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EE415/515 Fundamentals
of Semiconductor Devices
Fall 2012

Lecture 7:
PN Junction
(Chapter 7)
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\lfigure 7.11 (a) Simplified geometry of
a pn junction; (b) doping profile of an

Figure 7.2 | The space charge region, the electric field. and the /
ideal uniformly doped pn junction.

forces acting on the charged carriers.
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Built-in Potential Barrier

~

Figure 7.3 | Energy-band diagram of a pn junction in
thermal equilibrium.

o

Define potentials ¢, and ¢, asshown,so

Vbi =‘¢Fn ‘+‘¢FP‘
E. -E.
Inn-region n, = N_exp——: F —n exp—F Fi
g 0 c p KT i p KT
N,
S0 e, = Ep — =kT ln— = de, ___kll
and similarly
En —Ee kT
Py =N, =n, eprT:¢Fp ——+?1 ni
SV =k—Tln&+k—T1n&=kl1HNa7’jd
e n e n; i
Note :

N,, N, are NET doping in n-, p - regions respectﬁ/
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(o

X 7.1 (a) Calculate Vbi for a Si pn junction at 300K for:
(i) N,=5x10'5cm?3, N4=101"cm? and (ii) N,=2x10%cm?3, N;=2x10%%cm3
(b) Repeat (a) for GaAs

\
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Space-Charge %=—M=—@ (Poisson'sequatih

& dx
(depletion) region s =-eN, for-x, <x<0,and
p(X)=+eN, for0<x<Xx,
p(x)dx:—J%dx:—ENa
gs

P {C)’cm-«‘)
In thep-region: E = J
P n &

+eNy andif E(-x,) =0 then C, =~ "ha

X

s

—Xp & E=—%(x+xp) for—x, <x<0

S

+'IL.FF
Inthen-region: E :J.de :J.%dx :%X
85 gS

&s

+C,

eN,

—oN andif E(x,)=0 then C, =—

a

Xn
s

& E:—%(Xn_x) for0 < x < x,
&

s

Charge equality = N;Xx, = N,X,
Figure 7.4 | The space charge density in /

a uniformly doped pn junction assuming
the abrupt junction approximation.
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Space-charge (depletion) region

E
P 1 n £ o N
—x x=0 +x

P n S

(x+x,) for—x, <x<0

eN

E=-"2(x,—X) for0<X<X,
gS

E continuous atx =0

eN, « __eN, «

- n
P £

= —

&

S S

= N,Xx, = NyX, (chargeequality)

N N
Max field E(0) =—~2x, =— "y
& &

S S

Figure 7.5 | Electric field in the space
charge region of a uniformly doped pn

\ 'uknction‘ /
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/Space-charge
(depletion) region

N
Ezfe—a(Xerp) for—x, <x<0
&

s

eN x=0
E=-"2%(x,—X) for0<Xx <X,
&s Figure 7.6 | Electric potential through the space charge
region of a uniformly doped pn junction.
. eN eN, x°
For the p-region: ¢(x):—IE(x)dx:.[ &(X+X,)dx=—=2 (7+pr)+C1/
gs gS

N, (x+x,)?

eN, X,’ e
Set ¢(-x,)=0, so C/l="2" & ¢(x)=
& 2 2¢&,

2
For then -region: ¢(x) = -IE(x)dx = J.%(Xn —-x)dx= %(anf%ﬁ—q
gS gS

2
Now ¢(0,)=4(0,), so C, :%xp2 & g(x) = Mo (x x-X) , Na X’
2¢&, £ 27 2¢
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, eN, . eN,
K Since ¢(-x,) =0, V, =¢(x“)=2—g:xn + 2. X, /

p (Clem?) R
. d*¢ p(X) dE(X)
P n N, X, =NyX, (chargeequality) & P _T Bimarva

+eN,

p(x)=-eN, for—x, <x<0,and p(x)=+eN, for0<x<x,

N N
e—E‘dx:—e—ax+cl

e In the p-region: E = I& dx = —J
85

gs ‘(“S
eN

N
- andE(—xp):O:CI:—e Ex, & E=——%(x+x,) for—x, <x<0

& &

eN eN
In then - region: E =J&dx=I—“dx=—“x+Cz
SS 6‘S 6‘S

TX "

N N
. e e and E(x,)=0=C, =— 0 x & E=-"¢ (x —x) for0<x<x,
P n s &

| s s

e

eN
Epp =X, =——2X, atx=0
s gs

eN eN
E(X+x,)dx =
£ &

eN, )
X+ X
255( o)
eN, (X, —x)dx = en
3 &,

s

eN,

55
eN eN

4 x, +——2x,’

2¢ 2¢,

s s

For the p - region : ¢(x) = —I E(x)dx = I

2
N, X
T & g=
£ 2

s

Set ¢(-x,)=0, so C, =

For then - region : ¢(x) = -_[ E(x)dx = I

eN,
XD

2
Texy’ & g0 =T x5+

Now ¢(0,)=¢(0,), so CZ/ =
2¢,

2¢,

Since g(-x,) =0, V,; = 4(x,) =
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a (%+xpx)+cl’

d XZ /
(x"x—7+)+cz
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Space-charge region width

o x = 26V N, 1
Ve NG NG NG]

o 28, ° 28

s

2¢V,. N
s xpz\/@.id. 1

N,

e N, [N, +N,]

2V,

eN 2 eN 2
V, =d(x,)=—3x " +—2x % and N_x_ =N X
bi ¢( n) 255 n 285 p a’tp d”n
2 2
N X eN eN,_ [ N,x N N
Substitute x, =~ = v, = S0y 2 B Roko | € fN e 2l & By LNk
2 2¢, 26, U N, 2¢, N, 2¢, N,

N,x eN eN, ’ N,’ N
Substitute x, = —*F =V, = "-e k¢ [ : "] :i[NaJr )t =S e N, + N X,

and W=x_ +Xx, soW =

W= 2eVy . N, +N,
e N, N,

1 N, N, 26Vy 1 Ng+N,
|+ [+ =
[N, + NIV N, N, e [N, N, JN N,
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67.2 Si pn junction at 300K with zero applied bias has
N4=5x10%/cm?® and N,=5x10%%/cm3. Find X, X,, W, |E

maxl-

(NN X Tis 1ns Y =17
A3 Y pozsoy BB g gy
| ) | fse10tf |
Then
. 1=, L, (N, ! | |z|11 7)E.85107 J0.7184) e | 1 v
) N, +N, fL6c10) 1 510" +5:10% |
=, —411 1u*
_ [20L7jE85 007" [0.7184) x’sxln" 'l 1 W '
" &1 T 150 +5.00% |

=x, =41110"cm
Wow W =x, +x, =11e10% 2411107 = 4.5210% cm
,x,  [LA107 510" [41100)

How [E..|- (L7MEES«107"]

= 3.18x10" Viem

-
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T I A

_— Reverse bias

Vtotal =|¢Fn|+|¢Fp|+VR =Vbi +VR

W= \/zgs(vbi +VR).(Na + Nd)
e N, N,

Figure 7.7 | Energy-band diagram of a pn junction under
reverse bias.

F‘urr' E _ eNan _ eNaXP
-+ max
Y o &
Pz s i E bt 2e(Vy +Va) NN,
1 1 = — .
W ‘ 85 (Na + Nd)
Vi, +Vi

L o % s+ =—2T /

Figure 7.8 | A pn junction, with an applied reverse-biased
voltage, showing the directions of the electric field induced
by Vi and the space charge electric field.
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/Ex 7.3 Si pn junction at 300K has Nyj=5x101%/cm?3 and \

N,=5x10*5/cm?3. Find V,;, X, X,, and W for reverse bias
(a) Vg=4V & (b) V5=8V.

r ! Tz 1o s oans ]
@ F, -7, e |--:D.D25s-)h.M. —0.718V
on ) | fLsac | |
[1e, . +F Ny 1 "
X _— [}
| ) IN, AN, +N, )
[20117)8.85:10 07184 +4) [ 510"y 1 "|': L055.10- cm
I 1610 ‘|_5<|n" .!~5<|ﬂ->+s.1u'°.| R

arx - 01054 wm

N NS AT D N

1 P’ LN AN =N
WILTHEES 107 [0T184+4) (510 ) 1 N R
'[ 16107 '|_5.1[:-"J,5<1n"+5x10'°.| =LA o

- - y
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/ Ex 7.3 Si pn junction at 300K has N ;=5x10%6/cm?3 and \

N,=5x10%%/cm3. Find Vy;, X, X,, and W for reverse bias
(a) Vg=4V & (b) V{=8V. (cont’d)

le, [, +F) (N +N "
- = W [ Eld ] i
[ ) | NE, ’.-J'
[b:ll.?-ljsxi 07 [0.7184+4) [s A0 25004 )

LGl | 10" a1 J |
o Fa=ll#usm

B T, =0.718V
(20170385107 0.7
i 16x10:107
or ¥, =0.1432 gm

= 1150 107" cm

50y 1 0"
LA E P
)50+ 5a0- Jj e

["I:ll'l&ﬁ:-:-clﬂ"‘ﬂ} T184+8) . 510" Y 1

-1.4"2-1&"‘
[ L0~ l:l:-cl".] H i 510 + 510 I| 8 o
ar ¥, =1432um

o |21 70885107 J0.T184+48) [ 5410 +5.10" }]] 157610~ cm

[ 1w 10" L15x10% J5:«10*
K o W=157um /
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/Ex 7.4 |E .l in a GaAs pn junction at 300K is limited to \

7.2x10%V/em with Ng=5x1015/cm?® & N,=3x10%/cm?3. Find
max Vg that can be applied.

;-}h|

:a{n ) NN W
FE-nl- { =, | N+ N, if

.‘ |i
-muzm 107 3"‘1”' 1173V

1810 |
l ]

) o T -1 ypr r T 11 |i
Now (12.10° F_l:![l.lf-clﬂ 17, +F, . (510" {310
| {I:.II_E.HS-II}'"_I | 510" T -|
5.184:10° = 11828 10%(F, +F, )
P, +F, =1173+F, =4382
Then ¥, =331V
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Junction Capacitance: \
Depletion layer capacitance

(also known as Transition Capacitance)

" C/ _ dQ/
. ) v,

( where dQ’ =eN,dx, =eN,dx,

2¢, N 1 L
' S PR S VY
_|‘_ _ “ T N, [Na+Nd]( w +Ve):

o so C' =eN, —"
i R dVe
o
: 1 2¢, N 1 L
—eN, | =—eNg [— .= (Vi +Ve) 2
o P 2 e Ny [N, +N,]
[ 1y
. P
' With appl ' = & 7NaNd (Vb +VR )_%
1 b With applicd Vi ———at = . i
. L V2 [N, +Ng]
f——————— With applied V ) | ‘
=-S5
\I igure 7.9 1 Differential change in the space charge width with W /
a differential change in reverse-biased voltage for a uniformly .
doped pn junction, USlng Xp = the same result
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67.5 GaAs pn junction with N,=5x10%%/cm?3 & N;=2x101%/cm3 at \
300K. (a) Calculate V,;. (b) Find C/ for Vgx=4V. (c) Find C/ for Vx=8V.

.u" A . rl. i% , |‘.l'_.
@ Fh-r,m$|-{u.msp;m,_1_zl 107 B«107 )1 116w

IEN | fgesf |
w Cal_ 0= NN 1" [R6x107" 30fR8500) (510" 10 )]
l:[rs. +TL 0N, +N, ]_l HL151+4) |:_5 107 21 ]_|:|w.|_|

" =848 10~ Fiem*
@ o [[l.-s;.clﬂ-“]ua.njs.ai.c||:--"]_t (510 [2c20)] "
| 31 162 +8] (510" +2:10% )|

C' = 6.36x10~ Firm*

- /
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Single-sided junctions
(p*n for N,.>>N, (below), or pn* for N_<<N,)

+x,

For N, >> N, :

o ox, & Wex, = [0 )
| eN,
c' =%« es Ny
W 20, +Vy)

70",\]& 1 : 2 C+V . . ',
—| = 20y +Ve) which givesN, & V,; /
C ee, Ny 3
Figure 7.10 | Space charge density of a v, O Vg —/
one-sided p n junction.

[7]

Slope = ——
pe (é'_‘\"

Figure 7.11 | (1/C"y versus Vy of a
10/13/2012 ECE 415/515 J. E. Morris uniformly doped pn junction.

/Ex 7.6 C!/ of a Si pn+ junction with c/s area 105cm? is \

0.105pF at 300K and Vz=3V, and V,;=0.765V. Find N, & N.

For a ope-sided junction = .[L"':,l
(207 73]
L1011 7iR 8500~ W, |
3+0.765) |

Cmd-C == I}.I{Ii-cll:""-[ll}"':{

(010521072 F = flo~* Fir.20.00-=
S0 N, =3501x10%m ™
r >
Wehave T, J,h:'—”“‘f’“
.'-\. El. &
5«10} 707657
SO0L10% T 00258 |

¥,
Ny =302x10" em™

- /
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(Reverse bias) Junction Breakdown

p region n region

P

Space charge region

(a)

process in a reverse-biased pn junction.

-
E-field

L7
, )

Diffusion
of electrons

N . P
Diffusion
of holes

(b)

Figure 7.12 | (a) Zener breakdown mechanism in a reverse-biased pn junction; (b) avalanche breakdown

5
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Avalanche

\

1,O=1I1, &lI,.W)=M_1,
(M, electron multiplication factor)

p —=++—— Space charge region ——»<—n

x=0 =W

Figure 7.13 | Electron and hole current
components through the space charge
region during avalanche multiplication.

Atpoint x, dl,(x) =[a,1,(X) +a, I, (X)]dX, where
a,, o, =EHP ionization rates for electrons, holes
Total current I =1, (X)+1,0) = 1,(x)=1-1,(X)
dl, () =[a, |, () +a, (I = 1,(x))]dx

=a,l +(a, —a,)l,(X)

Simplify with e, » @, = = dl ,(X) =l
[Fa,00=["aldc=1]" auix

o " o o

= In(\N)_In(O):MnInO_InO ~ I _InO
| - 1

SO

o _ [k =1-—
I 0 M

n
Avalanche when M, — o, i.e. when .[;N o.dx =y
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Avalanche & Zener breakdowns

£ 20
§ 18k One-sided abrupt junction at 300 K
S 16t
g 14
£ 12t
3 10f
b GaAs I .
= I Tunneling
= 6 l\ - —
& E : z &-‘} 4 ral he!
:>VB — s crit 2 L E Avalancl e
B — s 2 .
26NB E 0 L 1y | IIIIIIIISII L1 1al L1 1 11
5} 14 15 016 17 18 018
10 10 10 10 10" 5x10
(Ny lowerof N, N,) .
\ a e /
Figure 7.14 | Critical electric field at breakdown in a one-
10/13/2012 sided junction as a function of impurity doping concentrations.

(From Sze and N.(14].)

/Ex 7.7 Design single-sided, planar, uniformly doped Si \

planar diode for reverse breakdown Vg=60V. What is max
doping concentration on low-doped side to meet spec?
Impurity concentration Ny (cm ™ %)
1014 1015 1015 1017 1018
Vp=eE;*/2eN 1000 —r—rrerm 1000
T = 300K
I I
hJ I |
N=¢E_,*/2eVy g 3 ]
= 0k GaAsT’(:s |_|One-sided 100
=11.7x8.85x10-2(2x107)2/2x 1.6x10-19%x60 3, =
. . . = 4+ -~ unction
(from Fig 7.14 for light doping) 3 A~ ot
> : KL g
g T TR TNk
= 21/m3 S 10 Linearly ~ 10
2.16x10%!/m % e
5 junction H
=2.16x10"/cm? FHHH
. LI |
Iteration: 107 10 10* 0% 10
E; = 3.5x107V/m from Fig 7.14, so incr N & repeat Tmpusity gradient a cm ™)
Compare Fig 7.15 N=9x10'%/cm? Figure 7.15 | Breakdown voltage versus impurity concen-
tration in uniformly doped and linearly graded junctions.
(From Sze [14].)
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=P region | n region
k=] I dE X) _eax .

E ) I —= P =—— where a defines gradient

b N, dx & &

g | eax eax’

= Ny LEX)=|—dx=—"-—+A—>0 at X=1Xx,,
= 0
E £, 2¢.

= N :

E ea(x” — X

: so E(x)=7( )
Surface x=x' 2¢,
dE(x) eax,’
Figure 7.16 | Impurity concentrations of Epx When dx =0at x=0, E,, =~ e
a pn junction with a nonuniformly doped \ s :
i ea(x’/3—-x%,"x)
D region. —_ —_ 0
p(Clem®) #(x) = j Edx= 2¢ +B
s
p region n region

3
Deﬁne¢(-x0) =0, B= +% = ¢(xX) = _I Edx
3,

3_ay 2y 9y 3 3
:_ea(x 3%, X=2X, ):>Vbi =¢(+x0)=geax°
6¢, 3 &

T=10 X s
3¢
S0 X, :{Eé(v"‘ +vR)}

Nd(xo)Na(—xo)}

n

—

+

s

Bl

Asbefore V,; = k—TIn{
e

Figure 7.17 | Space charge density in a

kT
linearly graded pn junction. where Ny (X,) =ax, =N,(=X,), soV, :?In[axo/ni I

\

Linear junction capacitance
p(Cﬁ'cm‘) +dQ' = plxy) dxy = eax, dx,
1
» L
3¢ 3
; X, =| ==(V,; +V,
: 0 |:2 ea( bi R):|
— :«-—dm
1
+ I
- : dQ’ dx,
i Y Cl=—==(eax,) —-*
i| - =0 dv, ( °)de
I
dxy _": [ [ 3¢ "
and from x, =|—(V,; +V,
—do' —/:, 0 _ZEa( bi R)
[ 1/3 1/3
3¢, 3¢, 1 o/
C' =(ea =V, +V, = =V, +V,
) 2200|252 ] L vy)
Figure 7.18 | Differential change in space charge width with [ eagsz "
a differential change in reverse-biased voltage for a linearly ~ 12(V,; +V,
graded pn junction. - voR
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Hyperabrupt junctions

m=+3r m=+2
3y )

5
s iy ,’ /

3 L ¢
ntype | \ m=-: ’ m= +1
doping ‘(‘r,
profiles ~ !

"
Bx{!
1
1
x=0 Xy

Figure 7.19 | Generalized doping profiles of a one-sided
Kp*n junction.

(From Sze [14].)

Doping forx >0: N = Bx"
("Hyperabrupt"if m < 0)
It can be shown that

1

c/ ~ eBSSm+1 me2
(M+2)(Vy; +Vg)
1

=Cy(Vy +Vg) ™2
If used for tuning f, = (27r\/ LC )_1
For f, o« V,

1

need f, o C_% OCVR(_EJ'[_% oc Vg

N

. 1 1 3
1.€. —=1, m=——
m+2 2 2
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