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This course is intended to cover an overview of various
semiconductor devices such as: diodes, transistors and
op-amps, then to use them in a large number of practical
electronic circuits. )

This course is designed for Saudi Technicians,
Engineers and in general people who are involved in
any of the Telecommunication fields and like to
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systems and Technologies.
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At the end of this course, the trainee will be able to
understand the basic features of various electronic
devices and their operation in different applications.

Upon the completion of this course, the trainee will be

ableto: '

1. understand the principle of each semiconductor and
how to use it safely.

2. Tdentify various semiconductor devices and use
them in many practical circuits and systems.

3. Identify the main features, characteristics and
parameters of each device and how to deal with
them properly in design of maintenance for example.

4. Describe the operation of a given device in a given
application both in theory and practice.

5 Use and deal with circuits and systems based on
semiconductors devices through referring to their
technical data sheets.
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THE HISTORY OF ELECTRONICS

FIGURE 1-1
Electronics timeline

We live at the end of the first Electronics Century (OK, we made that 12rm up, but it fits).
From the moment our clock radios wake us in the morming, to our last waking moment in
the glow of late night TV, electronics is an integral part of our daily life.

As Figure 1-1 shows, our Electronics Ceatury began with the invention of the first
vacuum tube. The vacuum wbe allowed us to amplify weak telephone signals, to construct
radio transmitters and receivers, and to build the first compuiers. The vacuum tube was
later replaced with the smaller and more energy-efficient transistor. Today, we can place
thousands of transistors on a single smail chip to produce an integrated circuit.
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UNIT 1

INTRODUCTION TO SEMICONDUCTORS
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lectronic devices such as diodes, transistors, and integrated circuits are made of a

semiconductor material. To understand how these devices work, you need a basic
knowledge of the structure of atoms and the interaction of atomic particles. An
important concept introduced in this chapter is that of the pn junction that is formed
when two different types of semiconductor material are joined. The pn junction is
fundamental to the operation of devices such as the diode and certain types of
transistors. Also, the function of the pn junction is an essential factor in making

¢lectronic circuits operate propetly.
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SUMMARY OF PN JUNCTION BIAS

FORWARD BIAS: PERMITS CURRENT

p region £ Tegion

H Bias voltage connections: positive 10 p region;
negative to n region.

M The bias voltage must be greater than the barrier
potential, _

B Barrier potential: 0.7 V for silicon; 0.3 V for ger-
manium.

B Majority carriers provide the forward current

® Majority carriers flow toward the pn junction.

B The depletion region DATOWS.

L o Vas tO——

W Bias voltage connections: positive to n region;
pegative to p region.

M The bias voltage must be less than the break-
down voltage,

® Minority carriers provide the small reverse cur-
reot.

® Majority carriers fiow away from the pn junction
during short transition time.

M There is no majority carrier current after transi-
tion time.

8 The depletion region widens.
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1-8 ® CURRENT-VOLTAGE CHARACTERISTIC OF A PN JUNCTION

As you have learned, forward bias produces current through a pn junction and reverse
bias prevents current except for a negligible reverse current. Reverse bias prevents cur-
rent as long as the reverse-bias voltage does not equal or exceed the breakdown voltage
of the junction. In this section, we will examine more closely the relationship between
the voltage and the current in a pn junctionon a graphical basis.

After completing this section, you should be abie to

m Analyze the current-voltage (I-V) characteristic curve of a pr junction
O Explain the forward-bias portion of the I-V characteristic curve
O Explain the reverse-bias portion of the -V characteristic curve
[ Identify the barrier potential
_O Identify the breakdown voliage
O Discuss temperature effects on a pn junction

I-V Characteristic for Forward Bias

As you have leamed, when 2 forward-bias voltage is applied across 2 silicon pn junction,
there is current through the junction. This current is called the forward current and is des-
ignated Ip. Figure 1-27 illnstrates what happens as the forward-bias voltage is increased
positively from O V. The resistor is used to lirit the forward current to a value that will
not overheat the pn junction and cause damage. _

With O V across the pn junction, there is no forward current, as indicated in Figure
1-27(2). As you gradually increase the bias voltage, the forward current and the voltage
across the pn junction gradually increase, as sbown in part (b). A portion of the applied
bias voltage is dropped across the limiting resistor. When the applied bias voltage is
increased to a value where the voliage across the pn junction reaches approximately 0.7 V
(barrier potential), the forward current begins to increase rapidly.

As you continue 1o increase the bias voltage, the current continues to increase very

rapidly, but the voltage across the pn junction increases Very gradually above 0.7 V, as illus-
trated in Figure 1-27(c). This small increase in the pn junction voltage above the barrier
potential is due to the voltage drop across the dynamic resistance of the semiconductive
material.
Graphing the I-V Curve 1f you plot the results of the type of measurements shown in
Figure 1-27 ona graph, you get the [-V characteristic curve for a forward-biased pn juaction,
as shown in Figure 1-28(a). The forward current (/g) increases upward along the vertical axis
and the pn junction forward voltage (V) increases tothe right along the horizontal axis.

As you can see in Figure 1-28(a), the forward current increases very little until the
forward voltage across the junction reaches approximately 0.7 V at the knee of the curve.
After this point, the forward voltage remains at approximately 0.7 V, but Ir increases
rapidly. As previously mentioned, there is a slight increase in Vg above 0.7 V as the cur-
rent increases due mainly to the voltage drop across the dynamic resistance. Normal
operation for a forward-biased pn junction is above the knee of the curve. The Ip scale is
typically in mA, as indicated.

The three points A, B, and C shown on the curve in Figure 1-28(2) can be related to
the measurements in Figure 1-27. Point A corresponds to Figure 1-27(2), which is a zero-
bias condition. Point B corresponds to Figure 1-27(b) where the forward voltage is less
than the barrier potential of 0.7 V. Point C corresponds to Figure 1-27(c) where the

2
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FIGURE 1-27

Forward-bias measurements show general changes in Vy and Ir as Vpus is increased.
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FIGURE 1-28
I-V characteristic curve for forward bias. Part (b) illustrates how the dynamic resistance
decreases as you move up the curve (r; = AVpldlr ).

forward voltage Vi approximately equals the barrier potential. As the external bias volt-
age and forward current continue to increase above the knee, the forward voltage will
increase slightly above 0.7 V. In reality, the forward voltage can be as much as 0.90 V,
depending on the forward current.

Dynzmic Resistance Unlike 2 linear resistance, the resistance of the forward-biased pn
material is not constant over the entire curve. Because the_ resistance changes as you
move along the I-V curve, it is called dynamic or ac resistance. Internal resistances of
electronic devices are usually designated by lowercase jtalic r with a prime, instead of the
standard R. The dynamic resistance of 2 diode is designated rg

Below the knee of the curve the resistance is greatest because the current increases
very little for 2 given change in voltage (ri= AVe/Alg). The resistance begins to decrease
in the region of the knee of the curve and becomes smallest above the knee where there is
2 large change in current for 2 given change in voltage. This characteristic is illustrated in
Figure 1-28(b) for equal changes in Vg (AVg) on a magnified scgment of the I-V curve
below and above the knee.

|-V Characteristic for Reverse Bias

When & reverse-bias voltage is applied across a pn junction, there is only an extremely
small reverse current (Jp) through the junction. Figure 1-29 illustrates what happens as
the reverse-bias voltage is increased negatively from O V.

~ With 0 V across the pn junction, there is no reverse current. As you gradually
increase the reverse-bias voltzge, there is a very small reverse current and the voltage
across the pn junction increases, as shown in Figure 1-29(a). When the applied bias volt-
age is increased to a value where the reverse voltage across the pn junction (Vg) reaches
the breakdown value (Vgg), the reverse current begins to increase rapidly. -

" As you continue to increase the bias voltage, the current continues to increase very
rapidly, but the voltage across the pn junction increases very little above Vgg, as illus-
trated in Figure 1-29(b). Breakdown, with exceptions, is not a normal mode of operation
for most pn junction devices.

M -
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Erczkdown voluge
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() A reverse-bins voltage less than brealulown value {b) When the biss voltage excends the breakdown value,

produces an extremely small reverse custent. the reverse current rapidly increases and damage from
excassive heat can destroy the pr material.

FAGURE 1-29
Current and voltage in a reverse-biased pn jumction.

Graphing the I-V Curve If you plot the results of the type of measurements shown in
Figure 1-29 on a graph, you get the IV characteristic curve for s reverse-biased pn junc-
tion. A typical curve is shown in Figure 1-30. The reverse current (fy) increases down-
ward along the vertical axis and the pn junction reverse voltage (V) increases to the left
along the horizontal axis. Point A on the curve corresponds to the measurements in Figure
1-29(a), and point B corresponds to the measurements in Figure 1-29(b).

FIGURE 1-30 Var 0
I-V characteristic curve for reverse Vg = T 3 0
bias. Knee A
B
I (1A

~15-



32 = INTRODUCTION TO SEMICONDUCTORS

As you can see, there is very little reverse current (usually pA or nA) until the
reverse voltage across the junction reaches approximately the breakdown value (Vgg) at
the knee of the curve. After this point, the reverse voltage remains at approximately Vag,
but I, increases very rapidly resulting in overheating and possible damage. The break-
down voltage for a typical silicon pn junction can vary, but a minimum value of 50 V is
not unusual,

The Complete I-V Characteristic Curve

Combine the curves for both forward bias and reverse bias, and you have the complete
IV characteristic curve for a pn junction, as shown in Figure 1-31. Notice that the /¢
scale is in mA compared to the Iy scale in pA.

Temperature Effects on the -V Characteristic

For a forward-biased pn junction, as temperature is increased, the forward current
increases for a given value of forward voltage. Also, for a given value of forward current,
the forward voltage decreases. This is shown with the -V characteristic curves in Fagure
1-32. The blue curve is at room temperature (25°C) and the red curve is at an clevated
temperature (25°C + AT). Notice that the bamrier potential decreases as temperature
increases.

For a reverse-biased pn junction, as temperature is increased, the reverse current
increases, The difference in the two curves is exaggerated on the graph in Figure 1-32 for

i : illustration. Keep in mind that the reverse current remains extremely small.

IF(I'II.A IF (l'l'b‘l.)
1 at 25°C + AT
o 25°C
¥ v, r1 mA ?
l B V= “ —_—— E = Vg Ve I_-m 0} — '01 v — Vg
L Kpee 4] 07V 1A .
07V-AV
LI
't'_,S
f
L.
Y
In (pA Iy (LA)
) FIGURE 1-31 FIGURE 1-32
| i‘ The complete I-V characteristic curve for a pn Temperature effect on the IV characteristic of ¢ pn
B Jjunction. junction. The 1 mA and 1 yA marks on the vertical
axis are given as a basis for a relative comparison of
'L L : the current scales. '
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SECTION 1-8
REVIEW

1-9 ® THE DIODE

33 = THE DIODE

1. Discuss the significance of the knee of the characteristic curve in forward bias.
2. On what part of the curve is a forward-biased pn junction normally operated?
3. Which is greater, the breakdown voltage or the barrier potential?

4. On what part of the curve is a reverse-biased pn junction normally operated?
5. What happens to the bamier potential when the temperature increases?

FIGURE 1-33

Diode structure and schematic symbol.

In this section, you will see that the diode is a pn junction device and learn its electrical
symbol. You will also learn how the diode can be modeled for circuit applications using

three levels of complexity..
After completing this section, you should be able to

® Discuss the operation of diodes and explain the three diode models
O Explain the relation of the pa junction to a diode
O Recognize a diode symbol and indeatify the diode terminals
O Recognize diodes in various physical configurations
O Explain the ideal diode model
O Explain the practical diode model
O Explain the complex diods model

Diode Structure and Symbol

The general-purpose or rectifier diode is 2 single pr junction device with conductive con-
tacts and wire leads connected 1o each region, as shown in Figure 1-33(a). One-half of the
diode is an n-type semiconductor and the other half is a p-type semiconductor. You should
recognize this as the pa junction device that was discussed in the preceding sections.

The schematic symbol for a general-purpose or rectifier diode is shown in Figure
1-33(b). The n region is called the cathode and the p region is called the anode. The
“arrow” in the symbol points in the direction of conventional current (opposite to electron
flow).

Semiconductor pr junction sgucture
: Metal contacts and wire leads

(a) Basic diode structure

Anode (A} _, Cathode (K)
P

(b) Schematic symbol

. R



34 = INTRODUCTION TO SEMICONDUCTORS

Forward and Reverse Bias of a Diode

The previous coverage of biasing with relation to a pn. junction applies to the diode
because the diode is a pn junction device.

Forward-Bias Connection A diode is forward-biased when a voltage source is con-
nected as shown in Figure 1-34(a). The positive terminal of the source is connected to the
anode through a current-limiting resistor. The negative terminal of the source is con-
nected to the cathode. The forward current (I) is from cathode to anode as indicated. The
forward voltage drop (V) due to the barrier potential is from positive at the anode to neg-
ative at the czthode.

FIGURE 1-34 Vaus i
Forward-bias and reverse-bias connections
Jor a diode. J=0A
R
Veus
{2) Focward bias (b) Reverse bias

Reverse-Bias Connection A diode is reverse-biased when a voltage source is con-
nected as shown in Figure 1-34(b). The negative terminal is connected to the anode,
and the positive terminal is connected to the cathode. A resistor is mot necessary in
reverse bias but it is shown for circuit consistency. The current is zero (neglecting the
small reverse current). Notice that the entire bias voltage (Vgias) appears across the

diode.

Typical Diodes

Several common physical configurations of diodes are illustrated in Figure 1-35. The
anode and cathode are indicated on a diode in several ways, depending on the type of
package. The cathode is usually marked by a band, a tab, or some other feature. On those
packages where one Jead is connected to the case, the case is the cathode. Always check
the data sheet, which will be introduced in Chapter 2, for the pin configuration, if there is
uncertainty. - .

The Ideal Diode Model

The ideal model of a diode is 2 simple switch. When the diode is forward-biased, it acts
like 2 closed (on) switch, as shown in Figure 1-36(a). When the diode is reverse-biased,
it acts like an open (off) switch, as shown in part (b). The barrier potential, the forward
dynamic resistance, and the reverse curent are all neglected.

In Figure 1-36(c), the ideal diode characteristic curve graphically depicts the
jdeal diode operation. Since the barrier potential and the forward dynamic resistance are
neglected, the diode is assumed to have a zero voltage across it when forward-biased, as
indicated by the portion of the curve on the positive vertical axis.

Ve=0V

-18-
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K
A WL,
L
¥ g
A
FIGURE 1-35

Typical diode packages and terminal identification.

Tdeal diode model Ideal diode modal
A K A K =
e
a 4
RM RI..IM:IT
+Vm VBD\S
| I r— . | ‘ +
ll I i Ii
(a) Forward bias (b) Reverse bias
I
[
Vi —V
Y
{c) Ideal characteristic curve (blue)
FIGURE 1-36
The ideal mode! of a diode.
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36 = INTRODUCTION TO SEMICONDUCTORS

The forward current is determined by the bias voltage and the limiting resistor.

Vi
BIAS (1-2)

Since the reverse current is neglected, its value is assumed to be zero, as indicated in Fig-
ure 1-36(c) by the portion of the curve on the negative horizontal axis.

Ig=0A.

The reverse voltage equals the bias voltage.
Vr=Vais
You may want to use the ideal model when you are troubleshooting or trying to
figure out the operation of a circuit and are not concemed with more exact values of volt-
age or current. .

The Practical Diode Model

The practical model, the one we will use most often, adds the barrier potential to the ideal
switch model. When the diode is forward-biased, it acts as a closed switch in series with a
small voltage (assumed to be 0.7 V for silicon) equal to the barrier potential with the pos-
itive side toward the anode, as indicated in Figure 1-37(a). The barrier potential voltage

FIGURE 1-37 Practical diode model Practical diode model
The practical model of a diode. N :
At ~ K ’ A " K
!E == %
Voras
Is I=0
RUM[T RU'M"
VBIAS VB'MS
hl | P ] 1]
nl I [I
(1) Forward bias {b} Reverse bias
e
Y,
X o[ 07V Ve
(¢) Characteristic curve (silicon)

-20-



37 = THE DIODE

source represents the fixed voltage drop (V) produced across the forward-biased pn junc-
tion of the diode and is not an active source of voltage.

When the diode is reverse-biased, it acts as an open switch just as in the ideal
model, as shown in Figure 1-37(b). The barrier potential does not affect reverse bias, so

it is not a factor.
The characteristic curve for the practical silicon diode model is shown in Figure

1-37(c). Since the barrier potential is included and the forward dynamic resistance is
neglected, the diode is assumed to have a voltage across it when forward-biased, as indi-
cated by the portion of the curve 1o the right of the erigin.

V=07V (silicon)
Ve=03V {germanium)

The forward current is determined with the following formula:

Viias = Vi
e —— 1-3
F Rina (1-3)

Since the reverse current is neglected, the diode is asswined to have zero reverse current,
as indicated by the portion of the curve on the negative horizontal axis.

IR =0A
Vi = Vs

Lad 3

2



39 = THE DIODE

I EXAMPLE 1-1

(a) Determine the forward voltage and forward current for the diode in Figure 1-35(a)
for cach of the diode models. Also find the voltage across the limiting resistor in
cach case. ASsume rg = 10 £ at the determined value of forward current.

(b) Determine the reverse volage and reverse current for the diode in Figure 1-39(b)
for each of the diode modcls. Also find the voltage across the limiting resistor in

each case. Assume Ig = I pA.

RLIH]T Rl.m
MA— WA—
k) 1x)
+ +
Vpus — 5V Vaus =35V L
(@ )
FIGURE 139 -
Solution -
(2) 1deal modek V=0V
Vaus SV
IF- R[_mrr = 1 7o) =5mA
Practical model: V=07V
Veus=-V¢ 5V-07V 43V
e e 1K 1KQ =43mA
Vinarr=TiRinarr = (4.3 mAX1 kQ)=43V
. _ Veus—07V _ 5Vv-07V 43V
Complex model:  lr=—p """ = Tig 100 - 10100 =426 mA
Ve=0TV+Iri=07V+(4.26 mA)(10 Q) =743 mV
(b) Ideal model: In=0A
VR= Vm;=SV
me-=0V
Practical model: =0A
VR=VBM=SV'
Vum-—-ov
Complex model: L=1pA

Ve = IrRuparr = (1 LAY kKQ) =1 mV
Ve=Vans~ Vimrr=5 V-1 mV =499V

Related Eierc.‘se_ Assume that the diode in Figure 1-39(a) fails open. What is the
voltage acrass the diode’and the voltage across the limiting resistor?
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Testing a Diode

A multimeter can be used as 2 fast and simple way to check a diode. As you know, 2 good
diode will show an extremely high resistance (or open) with reverse bias and a very low
resistance with forward bias. A defective open diode will show an extremely high resis-
tance (or open) for both forward and reverse bias. A defective shorted or resistive diode
will show zero or a low resistance for both forward and reverse bias. An open diode is the
most commeon type of failure.

The DMM Diode Test Position Many digita! multimeters (DMMs) have a diode test
position which provides a convenient way to test a diode. A typical DMM, as shown in
Figure 1-40, has 2 small diode symbol to mark the position of the function switch. When
set to diode test, the meter provides an internal voltage sufficient to forward bias and
reverse bias 2 diode. This internal voltage may vary among different makes of DMM, but
2§V 10 3.5 V is a typical range of values. The meter provides 2 voltage reading or other
indication to show the condition of the diode under test.

When the Diode Is Working In Figure 1-40(2), the red (positive) lead of the meter is
connected to the anode and the black (negative) lead is connected to the cathode to for-
ward bias the diode. If the diode is good, you will get a reading of between 0.5 Vand
0.9 V, with 0.7 V being typical for forward bias.

@ Reversebisstest -

FIGURE 1-40
DMM diode test on a properly Sunctioning diode.
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FIGURE 1-41
Testing a defective diode.

41 = THE DIODE

In Figure 1-40(b), the diode is turned around to reverse bias the diode as shown. If

the diode is working properly, you will geta voltage reading based on the meter’s internal
voltage source. The 2.6 V shown in the figure represents a typical value and indicates that
the diode has an extremely high reverse resistance with essentially all of the internal volt-
age appearing across it.
When the Diode Is Defective When a diode has failed open, you get an open circuit
voltage reading (2.6 V is typical) for both the forward-bias and the reverse-bias condition,
as illustrated in Figure 1-41(a) and (b). If a diode is shorted, the meter reads 0 V in both
forward- and reverse-bias tests, as indicated in part (c). Sometimes, 2 failed diode may
exhibit a small resistance for both bias conditions rather than a pure short. In this case,
the meter will show 2 small voltage much less than the correct open voltage. For exam-
ple, a resistive diode may result in a reading of 1.1 V in both directions rather than the
correct readings of 0.7 V forward and 2.6 V reverse.

(b) Reverse-bias test, open diode

(c)Forwud-mdm-bhsmrot
a shorted diode give same OV,
reading. If the diode is resistive
rather than a pure short, the reading
is fess than 26 V.

~2 k-
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Checking a Diode with the OHMs Function DMMs that do not have a diode test
position can be used to check a diode by setting the function switch on an OHMs range.
For a forward-bias check of a good diode, you will get a resistance reading that can vary
depending on the meter’s internal battery, Many meters do not have sufficient voltage on
the OHMs setting to fully forward-bias a diode and you may get a reading of from several
hundred to several thousand ohras. For the reverse-bias check of a good diode, you will
get some type of out-of-range indication such as “OL" on most DMMs because the
reverse resistance is too high for the meter to measure.

Even though you may not get accurate forward- and reverse-resistance readings on
a DMM, the relative readings indicate that a diode is functioning properly, and that is
usually all you need to know. The out-of-range indication shows that the reverse resis-
tance is extremely high, as you expect. The reading of a few hundred to 2 few thousand
ohms for forward bias is relatively small compared to the reverse resistance, indicating
that the diode is working properly. The actual resistance of a forward-biased diode is typi-
cally much less than 100 Q.



