Diode Circuits

1) What 1s the property of a diode?
2) How 1s 1t being made?
3) How does a Dlode work?

5) How to calculate a diode voltage and its current In an
electrical circuit?

6) How to model a diode characteristic under large 2
signal operation?

7) What are 1ts applications?

8) Zener diode — a special type of diode
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What is the properties of a diode?

= [t 1s a component that restricts the direction of movement of
charge carriers.

= [t allows an electric current to flow 1n one direction but not
the other way round.

= Current flow (red arrow) 1s opposite to electrons flow (black

arrow
) Red arrow - current flow Black arrow — electrons flow
+ - -
/{A P > P — N +
—" —>

Hydraulic <:| : <:|

check valve Water flow

o 0

(a) Flow permitted (b) Flow prohibited
http://electric-circuit.blogspot.com/2008/08/diodes-and-rectifiers.html
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How is it being made?

= [t 1s made of joining P-type semiconductor materials and N-type
semiconductor materials.

= The terminal at the P-type material is called the anode. In contrast, the
terminal at the N-type material is called the cathode.

_ 4 P-ype N-type — P-N junction representation
material material

(@)
—L_ Depletion region

Anode Cathode

Schematic symbol

(b) / Stripe marks cathode

Real component appearance

(c) —

Sl

http://electric-circuit;
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What is Semiconductor material?
What do p-type and n-type mean?

EEEEEE



The basic structure of matters

= All matter 1s made of atoms
= Different atoms have a different number ///‘r\
of electrons, protons and neutron. (s)

= Different materials having different \\& / /

electrical conductivities depends on the
number of outer electrons and how its
bonds with other atoms silicon

O _— Electron orbits

O
O Nucleus
O
Proton
@) Neutron

4

Electrons v .
. Phosphorus Sodium
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Electrical Materials

Insulators

Electrons are bound to the nucleus and are O o O e O

therefore not free to move | | |

With no free electrons, conduction cannot occur O —_ O —_ O
I I I

Conductors O —_ O —_ O

Sea of free electrons not bound to the atoms

Ample availability of free electrons allows for RSk ° SR

electrical conduction .O oo O oo O o

Semiconductors

Electrons are bound to the nucleus but vacancies are Electrons: mobile negative
created due to thermal excitation charge carriers

Electrical conduction occurs through positive (called Holes: mobile positive charge
holes) and negative (electrons) charge carriers carriers
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Intrinsic semiconductors and conduction

Copynight@The McGraw-Hill Companies, Inc. Permission
required for reproduction or display.

|| 1 ||
:?i(ﬁ):(ﬁ):

@ = Hole Electron jumps
to fill hole

| T
:?:f@?:

J—
The net effect 1s a hole

moving to the right

A vacancy (or hole) is created
whenever a free electron leaves
the structure.

This “hole” can move around
the lattice if other electrons
replace the free electron.

oy

EE2005

electron hole
conduction —\ conduc\tlon
<+—e . d <0
® ® ©®
<40 <+
+ - "“‘." ‘O Ay A
BORSOMOM Oz
OMO
© o @o OO
Conventional
current
| I
U

Each Si atom has 4
valence electrons and
contributes 1 electron
per bond

Each bond is formed
by two electrons, 1
from each atom

Silicon (Si) is the dominant semiconductor material used in
the electronics industry. In 1 m? of Si, there are ~10%® atoms.
Among these 10?3, there will be about 1.5*10!¢ vacancies at
room temperature. This is known as the intrinsic carrier
concentration: n, = 1.5%10'% electrons/m?3. This corresponds
to 1 free electron for every 10 atoms.

For intrinsic Si, no. of electrons = no. of holes




Extrinsic semiconductors

Intrinsic semiconductors:
Njectrons — Dholes (€qUal concentrations)

Extrinsic semiconductors:
Greater concentration of one type of carrier over the other

N-type semiconductor P-type semiconductor
nelectrons >> nholes nholes >> nelectrons
(Mostly negative charge (Mostly positive charge
carriers) carriers)
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Doping to form extrinsic semiconductors

A semiconductor material that has been subjected to the doping process is
called an extrinsic material. Both n-type and p-type materials are formed by

adding a predetermined number of impurity atoms to a silicon base.
N-type extrinsic material P-type extrinsic material

p-type

The 5th valence electron
is not involved in bonding Acceptor
O atom

Donor atom

Electron vacancy
creates a positive hole

N-type material 1s created by introducing impurity elements that have five valence
electrons. In an n-type material, electrons are the majority carriers.

P-type material is created by introducing impurity elements that have three
valence electrons. In a p-type material, holes are the majority carriers.

This process is called DOPING
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What does it make of?

Copyright®The McGraw-Hill Companies, Inc. Permission required for reproduction or display.

The p-side depletion region is negatively The n-side depletion region is positively
charged because its holes have recombined charged because its free electrons have
with free electrons from the n side recombined with holes from the p side

\

><\:\DCPI-CHOI}/
P | : // n
@ @ @ @ @ Cathode
@ @ ©

550

The pn junction forms the basis of the semiconductor diode.

There are no free carriers within the depletion region since the holes and
electrons at the interface between the p-type and n-type recombine.
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How does a Diode work?

When no voltage is applied across the diode

oo
Q7
_®@/

I

Reverse biased:

Forward biased:

Anode at a higher voltage than the cathode Anode at lower voltage than cathode
Depletion width |, | barrier for majority Depletion width 1, 1 barrier for majority
carriers to move across the depletion region carriers to move across the depletion region
Large conduction current Very small leakage current
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What is its electrical (V-I) characteristic?

Copyright@®The McGraw-Hill Companies, Inc.
Permission required for reproduction or display.

VD

VD

P =
=""¥g
n +
ip=-ly
(a) Reverse-biased
pn junction
P +
— V3
n _
i/) = I([_I() i I(/

(b) Forward-biased

pn junction
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Diode begins to conduct a significant amount
of current: Voltage V is typically around 0.7V

ipk
|
|
Reverse !
——breakdown—
region : Reverse
| - biia$
: reg ion Fo l'.\\" ard
: bias —
- 3 region
= "[| I
| L -
| y
V, v
i ~Iy g D
| |
| |
I Complete i-v curve of a I . iln Anode
: semiconductor diode :
l l VD
| |
| |
| | —
| |
i i Cathode




Shockley Diode Equation

equation:

YT —1),1, = constant,Vy = nkT/q

=~ 1.38 x 10723 J/K is Boltzmann’s constant

g = 1.60 x 107 Cis the magnitude of the electrical charge of an

electron.
n = diode parameter, typically =1
V;~ 25mV at 300 K in |

|

|

Reverse [

|

——breakdown——
region ! Reverse

|———— bias
/ | region Forward
i bias —
s region
4 :
' -1y Vy YD

Complete i-v curve of a
semiconductor diode
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Assume V= 0.026V. | 1s the diode saturation current.
1) Find the value of the saturation current /,,.
2) Find the percentage increase in i, if v, is increased from 0.6V to 0.8V o g\/

Ata temperatt/re of 300K, a certain junction diode has i, = 0.1mA for v, j@

—_—

Given Shockley Diode equation: ip= Io(e”D/ Vr — 1)

7 a1\

Working: b . \Wﬁ /Wb
i 0.0001
1) Iy= (evD/eT—l) - (e0:6/0.026_1) = 9.502x . \/ J
2~
f \f@ |/v,( ) D = D
<—j:‘ } o > /\/T f | Vo - o) 0%
®1 - _E— — Q < \/‘h‘(r ‘eb 26
(DL B

Y  Er2005 »



How to calculate a diode voltage and current
in an electrical circuit?

Tedious: requires numerical methods

+ v - I, To find V| where V¢ and R are known,
N First, apply KVL around the loop:
+ V=V, +RI,, V;and R, are known
i \Y% \Y%
<-> S R, L hen use the diode equation:

= ]O(e”D/VT — 1),10 = constant,
Ve =26 mVatT = 300K

Vo /v
\/gC Vot RL (e b/ T )
We then need to solve these two simultaneous equations,
which 1s not trivial. The other alternative 1s to use the

graphical method to find the value of I and V (next slide)
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Using graphical means to determine the Q point

Va=Vpt T €

The plot of diode current vs diode voltage From Shockley Equation

ID ‘ iD = IO(BVD/VS — 1)
Vs Ty —Vg RVS
. |
L From KVL 7>
. 1 Vs
lp = —R_LUD +R_L

Q point (]Q, VQ)

The operating point 1s where
the load line & I-V curve of the

» diode intersect
VQ VS VD
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Diode Properties under large current

Forward-biased
Current (Large) Cathode

Anode +<— Reverse-biased
Current (~Zero)

=D D
i il

Forward Biased: Reverse Biased:

Diode conducts Little or no current
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How to model a diode characteristic under
large signal operation?

1) Large-signal models are a quick and fast alternative

to analyze circuits with diodes
» Graphs (complicated with more components)
» Equations (write codes to solve)

2) Large signal models are approximations:
describing the device behavior for large changes 1n
voltages & currents

3) Two types of large signal models for this course
(both based on a switch or ON/OFF concept):

» Ideal diode model
» Offset diode model
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Ideal diode model

Copyright®The McGraw-Hill Companies, Inc. Permission required for reproduction or display.

ip, MA
15 Actual diode
— B
characteristic + i
TL VD —
VD — B i
, : @)
Approximation
(thick line) Circuit models for ‘
vp 2 0 (short) and ! .Symbo_l for
vp < 0 (open) ideal diode
1 | =
0 5 10 15 v,V

e Se In other words, a diode is
Vp > 0: Short circuit __~ ¢reated as a switch here

vp < 0: Open circuit
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Ideal diode model

CASE 1 CASE 2
N ‘/D - - Copyright@The McGraw-Hil Comparies, nc{enln; rwu_ reproduction or display. Copyright®The McGraw-Hill C + Inc‘-/‘D' i :quiredfor ion or display.
b —0® 00—
+ -_;\ + +
Y =, | §1kQ 15V — éle 15V — gle
- IB/ - ] D
Circuit containing Circuit assuming that the Circuit assuming that the
ideal diode ideal diode conducts ideal diode does not conduct

Case 1: Assuming the diode conducts and replacing it with a short circuit, we
work out the direction of the current. We find that the diode current runs from
the anode to the cathode. This 1s what we would expect if the diode was ON.

Case 2: Assuming the diode blocks and replacing it with an open circuit, we
work out the voltage drop across the diode. We find that the voltage of the
anode 1s higher than the cathode. This 1s contrary to what we would expect if
the diode was OFF.
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Ideal diode example 1

Determine which diodes are ON and which are OFF
N

+10V
O—N—M—T @ o %

) R 1

+5V -

(b) =) 5V
® Oo—t«¢ /W % \Z‘
~10V R ~12V <
| iz T
©) B -£7 (d) , "\D @ gy
-5V =D\I Vy = 0-) /9/“
I < % D
= R
© —jov
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Ideal diode example 2

Problems 9.7 and 9.8
Determine whether the diode is conducting or not. Assume diode is ideal

Repeat for V. =12V and V; = 15V

Copyright @ The McGraw-Hill Companies, Inc. Permission required for reproduction or display.

50 - ¥ 4 10
WW ¢ W

+ s

Vi 12 vV— —_ V=10V

-_ e —

. -

Case 1: Assume diode is ON: Replace with short circuit and find diode current direction
Diode confirmed as ON if diode flows from anode to cathode

Case 2: Assume diode is OFF: Replace with open circuit and find the voltage drop across
diode
Diode confirmed as OFF if voltage drop from anode to cathode is negative
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Vo = 0 -12 = 2V
gy pFan 7> camed
o o ~g BF ¢



Ideal diode example 2 solution

Case 1: Assume diode is ON = Replace diode with short circuit
Diode current (Iy) = (10-12)/(5+10) =-2/15 A
—> Contrary to our assumption that the diode is ON

Copyright ® The McGraw-Hill Companies, Inc. Permission required for reproduction or display.

5Q =% + 10 Q
—WW— WW

Ve =10V

Case 2: Assume diode is OFF - Replace diode with open circuit
Diode voltage drop (V) = 10-12 =-2V
—> Confirms our assumption that the diode is OFF

Copyright @ The McGraw-Hill Companies, Inc. Permission required for reproduction or display.

5Q =¥y % 10 Q

oy
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Ideal diode example 2 solution

Case 1: Assume diode is ON = Replace diode with short circuit
Diode current (Ip) = (15-12)/(5+10)=0.2 A
—> Confirms our assumption that the diode is ON

Copyright ® The McGraw-Hill Companies, Inc. Permission required for reproduction or display.

5Q =g +

_.VM_

10 Q

MW

—

.

Vi=1 15V

Case 2: Assume diode is OFF - Replace diode with open circuit
Diode voltage drop (V) = 15-12 =3V
—> Contrary to our assumption that the diode is OFF

Copyright @ The McGraw-Hill Companies, Inc. Permission required for reproduction or display.
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Ideal diode model example 3

Determine the state of the diode, assuming it is ideal.

A A
il =y

_l —_— Iv( '—‘5\/ —

Vi=l2v—— 11 — V=10V Vi=p2v— 2
% 150 = %
I

s

|
| |

| |

| ly, i3
| Vi =3.5V— ' | — V, =10V
| |

| |

| |

Assume diode is OFF - Replace diode with open circuit
Diode voltage drop (V) =3.5-10 =-6.5V
—> Confirms diode is OFF
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Oftset diode model

Copyright®The McGraw-Hill Companies, Inc.
Permission required for reproduction or display.

ip, mA T

Copyright®The McGraw-Hill
Companies, Inc. Permission
required for reproduction or display.

ol ———— Physical diode o é}
I
=

N

. Offset diode model

J N / (thick line)

r A-’ ‘ ==
2 4 VD, \Y
Vo
V., is typically used to denote the offset voltage

On Off
Y, vp = 0.7V Diode — 0.7 V battery
\) 0.7 'n = 0.7V Diode — open circuit

Device Circuit models
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Offset model example 1

Determine the state of the diode assuming it has a turn on voltage (V,) of 0.7 V
and given that V, =5V, V=2 VR, =1 kQ, R, =500 Q.
What is the lowest value of V, for the diode to turnon?

D, [ o chw Work with assumption that diode is ON:
oO—W\—H—¢ N - Find the direction and value of I,
TR > V,=I,*R, +V, +Vy
. v, 69 éj > 1, = (5-2.7)/1k=2.3 mA

- ‘ > Confirms that diode is ON
O ¢ Yz 0 F+V 3
Lowest value of V, for diode to be on: =0.7 *2 =24V

Ip=(V,-V,-Vp)R, =(V,-2.7)/1k
For I, to be positive > V, > 2.7V

& 52005
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What is its applications?
Power Regulator

One common application of diodes is rectification. In rectification, an AC
sinusoidal source is converted to a unidirectional output which 1s further
filtered and regulated to give a steady DC output.

Power
transformer

D —

hudﬁUL W T T

EE2005
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How a diode rectifies a AC to DC?

Vp - Uni-directional
output converted

N Bi-directional input

Vs(t)
Circuit conducts for only half a cycle

Half wave rectifier-> Not efficient !!

&Y Course Information for EE2109 29



Full-Wave Rectifier - Bridge

oy

Comprises 2 sets of diode pairs
Each pair conducts in turn on each half-cycle

Copyright®The McGraw-Hill Companies, Inc.
F iSSi quired for reproduction or display.

a

During the positive half-cycle of
'oduction or display. \'S (t), D] and D} are fOI’Wilrd-biast

30 30 and i; = vg(?)/R; (ideal diodes).
20 25
10 > 20
> =
< 0 =15
"-10 & 10
20 5
30 0 = B I !
0 0.01 0.02  0.03 0 0.01 0.02  0.03 During the negative half-cycle of
%8 b8 vs(?), D7 and Dy are forward-biased
() (b) and i; = —vg(?)/R;, (ideal diodes).

EE2005
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Ripple filter

Anti-ripple filter is used to smoothen out the rectifier output

Copyright®The McGraw-Hill Companies, Inc. Permission required for reproduction or display.

Radian frequency § 170 Q . :
b —® +

of source: o, G MWW :
adll S VR(D  ZX4T0pF | v

rectifier i i
o= . L@ -

Charging Antiripple filter
Volts A

Discharging Cutoff radian frequency ®, = 1/RC << o,
Load voltage vy,

Unfiltered
rectifier
output v(¢)

R—

0 8.33 16.67 2 f, ms

N
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Zener diode — a special type of diode

Anode D I ' Cathode

= Zener diode “Avalanche Breakdown”

v
=> Low breakdown voltage V,, i :
=>» Conduct with very small resistance v
=>» Steep I-V curve Zener
Breakdown
Region

Electronics with Discrete Components - Glavez
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Zener Diode as Voltage Regulator

* The Zener diode will control the current I, so as to keep I; constant irrespective
to a change in R;.
¢ Maximum of I, is limited by the diode power rating

I,_. Symbol
e D_K_Q
+V O Ca;;c]nde - node
‘ O«—O
.. n O ut vo Ita l;l & Revenji‘e‘ s V2
from rectifier or a. Lz
smoothing circuit
I 1
. -
Vin (Vs) ¢t A ()= == = e
L.
"::‘t’
Vout =3 ’:,i R,
I"v‘)
12 ~
oV oY ' o--*___

https://www.electronics-tutorials.ws/diode/diode 7.html

Y EE2005 33




Summary

1) Free carriers are required for conduction

2) Positively and negatively charged free carriers can be
engineered 1n semiconductors

3) A diode 1s a nonlinear device that we can model as an
approximation as either conducting or blocking using
large-signal models

4) Large signal diode models an approximation
» Ideal: Diode conducts with OV offset across the diode
» Offset: Conduction results in a small offset voltage

5) One of the most important applications of diodes 1s a
rectifier.

Reference: A 12min summary on diode: https://youtu.be/Fwj d3uO5g8
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