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Today’s Discussion

Example applications of Zener diodes

Capacitance of p-n junctions
Stored charge

Junction capacitance
Diffusion capacitance



Reverse breakdown (B): p*-n junction
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Breakdown diodes

Breakdown diodes are largely based on avalanche
generation effects, although these devices are
often referred to an Zener diodes. This Is
historical, due to misinterpretations In early
observations of breakdown In p-n junctions.

Zener tunnelling is only effective up to several volts
In highly doped junctions. Diodes which are rated
for breakdown at tens to hundreds of volts,
experience primarily avalanche generation.



EXTRA — voltage reference in circuits

S Example:
Vo Vm =12V (available)
Vour =5V (wanted)

Maximum power rating of the

Ly breakdown diode B4, = 2 W.
Calculate:

O

Vin 4

(a) maximum breakdown current
l Vout RL (b) Minimum value of Rq

I, (c) Current I; with load R; = 1 kQ
v (d) Diode current I, with load & Rgpin

)
./

\J

oV O

(@) Iymax = 2W/5V = 400 mA
(b) RSmm = (Vin = Vout)/zmax = (12 —5)/0.4 = 17.5 Q
() I, = I 1, = 400mA — 5mA = 395mA ;



EXTRA — Breakdown Diodes in series

More voltage options with

diodes in series. Example - Commercial diodes
Standard forward biased S
diodes may be included to
add 06 tO O.7V|ncrement3 54V | 5.6V | 62V | 68V | 75V | 82v | 9.av | 10V
11v | 12v | 13v | 15v | 16v | 18v | zov | 22v
Re .
Is 4 A & 15'9?** 24y | 27V | 30V | 33v | 36v | 39v | 43v | 47V
2Dy =5.1v E 5 - BZX85 Zener Diode Power Rating 1.3W
— T
7Dy =3 3v ZS 33V | 36V | 39v | 43v | 47V | 5.1V 5.6 6.9V
19 0y 10 By
o o 68v | 75v | 82v | 9.av | 10v | 11v | 12v | 13V
D= 1N4148 00
—=o° J = vou 15v | 16V | 18v | 20v | 22v | 24v | 27v | 30V
zmgzm_mz C
I — 33v | 36v | 39v | 43v | 47v | 51v | 58V | 62V
O O

P



EXTRA - More options for voltage clippers

R

Single breakdown diode 1, ]'\ ﬂ
clipper (in forward bias it ®5inusnidal o: [\ A
. Waveform
behaves like a regular Output Waveform
diode) .
R
O
Double breakdown diode Vv N AN S
clipper (for each half wave C) Dzr
one diode is at beakdown, )
the other one is a forward Wavetorm 02 ZS .C{___\V:[;_L s
biased diode adding 0.6 to G”tp”t svetom

0.7 V)



Recall the Depletion Width in equilibrium

28V0NA+ND
\ ¢ N4Np
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p-n junction as capacitance

* The space charge at the junction of a p-n
diode varies in response to applied bias, so it
behaves like a capacitor.

* This capacitor is non-linear as one can deduce
from the depletion width expression

bias

}

26(Vy—V) (NA + ND>
W =
\ q NAND
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Differential form of the capacitance

* The general expression for capacitance is
used for the nonlinear case

_da
v

C

 We obtained earlier these expressions
Q| = qAxpoNp = qAxpONA
Ny Np

0 = NI N, 0 TN E N,

11



Junction (or Depletion) capacitance

NpNy4
Q] = qA W =
N, + Np

— qA
N, + Np N,4Np

NDNA ZE(VO_V) NA_I_ND)
N ,

2
EA - (VO - V)
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Junction (or Depletion) capacitance

2q NpNy
€ NA ~+ ND

€A

d(Vo

d(Vo \/(Vo V)= 2/ (Vo = V) 1




Junction (or Depletion) capacitance

aqQ q NpNy4
2e(Vo — V)N, + Np
|

O

w1
€A 1
C] - W 0 (VO — V) 2

One-sided p*-n junction

q NpNy qNp
© 2, — 1)

2¢(Vo —V)Ny+ N,

\



Junction (or Depletion) capacitance

Bias dependence — (; dominates in reverse bias
and small forward bias.

Varactor (a.k.a. Varicap) diodes are extensively used as
miniaturized capacitors in RF applications:

* Voltage controlled oscillators

(demodulators, frequency sinthesis) tc
* Frequency/Phase modulators C;
* RF Filters /
* Tuners L /
>
x w1 wi Y
15




Varactor diode example application

e 1SV159 Varicap diode, 25 to 500pF (50.90)

Suitable for AM band receivers ,’ p
¥ Antenna yae 4
_L_C1
T 500pF
»
R1 Rz —=(2 D1 4
10k 1MO A Crystal 1V - 485 pF
+ l
il — .
E I
T v swi - 8V — 25 pF
- 4| o5 [200uH TG 2@
T T 250pF
»
\ =] | | !
\ : J : | |
Voltage control for Resonant Rectifier for  High impedance

varicap diode circuit demodulation earphones 6



Diffusion (a.k.a. Storage) capacitance

At sufficiently high forward bias, the diffusion
capacitance C¢ dominates. This is associated to

the excess minority charge that accumulates at the
boundaries of the depletion region.

on op

Apy rC
An, \
/ . C;
Qn Qp \
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Simple model for diffusion capacitance

Assume pT-n junction in forward bias with current I = &.
Tp
Charge storage for injected holes (V > sz
qV
Up = qAApnLp = qALppy exp | - —
B
dQp  q° qV
Cs=—r=1——AL ——
STAv kTP SEP (kBT
q q
Co=——0Q, = ——1
ST T

(NOTE: Analogous results are obtained for electrons, if not negligible, and the
contribution can be simply added to the model) 18



Simple model for diffusion capacitance

This result provides immediately also the a-c conductance

. : . Q
of the junction since | = T—p

p
~dal 1dQ, g ,
dV 1, dV kT

A

Gs

Recall from the previous slide
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Simple model for diffusion capacitance

This result provides immediately also the a-c conductance

. : . Q
of the junction since | = T—p

p
dl  1dQ, ¢

Gs = — = =——]
Vv 1, dV  kgT
‘e O—O0
Total capacitance C= C= small-signal equivalent
C=C;+Cs S ) — § circuit for the diode
O O—0O
20




Simple model for diffusion capacitance

This elementary model for diffusion does not involve the
carrier distribution inside the depletion region.

A more in depth analysis based on numerical simulations
with a complete drift-diffusion model (Laux and Hess, IEEE
Trans. Electron Dev., 1999) indicates that a factor of %
should be included:

de q2 qV
Cs = v ZkB ALppn exp (kB
q
C |
S = ZkB 7% =25 1!
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Diffusion capacitance

The capacitance due to charge storage is a limitation
which may be serious in high frequency circuits involving
forward biased p-n junctions. Additional capacitance
tends to induce a delay in the response of a circuit

Frequency a-c response can be improved in general by
reducing the carrier lifetime. We see that (s is directly
proportional to 7, (and/or to T,if a similar analysis is
carried out for electrons).

_ 4
2kgT

CS ITp
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Shortening lifetimes

For instance, introduction of impurities with energy levels near the
mid-gap can increase the probability of recombination, thus
lowering the carrier lifetimes significantly.

This transition is
more probable

Conduction band ; O O
<Li" (0033)  -P7 (0.044) - AsT (0.049) - Sb7 (0L039)
<87 (0.18)
«Ni— (0.35) =577 (0.37)
r~ Mn* (0.53) AU (054) N
~_ <Zn" (0L.55) —7 -
S~ _ -u _[“.'_“_Hﬂ-——”//
= Au” (0.35)
sFn (0.31)
. «Cu™ (0.24)
«MIT(0,22)
«In" ((L16)
B (0.045) *Ga~ (0.065) - Al (0.057)
Valence band O O
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Capture and generation at recombination

R, — Electron capture
H.-: — Hole capture

G,, — Electron generation
G, — Hole generation

f
‘E': ‘E‘[
:' v
R, C"u
Y " L O
‘E'.r A E r ¢
|
';P !'r": (';.” i hj_.”
£ v L } O .
(a) (b)
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Exercise (from last class)

* Consider an abrupt p-n junction with cross-sectional
area A =1 mm?at T = 300K, with:

p-side n-side

N, = 10°cm™3 Np = 10¥cm™3
1, = 370cm?/Vs i, = 550cm?/Vs
U, =1,000cm®/Vs  u, = 150cm?/Vs
T, = 1.0 us 7, = 1.0 us

* Find the reverse saturation current
* Find the junction (depletion) capacitance at —5V

25



Exercise (from last class)

* Reverse saturation current
D D

_ _ p n
| = — IO = —qA (L—pn +L—np)
D n

ni — (1.5 x 1077)7 = 2.25%x 10%2¢cm™3

n, 1018
2 102
n; 1.5 x 10
n, =—= ( — ) 225 % 10%cm3
12 10

kT
(D) = %(up)n = 0.0259 x 150 = 3.89cm?s

kpT ,
(D) = T(un)p = 0.0259 x 1000 = 25.9cm?s
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Exercise (from last class)

* Reverse saturation current

D D

_ _ p n
| = _IO = —qA(—L pn+—L np)

D n

= /D7, =259 x 1076 = 0.00197cm
= /DpTy =+/3.89 x 106 = 0.00509cm

] =—-1.602x1071° x107% x

>89 2.25 x 10% + £>-9 2.25 x 10*
0.00197 0.00509

= —1.839 x 107 13A
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Exercise (now calculate capacitance)

e Capacitance at —5V

Vo = In— = 0.0259 X In = (0.8139V
qg Py 2.25 x 104
One-sided p-n* junction
NpN N
C; = eA q pNa _ JeA qiNg
\ 2e(Vo —V) Ny + Np \ 2(Vy — V)

1.6 X 10719 x 1016
2(0.8139 + 5)

= /8.85 x 1014 x 11.8 x 1072

\
=1.199x 1071°F
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