The Diode
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One-dimensional _
representation diode symbol

Mostly occurring as parasitic element in Digital ICs




I-!ﬂlu diffusion

_Electron dilfusion

fa} Curreni flow

Hole drift

|—l
=

L .
s

|
|

|
Electron drft |
|
|

Charge L P
, + (b) Charge density
Drisnance
- |
|
| I
1| |
Electrical I = |
field I | . _
| v () Electric ficld
I\/:
| |
| |
I |
| I
Potential l ra | P

x  (d} Electrostatic

potential

1
=
e
o
=

]
W
]
|
L]




Minority carrier

FO rward B | aS concentration

A
4 Metal contact to
Metal_ contact to ) reqion
p-region 2
\g{‘ Pno
—
L, (Diffusion
Excess Mino Length)
C S
"0 —
ermal equiliorium
Value /
\ 4 v .
. 'Wlo W2 X
p-region - > n-region
Depletion region
>
diffusion

Typically avoided in Digital ICs
S



Reverse Bias

Pno

RN

] -W4 0 W, X
p-region n-region

-

diffusion

The Dominant Operation Mode



D — IS(eVD/(DT _1)

Build-in potential = @, = @, In NAlle
n,
_kT
Thermal Voltage = ®, =—=26mV at 300K
G

N, = Acceptor concentration

N = Donor concentration

n; = intrinsic carrier concentration = 1.5 x 10%cm-3
for silicon, at 300K

k = Boltzmann’s constant = 1.38 x 10-?3joules/kelvin

T = Absolute temperature in kelvins =273 + C°

q = Electric charge = 1.6 x 10'1° coulomb



e I 1s usually called the saturation current and it is directly
proportional to the cross-sectional area of the diode.

 The value of I Is a very strong function of the temperature
and it generally doubles for every 5°C rise in temperature.

* In actual devices, the reverse current is substantially (about 3
times) larger than Ig. That is due to the thermal generation of
hole and electron pairs in the depletion region, which are
swept out by the electric field, generating additional current
component. Reverse current doubles for every 10°C In
temperature.

e For typical silicon junctions, I is nominally in the range of
1017 A/lum?

¢, IS also called the cut-in voltage (0.6 — 0.8V)



Diode Current
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Models for Manual Analysis

(a) Ideal diode model (b) First-order diode model




Consider the simple network of Figure 3-7 and assume that Vg = 3 V, R¢ = 10 k€, and /=
0.5 x 107'® A. The diode current and voltage are related by the following network
equation:

Inserting the ideal diode equation and (painfully) solving the nonlinear equation using
numerical or iterative techniques yields the following solution: /= 0.224 mA, and V)=
0.757 V. The simplified model with V= 0.7 V produces similar results (V,=0.7V, I ;)=
0.23 A) with far less effort. Hence, it makes considerable sense to use this model when
determining a first-order solution of a diode network.
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L

Figure 3-7 A simple diode circuit.



Depletion region charge:

Space charge is equal at both sides (p&n) of depletion region
—QW N, Ay =qW,N A, — _W2 = Az - W :_Wz& ------ (1)
W, N, N,

Depletion region width: W, =W, -W, — W, =W, +W, ....... (2)

A

Inserting (1) into (2) — W, =W, —WZ& —> W, (1+&]:Wj

A

W, = W (3)  Note that W, is negative
1+ Ny /N,
Depletion region charge: Q;  Q, =Qy =qW,N A, ......... (4)
W, N W.
Inserting (3) into (4) — Q; =qN % ANoWih

"1+N, /N, (N,+N.)/N,



N,Ng
Q = W. ... 5
. qNA+NDAD . ®)

26, N, +N
g NuNp

Device physics state that: W, = \/ 2 (D, -V,) ... (6)

i N.N 2. N, +N
Inserting (6) into (5) —»> O. = A D St _A D (. -V
g (6) ®) - Q, qNA+NDAD\/ 0 NN (D, —V;)

_ 2‘C"siq/z (NAND)Z M _
Qj_AD\/ a (Ny+Np)* NeNg (B0 Vo)
N.Np .
Q; = AD\/(ngiq N, + NDJ(CDO Vo)

Note that, V5 IS negative for reverse bias



Maximum electric field:

Gaussian Law: 8OCDE = gOEA: g > E :i
EoA
N,N
2& AD (Dp,-V
S R
Ej = —
Esi Esi
N,N
Z%qN A0 ((Do_VD)
_ A+ND B 20 NAND B
E; = 7 = (P, —Vp)
V Esi Esi NA+ND




Junction Capacitance:

Because the space charge region contains few mobile carriers,
It acts as an insulator with a dielectric constant ¢,
n and p regions act as capacitor plates.

1/2
N, N N, N
= 28.. A_D d,-V,.) = 28.. A_D o, -V
QJ AD\/[ 53|q NA-I-ND)( 0 D) AD|:[ 53|q NA-I-ND)( 0 D):|
~1/2
doO.
S NPET A )}
dv, 2 N,+ N, N, +Ng
2£.0 NANp NAND
Ao "N, +Np Ao N +Np

2 NaNp 212 MCD v
\/(ZgSinA+NDj(CDO_VD) \ £49 ( o)




1 NAND -1
%2 D, -V, AD\/Z . NA+ND( : D)

£.q NN,
AD -t
2 N,+N,

IetCjO =C, when V, =0 (zero bias) — Ci =AD\/




Diffusion Capacitance
The dynamic behavior of the diode is modeled by the nonlinear
capacitance C,, which combines the charge storage effects of the
space charge and the excess minority carriers.

Q = excess minority carrier stored charge =z, 1, =z, 1, (""" -1)
Qz=r 1,8 forl, >> I,
where n = emission coefficient =1 for most diodes, and

dQ

7, IS the mean transit time. Since C, = YR diffusion capacitance,
D

C.=C. +C, = Cie TTI“"eVD’”q’T
T T A 1)

C, Is significant under forward bias conditions, which is not a case in
digital integrated circuits. Here, m is called the grading coefficient and
It Is equal to 1/2 for abrupt junctions.



1. Depletion region charge (V Is negative for reverse bias):

Qj:AD\/[zgsiq NN, )(CDO_VD)

N,+Ng

2. Depletion region width:

26, N, + N,
g NN

W, =W, -W, = \/ (Dy-Vp)

3. Maximum electric field:

20 N,N
Ej:\/[ A_D ](CDO—VD)
& N+ Ng




C; (fF)

Junction Capacitance
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%D 3000
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o Cjﬂ m = 0.5: abrupt junction

J (1- 7 MD)M m = 0.33: linear junction
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Large-Signal Depletion Region Capacitance

Junction capacitance is a voltage-dependent parameter. In digital
circuits, operating voltages tend to move rapidly over a wide
range Vyigh-View- It 1S more appropriate to replace the voltage
dependent nonlinear capacitance C; by an equivalent linear
capacitance C,,

_AQ; — Qy(high) —Q;(low) %
- AVD Vhigh _Vlow am
Keq = %
Vhigh —View ) —M)

[(Cbo _Vhigh )Hn - ((Do _Vlow)l_m:|




Diode Model
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Secondary Effects
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Avalanche Breakdown



What I1s a Transistor?

A Switch! « » A MOS Transistor
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The MOS Transistor
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NMOS Enhancement

D D
I"‘i I__E_:ﬂ \LI]} +
G B L,
ca—{[# -—I[f1 ca—l,_' .| ] 28
S S 3 EE'E' T— 2 0
D D D
g . . :
c,-«qu ca——Jf:, :;_4;:73, %f’JT——: LI_«,-JE,L+
S S S I;a iz Vos
PHOS Enhancement AL }
_JD

G — N o3 ﬁep lebion



Threshold Voltage Concept

D

n+ / n+

J \
\ depletion

nchannel  p sypstrate region

The value of V5 where strong inversion occurs is called
the threshold voltage, V+



W :J 285 Qy = qu Na &g @
‘ 0 N4

Where ¢ Is the voltage across the depletion layer (potential at
the oxide-silicon boundary, N, is the substrate doping.

In the presence of an inversion layer, the charge stored in the
depletion region is fixed and equal to:

Qo = JZq NASSi‘ZCDF‘

When a substrate bias voltage Vg IS applied, the surface
potential required for strong inversion increases and the
charge stored can be expressed as:

Qg = qu Na €s; (‘('2) (DF+VSB‘)



The Threshold Voltage

Vi= Voo + y(\/|-2(|),: + Vgg| - \/|'2(|)F|)

where

V1S the threshold voltage at V¢g = 0 and is mostly a
function of the manufacturing process
» Difference in work-function between gate and substrate

material, oxide thickness, Fermi voltage, charge of impurities
trapped at the surface, dosage of implanted ions, etc.

V45 IS the source-bulk voltage

b = -¢7IN(N/Ny) Is the Fermi potential (~-0.3V) (¢ =KT/q =
26mV at 300K is the thermal voltage; N, is the acceptor ion
concentration; n; # 1.5x10%° cm-3 at 300K is the intrinsic carrier
concentration in pure silicon)

v =V(2qe N )/C,, is the body-effect coefficient (impact of
changes in Vgg) (e4=1.053x10-°F/m is the permittivity of silicon;
Cu = £0xloy IS the gate oxide capacitance with £,=3.5x10-F/m)



The Body Effect

o?ssg- ). Vgg IS the substrate
08 bias voltage (normally
075 - positive for n-channel
07 - devices with the body
S 065 tied to ground)
S 0 .
0.55 - » A negative bias
05 - causes V; to increase
0.45 - from 0.45V to 0.85V
04 . . . .

25 2 15 4 05 0
VBS (V)



Transistor in Linear Mode

Assuming Vgg > Vq

n+

The current is a linear function of both Vg and Vg



ip (mA) i

0.4 |- vgs =V, + 4V
n.], L — Uy = 'I"’; + 3 V
0.2 - s =V, +2V
D-l o I'ﬁ3= V‘-'I' lv
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Transistor in Saturation Mode

Assuming Vgs> Vr

Vs v Vps™> Vs - Vr
S G DS
L D N v I
n+ /Jr\[ n+
Vas - Vi—»
J L

Pinch-off

The current remains constant (saturates).



s Ups = vgs — V,

Source

Channel
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Assuming V;>V1 and Vpe<Vs-Vo (resistive operation)



Resistive Operation:
dq(x) = —C, Wdx|[Vgs —v(X) =V, | cooviinnenee (1)
where dq(x) is the charge in an infinitesimal portion of the channel.

Charge per unit area: Q,(x) = qu\(/) =—C,y [Vas —V(X) =V, |
X

Capacitance per unit area: C_, = “ot where, &,,. 0Xide permittivity,

tOX
* OXi i Y L dv(x)
t.: oxide thickness. The electric field at point x: E(X) = — -
X
E(x) causes the electron charge dq(x) to drift toward the drain
with a Velocity % =V, =—U E(X) =1 dV(X)
since. i = dg _ dx dg(x) “11 dv(x) dg(x) 2)

dt dt dx dx  dx



Using (1) — d‘lix) = —C, W [V —V(X) -V, ]
dv(x)

inserting into (2) — i=—x,C W [Vg —Vv(x)—V, |

Iy =—i=u,C W [Vgs —v(X) -V, | d(x ) rearranging & integrating both

e VL)
sides: j lpdx = [ 1,C,W [Vis =y =V(x)] dv(x)

0+ (0)
W 1
I, = (lunCox)(Tj |:(VGS —V; )VDS _EVD82:|
where: 4, C_ =K' : process transconductance parameter,

K, = KSWT : gain factor, WT : aspect ratio



Ups = vgs — V,
Triode  _ | Ups = tos — Vi
— —— region —4.-?-5—— Saturation region ————=
4 = f UGs V; + "1'
= /
3= I"—F Ups = Ugs — VI
- /
. ? — gy =V, + 3
i /
/
1 B / I"G.T = Vf + 2
gy 7/
-
0 1 2 4 5 6 7 8 A9 tps (V)



