decreases

-\ —t

s

In order 4o turn the diode off, the excess minority
carriecs (injected intfo the 7uasi—nem‘hm/( regions under
forwsard bias) must be removed: e
= by net carvier -rCIow, and Jor
- by recombinaton

Ay
Consider a one-sided (p*n) diode: At = !

7]
dittecential equation for &

&
TP



Deca«g of stored hole clmrse inside a ptn Aiode :

Pr
A
w70
% Remember Fhat the
deplehion-edge wandarg
value ofap, is
related to vy : t
a/kt
2P (Xn) = Pap (" VX7
p Pro ) ? .

= iibpn(xn)>0) vo.>0 %n .t;«ts

dop,,/ _

* slope o-ﬂpn at X, Z;x-x —;T,TEP j:nsfanffan:posiﬁv
" A < s

Tr
+ storage a(elag Hhme  t5 % U In (l'* i)

(deﬂrminea( bg SO/VMS dtfecenhral equation hr
QP, then ﬂf/)i’ﬂxfmwf/‘nj &P (‘f‘s) = 0)



8) DiopE TRANSIENT RESPONSE : TurN-ON

((4)
N
+
l$ 'v;(_t) IF
- o .y
Va(t)
0 .
kT (:7;-5 , ) / Vy increases 45 apy[%.) increases
Von 7/" Tt Von 1
>t
Butld-up of stored Cl’mrse inside a ptn diode:
4Pn
A
@
+ At — LI — T, t>o
— % .
Ko
) Aspy ¢ .
* slope O‘FAPN at X, °  Ax o~ - ;}To: constant, negative
for t>0
kT T -t |
Uy (1) = 9 /&1[/1" "_-ff'(/'c /TP)] (determined by s0/ving

D.E. 'A?r' &P, ﬁPﬂ/yfns
bouna’anJ condibon

2 Time required 4o turn on digde = Vp Up (@)= Vpy )



8) SUMMARY OF TMPORTANT CoNCEPTS

* Under torword bias, m/harh’; carriers are
injected into 1he quasi-pewtral regions
of the Aiode.

Current -//ow/ng across the J'unc‘h'on Is
Comprised of hole anod electhon current componernts :

D, ;=
:)’,, ('7(,) ~ L, Ng < parameters associated w/ P-Sia’é

T order 4ov one of Fhese Compm(nﬁ -+ a/ﬂm/}m/‘/ﬁj
The Junchon must be ﬂfymnnf//'ca//j aéﬂc'd
(ie.: need & one-sided Jlmc—/?’an)

P+n djode (Na>>Nd): \_7;>>J; bence T::j;

nrp diode (Ng>>N,): T, >>T; hence T=J,

¢ Note: The sjdeal diode egom/fan stipujates +he

relohonshyp between T, (-%,) ana T, (X,) o

Jn Dn LP Nd
JTp  Dpl, Na




Therefore, i+ some holes - are forced o flow across Yhe
*Po.fwa./a(«ba’ased J'uncﬁbn/ +I’1¢n e/ech/ans mus-/' a/so
be inJ'ed'ed across Phe J'unC-h'ﬂn.

© Under revecse bias, minori-Fg carriers are

collected into the 9uasi - neutral regions
of the diode.

anori%? carriers within a ﬁ//#ﬂs/on /en37’/1
o-p +he o(eple‘hbn re\gian will 0/'“#101156 into
the deplehion resion, and then be swept
across the Junchon b(7 the eleetric beld:

> n-side

€)ec’b’ons on P—Sl‘dé,

holes on n-side. — P'S'.de

Current f/ow,'nj in a reverse- brased diode
depends on The rate at which minority
carviers are supplied in The guasi-neutral
resions  (within & diFtusion Jensth of the
depletrion region )





