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Small Signal Model of PN Diode
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Introduction to Impedance and Admittance
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Impedance (F#t,2)
J A sinusoidal(JE5%) signalis applied on a 77— +1]. —
device, the ratio between voltage phasor —R | |C
and current phasor.Z=U_/I .. (chm) ? 1l
J Z=Z4Z, +Z, _ t_j Mwc 4 o
® electrical resistance(H.fH):Zz= R ';m 9 ) L'TL J

® capacitor resistance(%41):Zc=1/(jwC) =-j/(wC (wis AC -
signal frequency, rad/s)

® Inductive resistance(f&#1): Z, =jwL=j2mifL (fis AC ' {
single frequency, Hz)
i Zis a complex number: Z =R+ jX =|Z|£6,
® R=R(Z) is resistance component(FHFLITHIFL M &) X =7 (Z.)= 1 (Zehi)
® X=I.(2) is reactance component (P P14 &) wC o
|Z| is the module of impedance (FH3t I £) X, =1,(Z;)=al SESIY
8, is impedence argument (FEL3T 1) £7)

E

E
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Admittance(J4H)

m Definition

i Admittance is the reciprocal (1#|%7) of impedance.

® Y=1/Z =1, /U, (unit, S=simense)
». The admittance of electrical resistance (conductance)
» The admittance of capacitor
» The admittance of a inductor:

# Admittance is also a complex number:

F= =g
77,
6, =-60,=0

B.=1,7Y,)=wC

m

B, =1,;)=-—

Ye=1/R=G
Y=joC
Yi=ljol=joL

A HZE A, iR

LRI A, AR Rl .
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Why Discuss Small Signal Model

m When semiconductor devices with pn junctions are used
In linear amplifier circuits, the small-signal characteristics
of the pn junction become important.

J for example, sinusoidal(IE5%) signals are superimposed (i
Bn) on the DC currents and voltages. V +v,

[+ i Rs

i |
o~ p { «} . >y
> v R=1G. & C

v, = Vi sin w1 : ,

+ o +, — —
< | .

Uy VA Small signal equivalent circuit
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Small Signal Admittance (/M52 -54)

m Definition
4 Small signal voltage/current:
® When a small and low-frequency sinusoidal voltage superimposes on the DC bias

4 Small signal admittance (Y)

¥ Y=ilv, =G+jwC, where j=V-1, w is the frequency of AC signal(rad/s) ,G is
conductance

used to characterize the AC response of a passive device (TGJE#%4F),e.g., diode.
® Reverse —bias: G20, YzjwC
® Forward-bias: G cannot be neglected, and need consider minority’s contribution.

Cis very small
' Small Signal Admittanceof PN Diode

I+

i Jy=L_G+juc
r V

+ .
(o)
(&

Uy

Intrinsic diode
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Reverse-bias Capacitor
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Depletion Capacpitor

n
_ : : { O 5P ee®
® When adiode is reverse biased, e og 9 o
It equals to a capacitor, which 6° s 5 o 10
varies from the width of 9% | & & &
depletion layer. C K& A .
® Quasi static change: J W aND -
o If majority carrier, whichTar Q@ f
quickly flow into or out of depletion 0 *p(V) . \
layer boundary, can response to xn{V) X
the small AC signal v, m\j Q
</ Majority carrier in Si:<101%, has v
high frequency response ability. aNA - e Viav
A A
+AQ) P Va>0
+AQ Va<0
0 xn(V) .
0 ) Xp(V)
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Depletion Capacitor

W ;{ 2¢,
qNpg

1/2
—VA)} For a single -side abrupt junction m=0,b = Ng = single -side abrupt junction
m =1,b =a/4 = single -side linear junction

1/3
W = 122, (\/bI -V,) For a linear graded pn junction. . C, = KséoA
N B (m N Z)K 1/(m+2)
£
where NB - theimpurity concentraion of thelight doped side. SZ0 (Vi =V, )
m qb
Ng(X) =bx T
where b > 0and m is a constant. *+Cyg |28 e
=
m =1=> single -side linear graded junction {(m + 2)Ks €0 Vbi—l
m = 0 = single - side abrupt junction gb
m < 0 = (single -side) hyperabrupt junction C. Cjio
(by implantatbn and epitaxy S Vi 1/(m+2)
forasingle - side exponentid distribution pn diode, 1_\/ _
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Application of Reverse-Bias Capacitor (l)

Varactor (LR ZIRE)
m Definition
il Varactor=variable+reactor(Hi 1 %%)
® reactance of a capacitor=1/jwC

s Capacitor varies from voltage to voltage

® Modulation ratio (TR)

1/(m+2)
> CyVm) ~ (—Alj (reversebias, V, >>V,;)
C;(Vaz2) Va2

2 The largest capacitor ratio among a voltage range

s The smaller the m, the larger the TR=>m=-1 (single-side
hyperabrupt junction) can get the largest TR.

m Application (m=0,m=-1)
s Parameter magnification, resonant wave generation, mixing
frequency, demodulation, voltage-variable modulation
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Application of Reverse-Bias CAPACTEr(1])=e o s
Parameters’ Extraction and Measuremnt of Dopant

Distribution
| Reverse-bias C-V if m=0,b=Ng = single -side abrupt junction
measurement to determinec, = DBl = LA
. . |:(m+2)KS&‘0 (V AV ):| |:2KS€O (V oV ):|

some device parameters in ab o aNg A

- : then:
light doped S|de. S S——

2 Doped concentration: ng C;  aNgKggAZ ™ 7

s Dopant distribution :>thecurveofé~vA is a line,

J
thereciprocalof theslopis proportional to N,

theinterceptequals to V,; (notaccurate)
2
d@/C?)

gKge A av,
/ % wherexis thedistancefrom the location
D in light - doped side to the metallurgical junction
/ \ -.-forsingle side heavy doped pn junction: W =~ X
X = Kseo A

0 bpi V 5 % vl C,
repared by Xiulan Cheng/#2 % 2
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Example
If the slope of the (1/Cg)* vs. V,, characteristic is -2x10%3
F2 V-1, the intercept is 0.84V, and A is 1 um?, find the
lighter and heavier doping concentrations N, and N;..

Solution:
N, =2/(slopexqge A?)
= 2/(2x10%° x1.6x107° x12x8.85x107™ x10°cm?)

=6x10" cm™
2 Qv 20 084
V, = L™ N“IZ\I' = N, = gw 10" oo 1 8x10% cm”
g n N, 6x10"
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Reverse-bias Conductance

m All standard capacitor

have their conductance

m For areverse-bias PN
diode, there is avery
small conductance

(a)

Small signal equivalent circuit
for a reverse-biased PN diode

low frequency conductance : G, = ddTI

A

1= e T 1)

dl q YN
v = —I eq A - I+I
°dv, kT ° kT( 0)

if V/, >>%=vth, | = —ly, Gy =0

if V,, ~ n*% = NV (N < 10),

DC thermalG - R current is dominant

qAnI W

| =
G-R =
27,

.. parasitical conductance

_dlg.p gAMWW /27,
dVa  (M+2)(Vyi —Va)

Prepared by Xiulan Cheng/#2 % £ -



Forward-bias Diffusion Admittance
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Capacitors of a Forward-biased PN Diode

I Two types of capacitance associated with
a pn junction forward-biased:

J C, : Junction Capacitor (depletion capacitance)
due to variation of depletion charge

® dominates at low forward biases, reverse bhiases

d4 Cp :diffusion capacitance due to variation of stored
minority charge in the quasi-neutral regions’

® dominates at moderate to high forward biases

®  Caused by excess minority carrier charge Q, and Q, in
neutral regions.

Only important in forward bias.
¥  For aone-sided p+n junction, Qp >> Q= Q = Qp + Qy

Small signal equivalent circuit

for a forward-biased PN diode
Tq

p region n region

P(0) = pyg exp [%(VO - 1/>)j| P0) = p,o exp [%(VO o ﬁ)]

(’VO

=Qp

dQ q qVv q Iz Iz
C _ <p _ 4 A A — —I — p — p
° =gy kT P EXp( ij KT ° KkT/q V,

W — Xp +Xn :\/%(Vbi _VA)(L_‘_LJ
g N, Np

pn(()) = Pno €XP I:ﬁ
+AQ

"pO -
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Diffusion Admittance(# 8l 54R)

m Diffusion admittance
2 Minority carriers accumulate on the boundary of depletion layer due to
diffusion current=»a admittance is produced due to minority carriers’
charge caused by small signal.=»diffusion admittance G,

o Diffusion resistance: ry =1/G
Y =Gp + jo(Cp +C 1= 1T
=Gp + Jo(Cp +C;) A ]
Loe ™Akt = (1 41
o™ =L (1-41o)

~ i _ Y =——=
~Gp + JaCp =Yp dv, kT

Small signal equivalent circuit _
for a forward-biased PN diode large forward - bias, | >> 1,

Np=L(141)x L=

— u Ll CRTT KTV,
Ip—> | ) ]
’—'C(—" Diffusion resistance:
I 1 V
v, r'd = — ~ i
Y, |
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Summary: Small Slgnalﬂ Je+ I tkinted
Forward Bias

I+
e o Tx] C=C,+C
- | |
| C |
: |
v, =V, sin @t L /H/ |
+ ~— +| — ’ |
Q I ; Rq : i
“Li 1’{4 .—/\V/\/\/_IL%_ _:‘—.
N qVa /KT I _ :
oo = 1, (€T 1) Ly
| (z |
Ag : | |
Depletion capacitance C, = —— Conductance G = —25—
W KT/q
|DCTp

Diffusion capacitance CD —

KT /(q

Prepared by Xiulan Cheng/#2 7% 2 -



m For areverse biased PN junction, it equals to
a capacitor whose capacitance can reduce
with the increase of reverse voltage.

2 reverse-biased junction capacitor and varactor ;

J C-V measurement: determine the average doping
concentration or profile on light doped side.

®m For a forward-biased PN, minority carriers
accumulate in the quasi-neutral zone which
IS very nearby depletion zone.
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Transient Response Mode/
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Contents on Semiconductor Device Analysis

m Internal electrostatic model (equilibrium)

m Steady state response model (voltage stress,
DC V,)

® Small signal response model (V, +Vv,)
m Transient response Model (On/Off)
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Turn-Off Transient of PN Diode
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Turn-Off Transient of PN Diode

m Suppose a pn-diode is forward biased, then suddenly turned off at time t = 0.
Because of Cy, the voltage across the pn junction depletion region cannot be
changed instantaneously.

|

= The delay in switching between the ON and OFF states is due to the time _
required to change the amount of excess minority carriers stored in the quasi-
neutral regions.

= In order to turn the diode off, the excess minority carriers must be removed by
net carrier flow out of the quasi-neutral regions and/or recombination

4 Carrier flow is limited by the switching circuitry

norp
(lincar scale)

|

R Ry

7 g
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p
, ev,
nyx" = 0) = ny,, exp (ﬁ)

Forward bias
diffusion
of electrons

np(x’)

n

™~

diffusion
of holes

P,(x)

_— Pux = 0) = p,gexp (k—Ta

Forward bias

ev

Decrease due to
recombination
5 and net carrier drift

=1t

- -y ~
\ /Z 7/
///
: ) ( ,
e _

v
—

I’lpo _______________________ P Attt T 1 I P \
< f= o Reverse bias Reverse bias t=o
* ¥ =02=4 - diffusion diffusion
(a\ of electrons of holes
(b
I VA(t)
N
Recovery time
y Reverse
Time recovery time
Storage delayt

aywd t‘r__
_IR S-

"_ts_'l
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Excess Minority Removal Mechanism

= Two mechanismsto
remove exXcess minority in
guasi-neutral zone (e.g.,
p*n)
4 Recombination: limited by
the minority lifetime (1))
2 Net carrier drift to return the
other side due to the built-in

field and reverse-bias
voltage.

m t. is the primary “figure of
merit” used to characterize
the transient response of
pn junction diodes

Assumptions :
1) Comparingwith power voltage (Vg and Vgq),
thelargest forward voltagedrop (Vo) ) is small enough

_ VF _VON - VF _ VR +VA|O<tSts ~ V

R
IF —_— = IR——:_

Re Re R Re

For p*ndiode forward - biased,
according to Continuous Equation of Excess Hole charge

9 Qe
dt DIFF 5
p
when 0" <t <t Iy = —lg =cosntant
d
&=—|R+Q—P 0 <t<t
dt Th
Qp (t5) s
IP L:_ dt = -t
Qe (07) Ig +Qp /7, 0*

g +Qp(07)/
.-.ts :—Tpln(IR_i_QP/Tp}QP(ts) _Tpln[ R QP( ) Tp]

Q(0") lp +Qp(ts)/ 7,
before turningoff it is a steady - state:

dQp _. Q - Qp(07) _Qp(0”

dtP:'DlFF—_PZOZHDlFF: e ): el )ZIF
Tp Tp Tp

when assume Qp (t;) =0at t=t;

r

. —
sto=7,1n RTNPE )T =7 '+ e 7, | (1+I—F
Cr I +Qp(ts)/ 7, @ I P I
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Examples (qualitative)

10' -

Increase /. Increase / Decrease T, i
, . . 10°
(1) i(7) i(7) -
d \

1071 :_ G
t t‘ r CS B

i3 5 5

_ , _ 50
7 J BN Y72

H

9
3,
T

I 3 Q (O+)/T I I | 107 L 1_2 |-| 10 l1 :
R P —+ 10 10 10 10 10 10
t.=7,1In b1 = T |I’]u In 1+— F Tl

SR R+ Qe (ts)/ 7 X IR g

m Larger N; (trap center concentration),e.g, doping Au in Si=»Smaller minority
lifetime (z, or )= smaller t,
4 Larger N =»increase I (Ip)=>for sub ns on/off speed field: BJT or MOS
®m  smaller I/l = smaller tq
m  Stepped Recovery Diode with extreme steep junction: p—i—n diode (t, ~1us, t,~1ns)
4 Anarrow and light doped semi insert between high doped semi
4 Application:Pulse generator.
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Turn-On Transient of PN Diode
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® Consider a p*n diode (Q, >> Q,):

4 Circuit forces a positive current I to flow through the diode

beginning at time t=0
According toCharge ControlModel :

dQ, . Q Q
Poi- =P o122 fort>0" | e
dt T, T, b n LON S RN L)
o "Va
—t/t H,,(.\" =0) 1,0 €XP (ﬂ) - _— Dfx= 0) = p,o exp (ﬁ) IP
Qp®)=1lgt,ll—e " °° S B
Forward bias Forward bias
If we assume that thebuild - up of difusion diftusion d
stored charge occurs quasi - staticallyso that - P
IKT
Qp (t) =1 diffusion Tp = I 0 (quA —1)[ p e B Puo
kT I ¢/ -y Ap (xj" = 0‘ x=0 X —p
SVA(t)=—1In 1+—F(1—e P) g @ KT 1
A( ) q { IO » VA(I) 11'1 1+ I_F
« If t, is large(means that thee is no recombination) 1 0
then thetimerequired toturnon thediode is approximaely AQ/I ¢ =0
where AQ =AQ, +AQ; > 1
AQ, - minoritycharges storedin n - Si
> X

AQ; —charges used toform junction depletion layer.
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Summary

m When a pn junction is switched from forward
bias to reverse bias, the stored excess minority
carrier charge must be removed from the
junction.

® The time required to remove this charge Is
called the storage time and is a limiting factor in
the switching speed of a diode.
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Homework

m P230:
27.1(a, b, c,df,g,h)
4 *7.6(Matlab)
47.9
m P245
2 8.1(a,b,d,e)
4 8.2
8.5
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