L ecture 15

The pn Junction Diode (1)
Equivalent Circuit Model

Outline

|-V characteristics (contd.)
o Small-signal equivalent circuit model

« Carrier charge storage
—Diffusion capacitance

Reading Assignment:
Howe and Sodini; Chapter 6, Sections 6.4, 6.5, 6.9
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Summary of Key Concepts

Small-signal behavior of diode:

» Conductance: associated with current-voltage
characteristics

— gy | inforward bias,
— g4 negligibleinreverse bias

e Junction capacitance: associated with charge
modulation in depletion region
1
C. e
iH fg-V
« Diffusion capacitance: associated with charge
storage in QNRs to maintain quasi-neutrality.
éqv u
Cq MU exp—-.
d BT 0
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1. 1-V Characteristics (contd.)

Diode Current equation:

| =1 &V o
oPO5re

Physics of forward bias:

Fr =
n
= Fo

» Potentia drop across SCR reduced by V
— P minority carrier injection in QNRs
e Minority carrier diffusion through QNRs

« Minority carrier recombination at contacts to the
QNRs (and surfaces)

« Largesupply of carriersinjected into the QNRs

éqV

- P IueXIOekTu
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Physics of reverse bias:

» Potentia drop across SCR increased by V
— P minority carrier extraction from QNRs

e Minority carrier diffusion through QNRs

« Minority carrier generation at surfaces & contacts
of ONRs

 Very small supply of carriers available for
extraction
— b | saturatesto small value
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|-V Characteristics (contd)

Diode Current equation:

a8V 4U
I"Oéex'oekTﬁ‘ H

9
0.43 T

=60 mV/dec @ 300K

linear scale semilogarithmic scale
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Body diode of NMOSFET (linear scale)

i Measurement Results
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Body diode of NMOSFET (logarithmic scale)

i Measurement Results

AlB is|l|, absolute of the body current
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Key dependencies of diode current:

e D ('j \ ; N
I:qAnizgl- Dp , 1. P gexp&q 0.1}
éNag Wy - x, Ny Wy - Xn g ekTe H
. Iun—iZéXpaa—Vb- Yo excess minority carrier
N EPeiTe y
concentration at the edge of SCR

8@0

— Inforward bias: | —exp : the more

carriers are injected, the nzwore current flows

n.
— Inreversebias: | M - WI : when all minority

carriers are removed, the current saturates

o |uD:faster diffusion b more current

e I . shorter region to diffuse through

WonNR
P more current

 |uA :bigger diode b more current
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2. Small-signal equivalent circuit model

Examine effect of small signal overlapping bias:

.. é amV+v)s .U
I+|—Iogexpé % g-lﬂ

If v small enough, linearize exponentia characteristics:

it e e i
_logeXpek P H + | expgi BE\'I/'
Then:
o q(IkJ'rrIO)' Y

From asmall signal point of view. Diode behaves as
conductance of value:

Q(l +1 o)
KT

9d =
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Small-signal equivalent circuit model, so far:

dd

g4 depends on bias. In forward bias:

ql

gd »ﬁ

g4 Islinear in diode current.
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Must add capacitance associated with depletion region:

Depletion or junction capacitance:

o desNaNg
€ = A\/2(|\|a +Ng)(fg - V)

can rewrite as;

C_:AJ desN gNg J fg
‘ 2(Na +Ng)fg Y(fg- V)
or, Cio
Cj -
1.
fg

where;

C,, ° zero-voltage junction capacitance
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3. Carrier charge storage:
diffusion capacitance

What happens to mgjority carriers?

Carrier picture thusfar:

Inp,n
N
a Ng
... nj2
R = N
a
0 X

If QNR minority carrier concentration - but majority
carrier concentration unchanged b quasi-neutrality is
violated.
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Quasi-neutrality demandsthat at every point in QNR:

excess minority carrier concentration
= excess majority carrier concentration

n n-QNR

0 W,
Mathematically:

PE(X ¥ P(X) Po »NE(XI N(X) Ny
Define integrated carrier charge:

AP =qA32Lp¢(>ﬁ)- (Wh - Xn)=

W - Xp

=gA —-1 =
2 Nd ekT u
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Now examine small increasein V:

n n-QNR

AQNn=-AdPn

n(x)
)V S Y R——— .
g
ni2
Ng :
0 Xn Wn X

Small increaseinV b small increaseing,, P small
Increase in |gy, |

Behaves as capacitor of capacitance:

_ dgpy AWn' Xn r]i2

q . éqv
— ex LI
dn dV q 2 s

peav i
Ng kKT €kTQ
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Can writein terms of |, (portion of diode current due to
holesin N-QNR):

éavu

-y )2 2 D
Cd:CI(Wn Xn) gA i P expdY

" kT 2D, Ng W, - X, kT
2
. g (Wn' Xn) |
kT 2D, P

Define transit time of holes through n-QNR:

. (Wh - Xn)2
7 20,

Transit timeisthe average time for a hole to diffuse
through n-QNR [will discuss in more detail in BJT]

Then:
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Similarly for p-ONR:

g
Cdp »ﬁ'tTn' |

wheret . istransit time of electrons through p-QNR:

Both capacitors sit in parallel b total diffusion capacitance:

_ _ 9
Cd =Can +Cdp - E('[TnI nt tTplp)

Complete small-signal equivalent circuit model for diode:

dd % — Cj — Cq
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Bias dependence of C; and Cy:

C 4
Cd
_--D-I .
0 Vv

. Cj dominates in reverse bias and small forward bias

1
S Py,

» C,dominatesin strong forward bias
éqvu
H & PeeT 0
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What did we learn today?
Summary of Key Concepts

Small-signal behavior of diode:

» Conductance: associated with current-voltage
characteristics

— gy | inforward bias,
— g4 negligibleinreverse bias

« Junction capacitance: associated with charge
modulation in depletion region
1
Ci W —
fg-V

« Diffusion capacitance: associated with charge
storage in QNRs to maintain quasi-neutrality.
éqvu
Cq MU exp—-.
d BT 0
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