ELE 2110A Electronic Circuits

Week 2: PN Junction Diode
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types of dindes - from the German wikipedia
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Topics to cover...

e Physical operation of pn junction diode
e Terminal I-V characteristics

e Breakdown and junction capacitances
e Diode circuits analysis

e Reading Assignment: Chap 3.1-3.7, 3.10-3.13 of Jaeger & Blalock
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Why diodes?

e R, C, L are linear circuit elements

e Many signal processing functions need non-
linear elements, like signal rectification (to
convert negative signal to be positive).

Power
tranSformer e o o B = e o Sl . R R

_ Voliage

" '-:.:-::__.::_: T

T ac line
120 V (rms)
60 Hz

US Slagi - : |
 reeutor 4
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Nonlinear signal processing

An AC-DC converter
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Why diodes?

e Basic function of diode: to allow current to flow only in

one direction.
P |> ‘ n .
Anode Cathode Diode SymbOI

e Applications:

— Redctifiers
— Waveform clipping and clamping circuits
— DC-DC converters vt
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Waveform clipping Waveform clamping
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Physical Structure of pn Junction Diode

Metallurgical junction

A &
\ p n \
Anode % Pp=Ny n,= Np § Cathode
o—o %—o
M |/'\ - ?TE p":;_,-z §
eta 2 i
Contact A\ /f \ %
p-type n-type
hc;i&jtgmr Tt Dpnnr
\ i s
l
Hole --_____5 @ @ @ @ @ @ éL/J#——'—' Electron
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p type H type

p |: ‘ n
Anode Cathode

Diode symbol

Note:
both p and n regions
are charge neutral.
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Diffusion of Electrons and Holes

e Electrons tend to diffuse from n side to p side
e Holes tend to diffuse from p side to n side

e The resulted current is diffuse current. It is due to the
movement of majority carriers.

e Q: What are the directions of electron and hole diffusion

currents?
Iy, uHEALITI O
\ 1 \
I

Hn}]e----_____g) @ Q @ @ @ @ é'/JfEleutron
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p type n type
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Diffusion of Electrons and Holes

e If diffusion processes were to continue unabated, there
would eventually be a uniform distribution of electrons
and holes.

e But there Is a counter force...

Acceptor ] Donor
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Formation of Depletion Region

Hole diffusion

-

o Metallurgical
Electron diffusion

junction
Holes and electrons ~ --------------—- >
are depleted from the ) @ @ @ @ ;
dopantatoms | ~ ~ | ° -
Ionized acceptor Ionized donor
atom B E(x) atom
Hole drift
Electron drift
. e 5 al .
| W
Neu_tral = Space chargﬂ_ region (SCR) % Neu_lral
region P or depletion region " region
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Built-in Electric Field

Charge Density Electric Field Potential
} p(x) A E(x) A Ox)
+f_an " .
=X, Ty —4p .
; - IJr | = x If ;
% —) 5 D) s N [
- 0 9, _—
A V-BE=& —Emax M
g, E(X)=-V #X) potential

(Gauss’ Law)

E(X) :gl j o(X)dx

(1 dimension)

#; =—| E(0dx

KT N ,N
Solid-state physics tells us that: ¢, = ] ln[ A Dj

The resulting potential gives rise to drift currents.
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Built-in Electric Field

Charge Density Electric Field Potential
A p(x) A E(x) 4 0(x)
+.‘,':."ND
_'T;l _'r_n _'rp
- X | | = x I
B \ X ) — -
0,
~gN, A" f built-in

potential

Direction of drift current:

Drift current is due to the movement of minorities.

For a diode with no external connections, the total current through it must
be zero. Therefore, under thermal equilibrium (no external voltage), drift
and diffusion currents have the same magnitude but opposite direction.
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Width of Depletion Region

Charge Density Electric Field Potential
A px) A E(x) 4 0(x)
+f_fND
—.TJ., —IP _'rp 1@,
- | —» x I ;
X |::> \ Xn |::> — ——-
0,
—gN, - f built-in
1 potential
E(X)=— j o(X)dx )i = —I E(x)dx .
‘95 ¢j _ ln( A2 Dj
q n;

Depletion width is an important device parameter.
It can be shown that:

Wyo=(Xp +X,)= 255[1+1)¢
do = = i
P qd \Np Np .
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Forward-Biased PN Junction

L O(x)

Metal vp<0
contact

Up= 0

vp>0
SCR __l;p % A D
| | —_—

$—vp

Forward biasing means applying an external voltage vy > O:
e Built-in potential drops (barrier lowers)
e Majority electrons and holes easily cross the junction
e Balance between diffusion and drift breaks
e Current appears at the terminals:
Ip = littusion — larine > 0
In fact, |0, INCreases exponentially with V.
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Reverse-Blased PN Junction

4 o(x)

vp<0
. Metal A
contact

= U.D' =0
) T— 'p >0

SCR *l"p |
1 | - X
m JV Xp """:..,\_‘

L s
Ip Up

Reverse biasing means applying an external voltage v, < O:
e Built-in potential increases/barrier increases;

e Majority electrons and holes can hardly cross the junction
— Diffusion decreases
e Drift current almost unchanged as there are little supply of carriers
(minorities).
Ip = lgitusion — larie < O @nd tends to —l s
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Topics to cover...

e Physical operation of pn junction diode

e Terminal I-V characteristics

e Breakdown and junction capacitances
e Diode circuits analysis
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Diode Terminal I-V Characteristics

+ Up —

. N
o P
: \'
I, =1 exp| — |1
)
UDU
where Ig = reverse saturation current [A]

Vp = Voltage applied to diode [V]
V= kT/g = thermal voltage [V] (25 mV at
room temp.)

q = electronic charge [1.60 x 10-1° C]
k = Boltzmann’s constant [1.38 x 10-23
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Diode Current for Reverse, Zero, and
Forward Bias

e Reverse bias:

I, =1 {exp(il/—[)
-

e Zero bias:

e Forward bias:

exp[

)_1} I [0-1]~ -1, forv, <—4V;

0

Is[l_l]
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Example 1

Problem: Find diode voltage for diode with given specifications
Given data: 1;=0.1 fA, I;)= 300 pA 7/ 1mA

Assumptions: Room-temperature dc operation with V; =25mV
Analysis:

With 15=0.1 fA, I,= 300 pA

| -4
_ D |_ 3x107F A\ _
VD VT In 1+_IS (0.025V)In(1+ 10-16A) 0.718V
With I;= 1 mA, 1;=0.1 fA VD=0.748V
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Diode I1-v Characteristics

0.10 1.20 x 1074
14
b 1.00 x 10~ /
8.00 x 1071
0.06
< . <
e = 6.00x107°
5 g
5 0.04 E i /
7] (5]
-°é L Turn-on 'é 4.00x 10712
A voltage a
0.02 2 1
Figure 3.9 } 2.00 % 10-15
0.00 \”“ \ ) ] s
0
-0.02 L L L ' _ i _15 | I
-2.00 x 107
~1.5 -1.0 -0.5 0.0 0.5 1.0 1.5 —02 —0.1 0.0 0.1
Diode voltage (V) Diode voltage (V)

Turn-on voltage marks point of significant current flow.
| : reverse saturation current
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Diode current (A)

Semi-log Plot of Diode Current

107!
1072 - Vv
10~ /’ V
1 7 T
s /| ]
10
| Vo, —V
1076 ,/ Let 2L = exp[ bt D2 j =10
]U—? / ID2 VT
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108 2
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E
10 // — 23VT
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Current for Three Different Values of |

0.10
A
0.08
0.6 B
o)
=
2 60 mV } ,C
5 0.04
2 T : ,
=] :
5 A
) %
0.00 —
_002 1 ]
0.0 0.2 0.4 0.6 0.8
Diode voltage (V)

1.0

I, =101, =100l

I, =1 exp(il/—Dj
.

?S_A _ eXp(VDB — Voa j - 10
Vs

Vg —Vpa =V, In10 = 60 mV
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Topics to cover...

e Physical operation of pn junction diode
e Terminal |-V characteristics

e Breakdown and junction capacitances

e Diode circuits analysis

Lecture 02 - 21



Reverse Breakdown

Breakdown reqgion:
Rapid increase in I when

reverse bias voltage exceeds

a break down voltage V,

Typical value of V.:
2V <V,<2000V

Diode current (A)

0.1
...... —V J
0.0 * z &
}Sfopc = ﬁl' A TC of V,
: : Z
_{.}.I K :' =]
/ -0 '/l-
~sev V2 |
Temp. Coeff.
_02 [N | [— —
e —4 —3 2 =1 0 1
Diode voltage (V)
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Breakdown Mechanism 1: Avalanche Breakdown

e Carriers in the SCR are accelerated by the internal electric field and
collide with fixed atoms

e As the reverse bias increases, the energy of the accelerated carriers
iIncreases, eventually breaking covalent bonds and generating
electron-hole pairs

e The newly created carriers also accelerate, collide with atoms, and
generate other electron-hole pairs. This process feeds on itself and
leads to avalanche breakdown

e Sidiodes with V, > 5.6 V enter breakdown through this mechanism
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Breakdown Mechanism 2: Zener Breakdown

e Zener breakdown: occurs when the electric field in the depletion
region increases to the point where it can break covalent bonds and
generate electron-hole pairs.

e V,<5.6V for diodes entering breakdown through this mechanism

e In avalanche breakdown, V, increases with temperature
e In Zener breakdown, V, decreases with temperature

e Breakdown is not a destructive process provided that the maximum
specified power dissipation is not exceeded
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pn Junction Capacitance: Reverse Bias

e External reverse bias leads to:
— Increases of the built-in potential
— Increases of the SCR, and thus fixed space charges

e This behaviors like a capacitor, and is referred to as
depletion capacitance.

A p(x)
A E(x) b D)
+qNp
—Xp ~p Xn E - Xp |— (¢ + vg)
- X : L x | = x
Xy _,__—-‘/ J_
—QTNA
(a) Space charge density (b) Electric field (c) Electrostatic potential
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pn Junction Capacitance: Forward Bias

|
|
-<-|Depletion n region
ré) . %-I __pﬁ'.(xﬂ) g
gion

p region

Excess
concentration

P n0 o _( _________

{— Thermal equilibrium
value

|
|
|
|
|
|
|
|
|
L
|
|
|
|
|

X

=Y

xp 0 n

Forward bias minority distribution in neutral regions
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pn Junction Capacitance: Forward Bias

Excess charge stored in neutral region near edges of space charge
region is

Qp =1,7; Coulombs

t,is called diode fransit time and depends on size and type of diode.

The Q depends on iy and in turn on v,. This capacitance behavior is
referred to as diffusion capacitance and given by:

CJ o dQD = dQD dID ~ iDz-T [F]
dv, diy dv, V;

Iy = I{exp[{/—[’j—l} = | exp@//—[’j
T T

Diffusion capacitance is proportional to current and becomes quite
large at high currents.
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Diode Circuit Analysis: Basics

Objective: to find the DC current (I) and voltage (Vp), or quiescent
operating point (Q-point) of the diode.

V and R may represent
Thevenin equivalent of a
more complex 2-terminal
network.

Full set of equations:
1. Diode equation:

=) gy =1 exp[V—Dj—l

2. KVL along the loop: \
nonlinear
= V =I,R+V,

This is also called the load line
equation of the diode, as if the
V-source and R were the load of the
diode.

ﬁ ELE2110A © 2008
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Topics to cover...

e Physical operation of pn junction diode
e Terminal |-V characteristics
e Breakdown and junction capacitances

e Diode circuits analysis
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Diode Circuit Analysis Approaches

e Graphical analysis (load-line method)

e Numerical Analysis with diode’s mathematical model

e Simplified analysis with ideal diode model.

e Simplified analysis using constant voltage drop model.
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Load-Line Analysis (Example 2)

2.00% 1073
Problem: Find Q-point
Lol Given data: V=10 V, R=10kQ.
1.600 x 1073 —— _..—-FDiode I-V curve.
— B RS A Analysis: A
1.400 x 107 10 = IDIO +VD
2 1200107 o To define the load line we use,
C 7tV =0, 1, =(10V/10kQ) =1mA
E 8.00 x 107 Lood line . VD =), ID =0.5mA
. v -+
600 x 104 .+~ | These points and the resulting load
5~ | line are plotted. Q-point is given by
100107 intersection of load line and diode
2,00 x 107 characteristic:
y
K | : R s s Q-point = (0.95 mA, 0.6 V)

Diode voltage (V)
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Numerical Analysis (Example 3)

Problem: Find Q-point for given diode characteristics.
Given data: I =1013AV;=25mV,V =10 V, R = 10kQ.
Analysis:

{I 5 = I fexp(V,, /V; )—1]=107"[exp(40V, )—1]
10 = IDIO4 +V,
=10 =10"10"[exp(40V, )-1]+V,
This is a transcendental equation and does not have analytical

solutions. A numerical answer can be found by using Newton’s iterative
method.

Let: f :10—10_9[€Xp(4OVD)_1]_VD

We desire to find V for which f=0.
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Newton’s Iteration Method for f (vp) =0

1. Make initial guess V°

2. Evaluate f and its derivative f ' for this value of V,

3. Calculate new guess for V, using |y 0 f (VDO)
D —Vp —

4. Repeat steps 2 and 3 till convergence

: f1(Vy°)= fvy')-0

(%) | FVD)

I/ o
- V.D
v W
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Solution from a Spreadsheet

Iteration # V_D[V] f f' | D [A]
0 0.8000 -7.895E+04 -3.159E+06 7.896E+00
1 0.7750 -2.904E+04 -1.162E+06 2.905E+00
2 0.7500 -1.068E+04 -4.276E+05 1.069E+00
3 0.7250 -3.927E+03 -1.575E+05 3.936E-01
4 0.7001 -1.442E+03 -5.806E+04 1.452E-01
5 0.6753 -5.281E+02 -2.150E+04 5.374E-02
6 0.6507 -1.918E+02 -8.048E+03 2.012E-02
7 0.6269 -6.817E+01 -3.103E+03 7.754E-03
8 0.6049 -2.281E+01 -1.289E+03 3.220E-03
9 0.5872 -6.455E+00 -6.357E+02 1.587E-03
10 0.5770 -1.148E+00 -4.238E+02 1.057E-03
11 0.5743 -5.989E-02 -3.804E+02 9.486E-04
12 0.5742 -1.876E-04 -3.780E+02 9.426E-04
13 0.5742 -1.858E-09 -3.780E+02 9.426E-04

«— Q-point
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Analysis using Ideal Diode Model

Ideal diode A ip |deal diode model:
characteristic

et st mereteesenmseneraren Forward-biased: V0|tage = zero, iD >0

/m.-..n.................. -.-.......-........... Rev I V
i UD el_
4

Diode is assumed to be either on or off.

|-V curve is linear in both regions.
Ideal diode symbol

ip Analysis steps:
M 1. Identify anode and cathode of diode

+ vp - and label vy and ip.
2. Guess diode’s region of operation from

On Off circuit.
i b D< 3. Analyze circuit using diode model
:Z __ Short Open appropriate for assumed operation
= circuit circuit region.

/ 4. Check results to check consistency

Co Co ocC with assumptions.
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Example 4

10 kQ 10 kQ
M A'AA"
Ideal
10V SZ 10V SZ prins

(a) (b)

Since source is forcing positive current through diode, assume
diode is on. So V=0.

10 kQ

_(10-0)V

| =1 mA
oY [_.__JI“ %&V” >~ T 10kQ

Since I, > 0, our assumption is correct.
Q-point is (1 mA, 0V).
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10V

Example 5

10 kQ 10 k€2

MV A AR

Ideal

Y diode

Since source is forcing current backward through diode,
assume diode is off. Hence I =0.

10 kQ

@ (o ) w

10+V, +10*1, =0

¥ ~V, =-10V

Since Vg < 0, our assumption is right.
Q-pointis (0, -10 V)

ﬁ ELE2110A © 2008
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Constant Voltage Drop Model

A L’ﬂ
+
ip T ip Ideal diode +
source
S7 characteristic
Up — Up
= -
Vv
_ on vﬂl‘l
() —
Pes o Forward-bias: vy = V,,, iy >0
\ Reverse-bias: in=0, v, <V
an OPEH D D on
Circuit
C oC
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10V

Analysis:

Example 6

MW it

é Ideal

diode

EB).
O

Constant
— voltage drop
model

Since 10V source is forcing positive current through
diode, we assume diode is on.

10V [ I=1,

I'n
J V. =06V

_(10-V )V

D

_(10-0.6)V

10kQ
=0.94mA

10kQ)

Since I, > 0, our assumption is correct.

Q-point is (0.94 mA, 0.6V).
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Two-Diode Circuit Analysis (Example 7)

I(]kﬂ D 5kQ
E ‘ -10V

>

c 10kQ p E 5kQ F
O—A—¢ {>}—-—m—o
S LAY

+15V

Analysis:

. Choose ideal diode model.
. Assume both diodes are on.
~ Since Vp,=0,

_(15-0)V
10kQ2
_0-(-10)V
D2 5kO,
|D1:|1_|D2:1'5_2:_0'5 mA
Q-points are (-0.5mA, 0V) and (2.0mA, 0V)

But, 15, <O is not consistent with the
assumption of D1 is ON, so try again.

=1.50mA

=2.00mA
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Example 7 (Cont.)

c 10kQ I, D In, E 5kQ F

The second guess is D, o AAA— o oo AAA:—0
off and D, on: +15V D, -10V

Since I, = I, —

| = 19=C10) _y e704 Vg, =15-100001, =—1.67V
1 10kQ+5kO

Q-points are D, : (0 mA, -1.67 V): off
D,: (1.67 mA,0V):on

This is consistent with our assumptions and analysis is finished.
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Breakdown Region Diode Model

0.1

0.0 & }

|
N

Diode current (A)

_— -(.1

—
e R
v
=3
=
w
1
| —
[n']

02 [T T T 1
- —4 -3 -2 o 0 1

Diode voltage (V)

In breakdown, the diode is modeled with a DC voltage source, V., and
a series resistance, R,. R, models the slope of the i-v characteristic.

Diodes designed to operate in reverse breakdown are called Zener
diodes and use the indicated symbol
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Zener Diode Circuit Analysis

(Example 8)

5kQ I
ANA——

Load-line equation :

+ T B KVL along the loo
= C-) { J Vb ZS Rz =100 Q ( J p)
b A ¥ VD+5000I D+2O:O
!Dim Using graphic analysis:

Choose 2 points (0V, -4mA) and
(-5V, -3mA) to draw the load line.

It intersects with i-v characteristic at
Q-point (-2.9 mA, -5.2 V).
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Zener Diode Circuit Analysis
(Example 9)

Ip(A)
5kQ I,
AAN—— 0.005
ke Y
20V
Vb Zk Ry =100 Q
I +
D ID

s\
MN—————-.. e i
. ]m """" Assume in breakdown region
20V Ci) L —20+5100|Z+5:0
Y _(20-5)V _
) I = =2.94mA
I Z 51000
|, =—1~>0 Since |, >0 (I <0), solution is consistent
Z D with Zener breakdown assumption.
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Zener Diode Applications: Voltage Regulator

—
AW v
V. oA

5 ﬁ_ _V5 max [?$ +

W Vs K Vo Load T o ity

L ~ T-
! O

Zener regulator
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Zener Diode Applications: Voltage Regulator

5kQ ;o I
5 L
M

V=5V
I 5kQ oA
S AAA
R I
Z D
| 4

20V

Zener diode keeps voltage
across load resistor constant

Ry >R

_Use constant voltage drop model:

V_ -V
S Z:(ZO—S)\/:3

= mA
S R 5k
Vv
| = Z _ 9V _ImA
R 5kQ
L
|, =g -1, =2mA

" For proper regula’[iOn, IZ >0 . If IZ <0,

Zener diode no longer controls voltage
across load resistor and the regulator is
said to have “dropped out of

regulation”.
Vv
- 1, 1 R _
"'Z‘ES_VZ F+R_L>0 R > A R i
Vz

g@% ELE2110A © 2008
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Example 10

Zener dipde model

VW Analysis:
I
" KCL at output node:
20V ¥ Vg RL2s5k0 Vi
CD § Vi-20 V-5 Vo
i 5000 100 5000
_ _ oV, =519V
Problem: Find V, and I, using the L
piece-wise linear model. V. _5
Given data: _ VL T _5.19-5_
|_ = = =1.9mA >0
V=20V, R=5 kQ, Z 100 100

R,= 0.1 kQ, V,=5 V

Diode is actually operating in
breakdown region as assumed.
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Line and Load Regulation

5 kQ

A
o L I .
- Rz £ 0.1kQ
e C) Vs <!*. Load is modeled
Vz 5V = as an |-source

. R R,
By superposition: V, = SR V, + SR V. - (R, //R)I,
Line regulation = an _ R, (charact_erize_s how sensitive output

oV, R+R, voltage is to input voltage changes)

Load regulation = oV, =—(R, //R)[Q] (characterizes how sensitive output
L voltage is to load current changes)
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