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Silicon
Electrons in the outermost shell are called valence electrons, and the chemical activity of
a material is determined primarily by the number of such electrons.
The valence electrons are shared between atoms, forming what are called covalent
bonds.
Silicon:
At T=0K, each electron is in its lowest possible energy state, so each covalent bonding
position is filled. If a small electric field is applied to this material, the electrons will not

move. At T=0K, silicon is an insulator, no charge flows through it. A portion of the periodic
table
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(@) (b) (c)

Silicon atoms in a crystal matrix: {(a) five noninteracting silicon atoms, each with
four valence electrons, {b) the tetrahedral configuration, {c) a two-dimensional representation
showing the covalent bonding
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Conductors

If the temperature increases, some of the valence electrons will gain enough thermal
energy to break the covalent bond and move away from its original position, leaving a
positively charged “empty state” or called “hole”. The electrons will then be free to move
within the crystal.

More free electrons and positively empty states are created for more higher temperature.

In order to break the covalent bond, a valence electron must gain a minimum energy Eg,
called the bandgap energy.

Materials that contain very large numbers of free electrons at room temperature are
conductors.

Insulator: Eg is about 3~6 eV, semiconductor: Eg is about 1eV

An electron-volt (eV) is the energy of an electron that has been accelerated through a
potential difference of 1 volt, and 1eV= 1.6x10" joules.
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Two-dimensional
representation of the silicon The breaking of
crystal at T =0°"K a covalent bond for T = 0°K
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Energy Band

Ev is the maximum energy of the valence energy band and the energy Ec is the maximum

energy of the conduction energy band.
The bandgap energy Eg is the difference between Ec and Ev, and the region between

these two energies is called the forbidden bandgap.
Electrons cannot exist within the forbidden bandgap.

{ Conduction Conduction
band (—) band
E. E . x
( A ¢
E Forbidden Electron
#  bandgap generation
E Y E.
’ Valence ! \ (+) Valence
band band
(a) (b)
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Current in Semiconductors

O A valence electron that has a certain thermal energy and is adjacent to a hole may move
into that position, making it appear as if a positive charge is moving through the
semiconductor.

O Two types of charged particles contribute to the current under a small electric field at room
temperature:

O the negatively charged free electron
O the positively charged hole

Figure 1.4 A two-
Si— St Si Si dimensional representation of
the silicon crystal showing the
‘ ‘ ‘ | movement of the positively
charged hole
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Intrinsic Semiconductors

O Anintrinsic semiconductor is a single-crystal semiconductor material with no other type of

atoms within the crystal.

O In an intrinsic semiconductor, the densities of electrons and holes are equal, since the
thermally generated electrons and holes are the only source of such charged particles.
O Intrinsic carrier concentration I:

the concentration of the free electrons and that of the holes

n = BTC*’Ze(_ZETgTj

B isaconstant related to the specific semiconductor material
E, Is thebandgap energy (eV)

T istheabsolute temperature (°K)

k isthe Boltzman'n constant (86 x 10 °eV/°K)

Semiconductor constants
Material E, (eV) B (em K%
Silicon (S0) 1.1 523 % 103
Gallium arsenide (GaAs) 1.4 2.10 x 10"
Germanium (Ge) 0.66 1.66 x 107
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Example 1.1 oObjective: Calculate the intrinsic carrier concentration in silicon at
T =300°K.

Solution: For silicon at 7 = 300 °K, we can write
H; = BT”%(ST?)
=(5.23 x 1015)(300)3/2e(m)
or
n=15x10"cm™

Comment: An intrinsic electron concentration of 1.5 x 10'%em™ may appear to be

large, but it is relatively small compared to the concentration of silicon atoms, which is
5x 1072 ecm™.
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N-type Semiconductors
Adding controlled amounts of certain impurities can greatly increase the concentration,
then, the conductivity. The process to add impurities is called doping.

A desirable impurity is one that enters the crystal lattice and replaces one of the
semiconductor atoms. The impurities are from the group Il and V elements.

The materials containing impurity atoms are called extrinsic semiconductors.
Donor impurity: phosphorus atom (group V element)

v Four of its valence electron are used to satisfy the covalent bond requirements, the
fifth valence electron is more loosely bound to the phosphorus atom.

v' At room temperature, this electron has enough thermal energy to break the bond, thus
free to move through the crystal and contribute to the electron current.

v' The remaining phosphorus atom has a net positive charge, but the atom is immobile in
the crystal and cannot contribute to the current.

v" A semiconductor containina donor impuritv atoms is N-type semiconductor.

— Si =S8 =S =S —
e

— Si—@=—S8i—18 —

— y _ H — H — H _ Figure 1.5 Two-dimensional
i=— Si =— Si =— Si . -

representation of a silicon
| | | | | lattice doped with a
(a) (b) phosphorus atom
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P-type Semiconductors

O Acceptor impurity: boron atom (group Il element)

v' Three valence electrons are used to satisfy the covalent bond requirements for three
of four nearest silicon atoms. This leaves one bond position open.

v' At room temperature, adjacent silicon valence electrons have sufficient thermal energy
to move into this position, thereby creating a hole.

v' The boron atom has a net negative charge, but cannot move, and a hole is created
that can contribute to a hole current.

v' A semiconductor containing acceptor impurity atoms is P-type semiconductor.

I | |

— Si Si Si Si1 — _SI—SI Sl—-Sl'—'
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— Sit===!(B)=— Si =— Si — —31 e—Sl_Sl'—'

[ | || (.

— Si Si Si Si — — 8 Si Si Si—
I I

(a) (b) Figure 1.6 Two-dimensional
| representation of a silicon
lattice doped with a boron
atom
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Thermal Equilibrium

Thermal Equilibrium: relationship between the electron and hole concentrations in a
semiconductor

2
MNP =N
where
n, : the thermal equilibrium concentration of freeelectrons

P, : thethermal equilibrium concentration of holes
n :theintrinsic carrier concentration

At room temperature,

O Donor Impurity: the donor concentration Nd iIs much larger than the intrinsic
concentrations,

Po =1/ Ny

O Acceptor Impurity: the acceptor concentration Na is much larger than the intrinsic
concentrations,

n,=n°/N,_
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Example 1.2 oObjective: Calculate the thermal equilibrium electron and hole con-
centrations,

Consider sﬂlcon at T =300°K doped with phosphorus at a concentration of
N, =10"cm 3. Recall from Example 1.1 that n; = 1.5 x 10" em ™.

Solution: Since N; > n;, the electron concentration is
n, o d = 1016 Cmﬁ3

and the hole concentration is

nr (1.5 % 10"%)?
N, 1016

p, = =225x%x 10*em™

Comment: In an extrinsic semiconductor, the electron and hole concentrations nor-
mally differ by many orders of magnitude.
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Drift Current

O N-type Semiconductor

v" Drift velocity of electrons
Vdn — _:unE

w. - €lectron mobility (cm?®/V —s)

For low-doped silicon, i, ~1350cm?®/V —s,

v’ Drift current density

J =-env, =enu E (A/lcm?)

n

n : electron concentration
e: themagnitudeof theelectronic charge
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Drift Current
O P-type Semiconductor

v" Drift velocity of electrons
Vg = +1,E

1, - holemobility (cm?/V —s)

For low-doped silicon, 4, ~480cm®/V —s.

v’ Drift current density
2
J, =+epvy, =+epu E (Alcm?)

p : holeconcentration
e: themagnitudeof theelectronic charge

LR TR S Electronics |, Neamen 3th Ed.
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Conductivity
The total drift current density is the sum of the electron and hole components.

J=enu E+epu E =0kt

= enu, +epy,

where O is the conductivity of the semiconductor.

The conductivity can be changed from strongly n-type, N>>pP, by donor impurity doping to
strongly p-type, P>>N, by acceptor impurity doping.
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Diffusion Current

O With diffusion, particles flow from a region of high concentration to a region of lower
concentration.

3 —ep Iy g 9RO
dx P " dx
D, : electron diffusion coefficient

Dp - holediffusion coefficient

Y P A
Electron Hole
diffusion diffusion
Electron diffusion Hole diffusion

current density current density

-y

X

(a) (b)

Figure 1.8 Current density caused by concentration gradients: (a) electron diffusion and
corresponding current density and (b) hole diffusion and corresponding current density

LR TR S Electronics |, Neamen 3th Ed.
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Einstein Relation

O Relationship between mobility values and diffusion coefficient values

V, = 0.026 V

O The total current density is the sum of the drift and diffusion components. In most cases
only one component dominates the current at any one time in a given region of a
semiconductor.
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PN Junction

O PN Junction: the entire semiconductor material is a single crystal, with one region doped to
be p-type and the adjacent region doped to n-type.

O |Initially, a large density gradient in both the hole and electron concentration occurs across
this junction and causes a diffusion of holes and electrons.

4 Doping
concentration
N )
Ny
P n n? n}
o=t Pro = -t
x=0 - Ng =—==——1 " Na
r=0
(@) (b)

The pn junction: {(a) simplified geometry of a pn junction and {(b) doping profile
of an ideal uniformly doped pn junction
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Thermal Equilibrium
O If no voltage is applied to the pn junction, the diffusion of holes and electrons must
eventually cease.

O The direction of the induced electric field will cause the resulting force to repel the diffusion
of holes from the p-region and the diffusion of electrons from the n-region.

O Thermal Equilibrium: The force produced by the electric field and the force produced by the
density gradient exactly balance.

- - V¥
P e E-field /' n @)
— — o+
p-region A n-region | v =0 |
N, Potential 4 I I
Hole — = N, I
diffusion I I
Electron
—— I I
diffusion | | Ve (b)
| I
| I
x=0 I | ¥
Initial diffusion of The pn junction in thermal eguilibrium:
electrons and holes at the metallurgical (a) the space-charge region and electric field and {b)

junction, establishing thermal eguilibrium  the potential through the junction
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Depletion Region

The positively charged region and the negatively charged region comprise the depletion
region of the pn juction, in which there are essentially no mobile electrons or holes.

There is a potential electric field difference across the region.
This potential difference is called the built-in potential barrier,

I\IaNd

2

KT . (N,N
V, = eIn n.2d =V, In -

The parameter V. is called the thermal voltage and is approximately V; = 0.026V at
room temperature, T = 300°K.

Example 1.3 Objective: Calculate the built-in potential barrier of a pn junction.
Consider a silicon pn junction at 7' = 300°K, doped at N, = 10" cm™ in the p-
region and N, = 10" em™ in the n-region.

Solution: From the results of Example 1.1, we have n; = 1.5 x 10" em™ for silicon at
room temperature. We then find

(10")(10"")
(1.5 x 1010)?

N,N
V=V ln( ‘ ") — (0.026)11{ jl —0.757V
Al

I
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Reverse-Biased PN Junction
Reverse Bias: The magnitude of the electric field in the depletion region increases above
the thermal equilibrium value.

This increased electric field holds back the holes in the p-region and the electrons in the n-
region, so there is essentially no current across the pn junction, so there is essentially no
current across the pn junction.

When the electric field in the depletion region increases, the number of positive and
negative charges also increases.

With an increasing reverse-bias voltage VT, depletion width W also increases.
Junction (depletion layer) capacitance:

V. ~1/2
C C 1+ R
bi
[ W(Vg) —
I 7 ?._.' 2 7 7 : .
S SR I A0 il - A7 A0
_| = +___f‘-“,'..-n I =1 = AR
:_ L +ETt - | P =1 - 4 ‘I+{ n ]
== ViR R il 2755
< W | [« W(Vg + AVR)~]
| i
Ve Ve— Vg + AV
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Example 1.4 oObjective: Calculate the junction capacitance of a pn junction.

Consider a silicon pn junction at T = 300 °K, with doping concentrations of N, =
10" cem * and N, = 10" cm ™. Assume that n;=1.5x 10" em™ and let C, = 0.5pF.
Calculate the junction capacitance at V=1V and Vp=5V. |

Solution: The built-in potential is determined by

N N ] 16 015
V, = Vrln( “2“'):(0.026)111 (107 )2 =0.637V
n (1.5 x 1019

i

The junction capacitance for ¥ = 1V is then found to be

2 | \12
C=Cf1 =05(1+-——) =0312pF
/ ’( * ) ( )( +0.637) :

For Vp =35V

5 —172
C~ = . — — \J.
= (0 5)(1 +0.637) 0.168 pF

Comment: The magnitude of the junction capacitance is usually at or below the pico-
farad range, and it decreases as the reverse-bias voltage increases.
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Forward-Biased PN Junction

O Forward Bias: The net result is that the electric field in the depletion region is lower than
the equilibrium value.

O Majority carrier electrons from the n-region diffuse into the p-region, and majority carrier
holes from the p-region diffuse into the n-region.

O The diffusion process continues as long as the forward voltage Vp is applied, thus creating
a current in the pn junction.

| n —

+-1’?D

A pn junction with an applied forward-bias voltage, showing the direction of the
electric field £, induced by vy and of the net space-charge electric field £
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Minority Carrier Concentration

O As the majority carriers cross the opposite regions, they become minority carriers in those
regions, causing the minority carrier concentrations to increase.

O There excess minority carriers diffuse into the neutral n- and p-regions, where they
combine with majority carriers, thus establishing a steady-state condition with decaying

concentration.

P I | 1

| I

| Prix=0)
| Holes o
A’ =0) | I
Electro
Excess electron - ecirons | EICESSUEEE
concentration | | concentration
| I
Hp(X) | | Pl

fpo==———————— _% F_ —————————— Fro
e | | .
x’ =0 =0 P

Steady-state minority carrier concentration in a pn junction under forward bias

RN ST I
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Ideal Current-Voltage Relationship
O The theoretical relationship

between the voltage and the ip (A)
current in the pn junction st
5
- . nVT 4r
in = 1s(e™ ~1)

The parameter | g Is the reverse-
bias saturation current.

2l Forward-bias
region
v For silicon pn junctions, typical
value of | g are in the range of 107° Reverse-bias Ir
to 10 A, roeen
v' The parameter n is usually called T S T
~1.0 { 0 10 vp (V)

the emission coefficient or ideality
factor, and its value is in the
range 1<n<2.

iD= _IS

Ideal -~V characteristics of a pn junction diode for g = 107 A

LRI U A Electronics |, Neamen 3th Ed. 24



Example 1.5 Objective: Determine the current in a pn junction.
Consider a pn junction at T = 300 °K in which /¢ = 107'"* A and »n = 1. Find the

diode current for vp = +0.70V and v, = —0.70 V.

Solution: For vp = +0.70V, the pn junction 1s forward-biased and we find
ip = I [e() _ 1} - (10-‘4)[6(‘59%) _ 1] = 4.93mA

For vp = —0.70 V, the pn junction is reverse-biased and we find

ip=Is |:€(%) - 1} — (10—14)[e(6%'53) - 1] ~ 107" A

Comment: Although I5 is quite small, even a relatively small value of forward-bias
voltage can induce a moderate junction current. With a reverse-bias voltage applied, the

junction current 1s virtually zero.
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Temperature Effects
Since both | cand V. are functions of temperature, the diode characteristics also vary with
temperature.

For a given current, the forward-bias voltage decreases as temperature increases. For
silicon diodes, the change is approximately 2 mVv/ °C.

The value of | s approximately doubles for every 5 °C increase inotemperature. The actual
reverse-bias diode current, as a general rule, doubles for every 10 C rise in temperature.

Increases in reverse current with increases in the temperature make the germanium diode
highly impractical for most circuit applications.

) LT

>T>T,

)

0 Up
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Switching Transient for PN Junction Diode

When a forward-bias voltage is applied, excess minority carrier charge is stored in both p-
and n-regions.

The excess charge is the difference between the minority carrier concentrations for a
forward-bias voltage and those for a reverse-bias voltage.

This charge must be removed when the diode is switched from the forward to the reverse
bias.

L) —

D

+
— -
p n
\ 0
f N

£ &
1L

Ve — —

n

R

Forward bias

Excess minority
carrier electrons

Excess minority
catrier holes

[
50w

T

Simple circuit for switching a diode from forward to reverse bias

Reverse bias

Stored excess minority carrier charge under forward bias compared to
reverse bias
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Switching Transient for PN Junction Diode

As the forward-bias voltage is removed, relatively large diffusion currents are created in the
reverse-bias direction. The excess minority carrier electrons flow back across the junction
into the n-region, and the excess minority carrier holes flow back across the junction into
the p-region.

The storage time is the length of time required for the minority carrier concentrations at
the depletion region edges to reach the thermal equilibrium values.

The fall time is defined as the time required for the current to fall to 10 percent of its initial
value.

Turn-off time=storage time t_+ fall time t;.
The turn-on time is usually less than the turn-off time.
ip A

VI'" — ¥p 7
R, F

J.D = 11; =

Y

T0.17, Time

iD — _[R =
Rp -:—zj,—>|<—zf—h-

Current characteristics versus time during diode switching
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Ideal Diode Circuit Model

O Symbol
;}:’f f/"?""’»:,’i Pl Figure 1.17 The basic pn
P 77 nv 7 171 . . di . . -
i s S —— junction diode: (a) simplified
ip 'D + vp - geometry and (b) circuit
+ Lé> i symbol, and conventional
(b) current direction and voltage
(a) polarity
O |-V Characteristics of an Ideal Diode
in A
| Conducting ip=0 ip
— - — -
state o o —
Reverse bias + vp - + vy -
- b— I I
0 Vh (vp<0,ip=0) (ip >0,vp=0)
(a) (b) (c)

The ideal diode: {(a) -V characteristics, (b) equivalent circuit under reverse
bias, and {c) eguivalent circuit in the conducting state
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Example: The Diode Rectifier

+ Vo -
[
1T & Vi
o +
ip
+
VI <_> R Yo
_ 0 T i £Y: mt
T
(a) (b)
') o) IS, )
— + — - + Ve

V= 0 Vi< 0
(c) (c) (e)

The diode rectifier; (a) circuit, (b) sinusoidal input signal, {c¢) equivalent circuit
for v; = 0, {d) eguivalent circuit for v, < 0, and {(e) rectified output signal
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A Simple Diode Circuit — DC Analysis
O Diode Rectifier Circuit

. AW
By Kirchhoff's Voltage Law: . > .
D
_ Vps =5V — 5 Vp
Vo = | pR+V, Y :
V V Iy (@A) 1
| _ PSS "D 2.0l =
D i Diode I-¥ _ _
R R characteristics A simple diode
Vag circuit
. . £ 23
By Diode I-V Characteristics:
. Vp /Vy
Ip = 15(e"" ~1)
You have to solve Vyand |:
f
| _ VPS . VD
D=
-< R R H 1 | | |
Vo V. 0 062 2 3 4 5 Vp (volis)
" I D I S (e o — 1) The diode and load line characteristics for the circuit shown in Figure 1.24
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51

i

Piecewise Linear Model

O Vy is the turn-on (cut-in) voltage of the diode, and I, is the forward diode resistance.

i

Ip=-I

The ideal diode |-V characteristics and two linear approximations

(@)

In general case, Iy << RL. The diode

current is essentially independent of
the value of I;.

The calculated diode current is not a
strong function of the cut-in voltage.

] "

(b) (c)

The diode equivalent circuit {a) in the “on” condition when Vp = V,, (b} in the
“off” condition when Vp < V,, and (c) piecewise linear approximation when r; = 0

RN ST I
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Diode Circuit Solution by Piecewise Linear Model

Example 1.7 Objective: Determine the diode voltage and current in the circuit
shown in Figure 1.24, using a piecewise linear model.
Assume piecewise linear diode parameters of V, = 0.6V and r, = 10 Q.

Solution: With the given input voltage polarity, the diode is forward biased or “turned
on,” so Ip > 0. The equivalent circuit is shown in Figure 1.27(a). The diode current is

determined by R=2kQ
Ves—V,  5-06 |
p=—2  X= T 219mA L -
R+r,  2x10°+10 Vps=5V = ¥ Vo
and the diode voltage is _T_
Vo=V, + Ipr; = 0.6 +(2.19 x 107)(10) = 0.622V -
2 y {7y +( % )(10) Figure 1.24 A simple diode

circuit
Comment: This solution, obtained using the piecewise linear model, is nearly equal to
the solution obtained in Example 1.6, in which the ideal diode equation was used.
However, the analysis using the piecewise-linear model in this example i1s by far easier
than using the actual diode /—V characteristics as was done in Example 1.6. In general,
we are willing to accept some slight analysis inaccuracy for ease of analysis.
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Reverse Biased Diode Circuit

O The load line concept is also useful when the diode is reverse biased.

VPS:Sv

load line

In A |

|

|

Q-point
R=2kQ ‘5‘._/ | -
AMAN Vi Vp
| Ips | 1;
T IDT o +D Load line
2. 5mA
(@) (b)

Reverse-biased diode (a) circuit and (b) piecewise linear approximation and
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A Simple Diode Circuit — AC Analysis

+ ¥p —
= <
+ — + ,
+
Ves ? 'l_' _
@

Ik
? L. sl L
iy /Y S W N [Ty

IDQ ________ {.I'H Q-point

]

. ]

Time Hl

]

(b) ]

]

]

VD A IH

]

Vd Il
Vg L] -
il ’

Time Vbg

(c) (d)

AC circuit analysis: (a) circuit with combined dc and sinusoidal input voltages,
{b) sinusoidal diode current superimposed on the guiescent current, (c) sinusoidal diode
voltage superimposed on the guiescent value, and (d) forward-biased diode -V
characteristics with a sinusoidal current and voltage superimposed on the guiescent values

LR TR S Electronics |, Neamen 3th Ed.
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A Simple Diode Circuit — AC Analysis

Find the relationship between I-V for AC component
The -V relation by ideal diode I-V equation:

(VDQ +Vy ) V5

R Vo /Vr 1Y) ~ Voo /Vr

— vy Vs
= | e

Vd/VT — I e

e DQ

The Taylor series expansion: e Mo~ 1+ Vy /VT
ip =15(€°" =1) =150 (Q+Vy IV;) =g +Vy - Ipo IVy =15 +i
The AC Component of the diode current:

Iy =V, /Ty g =Vi /o =1/g4

I'y : the diode small-signal incremental resistance, diffusion resistance

J4: the diode small-signal incremental conductance, diffusion conductance

LR TR S Electronics |, Neamen 3th Ed.
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Example 1.9 Objective: Analyze the circuit shown in Figure 1.31(a).
Assume circuit and diode parameters of Vpg =5V, R=5kQ, V, =0.6V, and
v, = 0.1 sin wt(V).

Solution: Divide the analysis into two parts: the dc analysis and the ac analysis.
For the dc analysis, we set v; = 0 and then determine the dc quiescent current as

Ves—Vy _5-06

I — — 0.88mA
DQ R 5 m

The dc value of the output voltage is

For the ac analysis, we consider only the ac signals and parameters in the circuit. In
other words, we effectively set Vpg = 0. The ac Kirchhoff voltage law (KVL) equation
becomes

Vi = lgtq +iaR = i4(rqg + R)
where r; is again the small-signal diode diffusion resistance. From Equation (1.29), we
have
Vr  0.026

Fg= Tro =088 = 0.0295 k2
The ac diode current is
v 0.1 sin w?

Iy = T R = 50295 - = 19.9sin wt(pA)

The ac component of the output voltage is

v, = iy R = 0.0995 sin w(V)
LR T Electronics I, Neamen 3th Ed.
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Solar Cell

O A solar cell is a pn junction device with no voltage directly applied across the junction. The
pn junction, which converts solar energy into electrical energy.

O When light hits the depletion region, electrons and holes are generated. They are quickly
separated and swept out of the depletion region by the electric field, this creating a
photocurrent. The photocurrent will produce a voltage across the load.

O Typically, a Sunrayce car has 8 m? of solar cell arrays can produce 800W of power on a
sunny day at noon.

Solar energy
E-field
P n
- Photocurrent
RL
AN In 1987, General Motors won the first
ﬂ" TV World Solar Challenge in Australia. Its
record-setting car, Sunraycer, finished the
Figure 1.34 A pn junction solar cell connected to load race more than two days ahead (600+

miles) of its closest competitor.
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Schottky Diode

O The Schottky diode is formed when a metal, such as aluminium, is brought into contact

with a moderately doped n-type semiconductor.
O The current-voltage characteristics of a Schottky diode are very similar to those of a pn

junction diode.
O The current in a Schottky diode results from the flow of majority carriers over the potential

barrier at the metallurgical junction. There is no minority carrier storage, so that the
switching is very short and the storage time is essentially zero.

ip A
! /
Metal i !
| |
p ./ ! |
— [ | |
ntype ———— | !
I |
+ VD — < | | : .
chottlcy | | pn junction
barrier | ! diode
(a) diode | |
| |
| |
I a |
[ 'I ll
. | |
+ VD - l:' l:'
(b) | |
Schottky V, (SB)  V,(pn) D
barrer diode: (a) simplified
geometry and {b) circuit Comparison of the forward-bias -V charactetistics of a pn junction diode and
symbol a Schottky barrier diode
Electronics I, Neamen 3th Ed. 39
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Example 1.10 Objective: Calculate the currents in a circuit containing both a pn
junction diode and a Schottky diode.

Consider the circuit shown in Figure 1.38\Assume the cut-in voltages for the pn
junction diode and the Schottky diode are V/, = 0.7V and V', = 0.3V, respectively. Let
ry = 0 for both diodes.

Solution: The current 7, 1s the voltage difference across R; divided by the resistance
Ry, or

4—-0.7

I =
! 4

= 0.825mA

Similarly, the current I, is the voltage difference across R, divided by the resistance
Ry, or

4-0.
L _4-03

, g =0925mA

Comment: The dc calculations for a circuit containing a Schottky diode are the same
as those for a circuit containing a pn junction diode.
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Figure 1.38 Simple circuit
with both a pn junction diode
and a Schottky barrier diode
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Zener Diode

When a reverse-bias voltage is large enough that covalent bonds are broken and electron-
hole pairs are created. Electrons are swept to the n-region and holes to the p-region by the
electric field generating the reverse-bias current. This breakdown mechanism is called the

Zener effect.

Zener diodes are fabricated with a specifically designed breakdown voltage and are
designed to operate in the breakdown region.

Zener diodes can be operated in the breakdown region by limiting the current to a value
within the capabilities of the device.

Circuit Symbol and |-V Characteristics

ip A

Breakdown
Iz voltage

A vzl vl

+ Vz -

Circuit symbol
of the Zener diode

[
|
|
|
|
|
|
|
4

J-l— Slope =

Diode {-V characteristics showing breakdown effects
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Design Example 1.11 Objective: Consider a simple constant-voltage refer-
ence circuit and design the value of resistance required to limit the current in this circuit.

Consider the circuit shown in Figure 1.41. Assume that the Zener diode breakdown
voltage is V', = 5.6 V and the Zener resistance is ¥, = 0. The current in the diode is to be
limited to 3mA.

Solution: As before, we can determine the current from the voltage difference across R
divided by the resistance. That is,

R
MWy
Vs — V.
[ = —PS A + _j” +
R Vpll_:;: 10V —: VZ: 56V ES\

The resistance 1s then

Ves —V, 10-15.6 -
- I — 3 =il Simple circuit

containing a Zener diode

R

Comment: The resistance external to the Zener diode limits the current when the
diode is operating in the breakdown region. In the circuit shown in the figure, the
output voltage will remain constant at 5.6V, even though the power supply voltage
and the resistance may change over a limited range. Hence, this circuit provides a
constant output voltage. We will see further applications of the Zener diode in the

next chapter.
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