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Preface

BASIC SOLID STATE ELECTRONIC CIRCUIT ANALYSIS THROUGH EXPERIMENTA-
TION has been totally rewritten. The result is a book with better continuity and a more logical topic
development than the previous editions. It is easier to read and understand.

The book begins with a review of dc and ac circuits and then introduces solid state diodes.
Following the chapter on general purpose diodes, a chapter is devoted to special purpose diodes such
as zeners, LEDs, varactors, and Schottkys. The next two chapters are used for an introduction to
bipolar transistors and an extensive coverage of biasing. The biasing chapter coverage includes base-
biasing, collector-feedback biasing, universal biasing, and two-power-supply biasing.

Common-emitter, single-stage, amplifier circuits are covered in Chapter 6 and common-collector
and common-base, single-stage amplifiercircuits are covered in Chapter 7. These chapters have been
rewritten to include both the approximation and the signal process methods of analysis using graphic
techniques and equivalent circuits.

The field effect transistor portion of the book is also totally rewritten. The JFET circuits are
analyzed both mathematically and graphically for better accuracy. The ac is solved by using
transconductance and (much like bipolar transistor analysis) by using r.. The straight forward
chapters on frequency response and tuned circuit are followed by a chapter on direct-coupled, two-
stage cascade and cascode amplifier circuits.

In the power supply chapter bulk supplies are introduced and developed in complexity from the
half-wave supply through a series pass regulator with short circuit protection. The last two chapters
deal with thyristor switches and latches and semiconductor switching. The thyristor chapter begins
with a simple SPST switch and ends with a discussion of a diac-triac phase controller. The switching
chapter contains an analysis of TTL and CMOS inverters, NAND gates and NOR gates at the discrete
component level.

The theory in the book is complete for the introductory circuit course and the circuit analysis
techniques developed for the theory are used in the laboratory exercises. The student analyzes and
measures the significant circuit parameters. Since the circuits all work, the measured values will be
close to the calculated values. The problems would be miscalculations, poor measurement methods,
or incorrectly constructed circuits. The laboratory exercise were written so that they can be used in
a standard hardware laboratory or on the computer using simulation programs such as Electronics
Workbench® or Micro-Cap.

A debt of gratitude is owed to the hundreds of students who, through feedback and constructive
criticism, have helped develop this book to its present form. Iam especially indebted to my colleagues
John Fitzen of Idaho State University, Wayne Linke of Regency College (Australia), Emile Gaudet
and Patrick Mulldoon of British Columbia Institute of Technology, Leon Lucchesi of Truckee
Meadows Community College, Jim MacDonald, Ken Manders, Ted Kirsch and Roy Brixen of
College of San Mateo, and Steven Boderck and Mark Barrow of Avnet Corporation. Especially, 1

would like to acknowledge my wife Annette who provided encouragement and typed the manuscript.

Lorne MacDonald
2000
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CHAPTER 1

DIRECT CURRENT AND
ALTERNATING CURRENT
CIRCUIT ANALYSIS: A REVIEW

GENERAL DISCUSSION

Basic circuit analysis techniques learned during the study of direct and alternating current circuits are very
importantin studying active devices in working circuits. They are used again and again. In this chapter, several
of these techniques are reviewed.

SECTION |: DIRECT CURRENT CIRCUIT ANALYSIS

Ohm’s law and common sense are the basic tools used in analyzing the simplest to the most complex electric
circuit. Additionally, Kirchoff’s loop equations, the voltage divider equation, and Thevenin’s theorem can
provide mathematical short cuts, or exactness, where required.

SERIES RESISTORS AND VOLTAGE DIVIDER EQUATION CIRCUIT ANALYSIS

The standard approach for solving voltage drops across two resistors in series is to add the total resistance
of the two resistors and divide the applied voltage by the total resistance to solve the circuit current. Then the
individual voltage drop across each resistor is solved by multiplying the circuit current by the individual
resistor values, as shown in conjunction with the circuit of Figure 1-1.

I=\$= VPS = 20V =2 mA
R1 Ry R1+R2 6kQ+4kQ
6 kO 12V
1 VR1=IR1=2mA><6kQ=12V

R2

8V
4kQ

VPS=VR1+VR2=12V+8V=20V

FIGURE 1-1

The voltage divider equation is used to solve the voltage drops across series resistors directly, without
having to solve for the circuit current. The circuit current I is substituted in the equation for Vpg/R where:
I = Vpg/Ry = Vpg/(R1 + R2). Therefore:

Vps _ VpgXRl 20V x6kQ _20VX6KQ _

VRI:IRI:i;_XRl‘ RI+R2 _6ka+4ka - 10k 2V

Vo o YpsXR2_20Vx4kQ 20V x4kQ
RZ™ R1+R2 ~ 6kQ+4kQ =~  10kQ

7

=8V
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PARALLEL RESISTOR CIRCUIT ANALYSIS
The total resistance of a parallel combination of two resistors can be solved from:

R1xR2 1
R.=R1|IR2 = RIXR2 Rp=— 1
T R1+R2 o T= IRl + UR2

If more than two resistors are connected in parallel, the latter equation requires the fewer steps. Also, if the
applied voltage is known, further simplification can be made by totaling the current flow in each resistive
branch and dividing by the applied voltage.

1. The total resistance of two resistors in parallel can be solved from:
R1xR2 6kQx3kQ 18 MQ =2 kQ

o Rr=RIIR2= 2T R ~ 6kQ+3KQ ~ 9KkQ
Ry R1 R2 Rr= 1 = 1
—> 6kQ gsm TZ UR1+1/R2 ~ 1/6kQ+ 1/3 kQ
_ 10 __1Q
Oo— 1.67x10% + (333 x10% 5x 104
FIGURE 1-2
_10'Q _ 10x10%3Q  DikEl
=—5-= - -

2. Total resistance of two resistors in parallel with 6 V of applied voltage is solved from:

—_— V% R1 R2 Ipp=Vpg/R2=6V/3kQ=2mA
JkQ

FIGURE 1-3 Ry = Vpg/lp =6 V/3 mA =2 kQ

3. Total resistance of three resistor in parallel is solved from:
o} 1 1

Ry = =
. TTIURI+URZ+1/R3 ~ 1/6kQ+ 1/3 kQ + 12 kQ
T R1 R2 R3
s 6kQ 3kQ §2m 1Q
T (L67x10% + (3.33x 104 + (5 % 10%)
O
FIGURE 1-4 __1Q 1Q 1 0x103=1kQ

~10x10* "~ 103
4. Total resistance of three resistors in parallel with 6 V of applied voltage is solved from:

Ipi = Vpg/R1 =6 V/6 kQ = 1 mA

+ I, = Vpo/R2 =6 V/3 KQ =2 mA
— Vps R1 R2 R3 R2 PS
— ¢V 6 kQ 3kQ 2kQ
: Ins = Vpg/R3 = 6 V/2kQ = 3 mA
FIGURE 1-5 IT=IR1+IR2+IR3=1mA+2mA+3mA=6mA

Ry = Vpg/Ip=6 V/6 mA =6 V/(6 X 103 A) = 1 kQ
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SERIES-PARALLEL RESISTOR CIRCUIT ANALYSIS

Several methods can be used to solve the voltage drops around a series-parallel circuit. If the circuit has
only one voltage source, it can be solved by the methods used in the previous examples, or it can be solved
using loop equations, nodal equations, or Thevenin’s equivalent theorem. In addition, lessor used techniques
such as Norton’s theorem or the superpostion theorem can be used successfully.

In this section, a single voltage source circuit will be analyzed using Ohm’s law, loop equations, nodal
equations, and Thevenin’s equivalent theorem. Each method of analysis will be used on the same circuit so
a comparison can be made.

Ohm’s Law Analysis

Ohm’s law analysis for the circuit of Figure 1-6 begins by solving for the parallel resistance of R2 and R3.
The R2 Il R3 value is added to R1 to find Ry. Then, It = Vpg/R is solved enabling the voltage drop across
R1 and the voltage drop across the parallel resistors R2 and R3 to be solved. Then, the currents through the
R1, R2, and R3 resistors are solved. These steps are shown in conjunctions with the circuit of Figure 1-6.

_ R2xR3 _ 6kQXx3kQ _
2 LE= R2+R3 = 6kQ+3kQ =2kQ
R3
3kQ RT=R1+(R2IIR3)=2kQ+2kQ=4kQ
It = Vpg/Rr =6 V/4kQ = 1.5 mA
2kQ
R2 1IR3 1 VR1=IT><R1=1.5mA><2kQ=3V
+ 2kQ
— Vs 3V
- 1.5m;
-~ VR2=VR3=3V
= (b)
R1
m [ Iy, = VRo/R2 =3 V/6 kQ = 0.5 mA
R2 R3
+ 6kQ 3kQ
_:VPS 3V IR3=VR3/R3=3V/3 kQ = 1 mA
—— 6V + +
- It Ir2 Irs
1L5mA 0.5mA 1mA Ig;=Ip=Ig, +Ig3=0.5mA + 1 mA=15mA

(D—
s A &
(c)

Loop Equations Analysis

Loop equations are based on Kirchoff’s firsts law which states the sum of the voltage drops around a circuit
loop is equal to the applied voltage. They are the most mechanized of the circuit analysis techniques. They
canbe used on the simplest to the most complex circuit and the structure of the equation does not change when
the number of voltage sources is increased. The current flow through each branch, or loop, of the circuit can
be solved using either simultaneous equations or determinants.

When solving complex circuits using loop equations it is necessary to follow some basic rules. For
example, to solve a two loop circuit such as that of Figure 1-7, it is essential that each I, and I, mesh circuit
be calculated within its own loop and the equations be consistent with the direction of the currents. Also, since
there are two equations and two unknowns, the equations are solved using simultaneous equations.

FIGURE 1-6

NOTE: Itis necessary to designate a current direction to solve loop equations. Since conventional current flow
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(current flows from the positive to the negative terminals of the voltage source) is used in solid state circuit
analysis, that convention will be used in this book. So, in solving the following loop equations, it is assumed
that the current inthe circuit of Figure 1-7 flows from the positive to the negative terminal of the voltage source.

For the circuit of Figure 1-7, start the loop equations by writing the effective voltage drops around the first
loop, where the effect of the 6 V voltage source causes I, and I, to oppose each other. Therefore:

While there is no voltage source in the second loop, the I, current does cause a voltage drop across the R2
and R3 resistors and, again, since I, and I, are in opposition, the equation reads:

R1
2AYAY; ®
2kQ
+
— Vs R2 g
T 6V 6kQ
= I, I,
FIGURE 1-7

6V =+ x8kQ) - (I, x6kQ)
O0V=—-(I;x6kQ)+ (I, x9kQ)

6V =(I; x 8 kQ) — (I, X 6 kQ)

R3
3IKQ

multiply by 3:
multilply by 2;

Then I, is substituted into either equation to solve for I,

6V =(15mA x 8 kQ) — (I, X 6 kQ)

6V=12V-(I,x6kQ)
6 V-12V=—(,x6kQ)
—6V=—(I,x6kQ)
I, =6 V/6kQ=1mA

R1

VN ?
2kQ
¥
=& R2 §§ig 3
- I I J
1.5 mA 1mA

FIGURE 1-8

6 V=12 kQ+6kQ) - (I, x 6 kQ)
0V == (I; x 6 kQ) + L(6 kQ + 3 kQ)

6V = (I; X 8kQ) — (I, X 6 kQ)
0V =—(I; x6kQ) + (I, X 9 kQ)

In using simultaneous equations, [; is solved by using multiplication and addition to make I, drops out of
the equation. Thus:

18 V =+ (I; x 24 kQ) — (I, x 18 k€2)
0V =—(I; x 12 kQ) + (I, X 18 kQ)
18V= I;x12kQ

I; =18 V/12kQ= 1.5 mA

0V =—(I; X6 kQ) + (I, x 9 kQ)

0V =-(1.5mA X 6kQ) + (I, x 9 k)
0V=-9V+(1,x9kQ)
9V=1x9kQ
L=9V/9kQ=1mA

Therefore, since I; = 1.5 mA and I, = 1 mA, the voltage drops across the resistors are:

VR1=11R1=1.5mAX2kQ=3V
Vgo = (I, ~1)R2 = (1.5 mA — 1 mA)6 kQ

=05mAX6kQ=3V
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Nodal Equation Analysis
Nodal equation analysis is based on Kirchoffs second law that states the currents into a circuit node are equal

to currents out of the node. Thus, in the circuit of Figure 1-9, V , is the node and I + Iy, + I3 =0.

R1 Va IRI + IR2 + IR3 = O

| +

V, -V vV, V
R3 A~ Vps A, VA _
g“‘" T S

Va-6V ViV,
FIGURE 1-9 k0 T 6kQ T 3KQ

0

Va 6V, Ya V4 ! 1 ! 6V
ko 2k T 6kQ T30 valGm s * %) 2 kO

The equation is then multiplied by 6 kQ2 to get rid of the denominator and algebra is used to solve V 5. Thus:

3 GRLER I ! )=V (x6kQ) = V,G+1+2)=18V
AN2kQ T 6kQ  3kQ 2kQ A

Vo(6)=18V = V,=18V/6=3V

Once V , isknow, V is solved along with Iy ;. Then, since V 5 = Vi, = Vg3, I, and Iy; are easily solved
as shown by the equations in conjuntion with Figure 1-10.

VR1=VPS—VA=6V—3V=3V
Rl V,=3V

VR =VRr3=Va=3V
+
-—— R3 Ip; = VR _ 3V _15mA
— 3kQ R1 2 kQ
- VRra 3V
=gy = Gra -0 mA
FIGURE 1-10 Ve _ 3V

®= R3 =3k

Thevenin’s Theorem Analysis

Thevenin’s theorem is a method of analysis used to simplify and solve complex circuits by using an
equivalent circuits as the basis for analysis. The theorem states that any linear, two-terminal dc network with
the load removed can be replaced by a single source V- and a single resistance Ry Therefore, in the circuit
of Figure 1-11, the load resistor R3 is removed and the voltage is calculated across the output terminals. The
output voltage is labeled V.py. Next, the input resistance (the load removed looking back into the circuit as
shown in Figure 1-12) is solved. Since the dc resistance of the dc voltage source is zero ohms (theoretically),
Ry = R11IR2. Once the V- and Ry values are known, they along with Ry can be used to solve the load
current Iy; =Ips, fromIp; = Verg/(Rpy + R ) and Vg =Ir; X Ry (Figure (1-13). The remaining voltage drops
around the circuit are solved, as shown in the calculations in conjunction with the circuit of Figure 1-14.

R3
3IkQ

FIGURE 1-11
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R1
A% R2
VTH= ps X - 6VX 6kQ =45V
-+ R1+R2 2kQ+ 6kQ
R =15k R- RIXR2 2k0x 6kQ _ ;<10
TH™ "R1+R2  2kQ+6kQ
FIGURE 1-12
Ry
?é‘,{}; jp= V= 45V -ima
. : Rrp+R; 15kQ+6kQ
_:VTH R, =R3 VRL=VR3=IRLX RL=1mAX3kQ=3V,aISO
- 45V 3kQ
- : Vg = SmH* R 45vx3k0 gy
R L™ Ry +R,  1.5kQ+3kQ
FIGURE 1-13
R1
j— R3
=Yy r i §3kQ V. Vpp=Vg3=3V
- IRl IR3 J VR1=VPS_VR2=6V_3V=3V
1.5 mA 1mA
L o 1m Ig, = VRo/R2 =3 V/6 kQ = 0.5 mA
FIGURE 1-14 -
Ig; = VRi/R1=3 V2kQ = 1.5 mA
POWER SOURCES

The ideal battery, or power supply, has an internal resistance of zero ohms. Therefore, whether the voltage
source is loaded or unloaded, the voltage remains relatively constant. However, if the internal resistance of
a power supply is 10 € and the open circuit voltage is 6 V, connecting a 10  load resistance will cause the
voltage at output to drop to 3 V. Then, if the internal resistance is 0.1 Q, the voltage drop across the load is
only 5.94 V. Obviously, a zero-ohm, internal resistance would maintain the load at 6 V. Figure 1-15 shows
the effect of a 10  load on power supplies with 10 © and 0.1 Q of internal resistance.

RS RS RS RS

—AAA—e—
100 100 0.10 0.10Q

+ + + +

=V fy TV §RL Ay = Ves oy o= Ves ;R" .
"6V 6V 100 =6V — 6V 100 l

i L J e N
(a) (b)
FIGURE 1-15

CIRCUITS WITH TWO POWER SUPPLIES

Connecting two power supplies in a series-aiding connection will produce the sum of the two supply
voltages, regardless of where the ground connection is made. For instance, referring to Figure 1-16(a), the total
voltage across the two series-aiding 6 V suppliesis 12 V. Since the ground connection is made at the negative
terminal of the bottom supply (point C), the voltage at the junction of the two supplies (point B), with respect
to ground, is 6 V. The voltage at the positive terminal of the top supply (point A), with respect to ground, is
12V,

However, when the ground is connected to the most positive terminal of the top supply (point A), as shown
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A—T—onzv D‘——T—OO.OV A-——T—O+6V
+| = .
== V1 6V — Vi 6V — w1 6V
=T 6V —= 6V =T 6V

l : |
B +6V B 0-6V s 000V
+ b T = + T
— V2 — V2 — V2
— 6V 6V — 6V 6V — 6V 6V
c l 00V C——-—l—O—IZV C—,[ l 0-6V
=) (a) (b) (©

FIGURE 1-16

in Figure 1-16(b), the voltage at point B is - 6 V, with respect to ground, and the voltage at point C is — 12
V, with respect to ground. Then, if the ground is connected at the junction of the two supplies (point B), as
shown in Figure 1-16(c), the voltage at point A, with respect to ground, is + 6 V, and the voltage at point C,
with respect to ground is — 6 V.

NOTE: In all three connections shown in Figure 1-16, the voltage across the two series supplies remains at
12 V and does not change as the ground is moved from point A to point B to point C. What does change,
however, is single point voltages with respect to ground.

CIRCUIT WITH TWO POWER SUPPLIES AND LOAD RESISTORS

When two series resistors are connected across two power supplies in a series-aiding connection, the
voltage across the two series load resistors is the same, regardless of where the ground connection is made.
However, as shown in Figure 1-17, the single point voltages, with respect to ground, change.

e Vp=V1+V2=6V+6V=12V
\% A 12V
}” 1=?$—= R+~ gEarzi —0™
3V Vg =IR;=1.5mAX6kQ=9V
Vpo=IR,=1.5mAX2kQ=3V
}SV Vo=Vp +VRp=9V+3V=12V
00V Vg=V4-Vg =12V-9V=3V

= FIGURE 1-17 Ve=00V

When the ground is connected to point A, as shown in Figure 1-18, the voltage drops across RI and R2
remain the same, but the voltage points A, B, and C, with respect to ground, change.

0.0V Vr Vr 12V

= — = = =1.5mA
Ry RI+R2  6kQ+2kQ
6m}svv Vi1 =IR; =15mAX6kQ=9V
2kQ v
VB=VA—VR1=0.0V'—'9V=—9V
-12V VC=VB—VR2=—9V—'3V=—12V

FIGURE 1-18
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When the ground is connected to the junction of the two power supplies, as shown in Figure 1-19, the
voltage drops remain the same again, but the single point voltages, with respect to ground, change.

+6V

Vr Vo 12V
1=—L = - =1.5mA
oy Rr RI+R2  6kQ+2kQ
Ve =IR; = 15mAX6kQ=9V
3V Veo=IR,=15mAX2kQ=3V
}3v Vao=6V
VB=VA—VR1=6V—9V=—3V
-6V
FIGURE 1-19 Vo=Vp-Vga=-3V -3V=_6V

SECTION II: ALTERNATING CURRENT CIRCUIT ANALYSIS

INTERNAL RESISTANCE OF SIGNAL GENERATORS

Most laboratory signal generators have internal resistance of either 600 ohms or 50 ohms. This internal
resistance, depending on the load the signal generator is driving, causes a certain amount of signal loss. For
example, Figure 1-20 shows a circuit with a 1 kQ load resistor connected across a signal generator with an
internal resistance of 600 €2. If the unloaded voltage is 1.6 Vp-p, the voltage across the 1 kQ load is 1 Vp-p,
since 600 mVp-p is dropped across the signal generator internal resistance of 600 .

@ Vo xRy
YRIT R_+R
R R
6:0 Q soog } 600 mVp-p - g
1.6 Vp-p §1 ko 1Vpp 1.6 Vppx 1 kQ
= =1 Vp-p
600 Q + 1 kQ
@ L
1 FIGURE 1-20

A goodlaboratory procedure is to connect the signal generator to the circuit before adjusting the signal level
of the generator. Then, the internal resistance of the generator does not have to be included in the calculations.
For example, if the load resistor is changed to 10kQ, as shown in Figure 1-21, then 1.06 Vp-p of open circuit
voltage is required to deliver 1 Vp-p to the load, because 60 mVp-pis lost to the internal resistance of 600 Q.
However, the measured V, of the circuit will be 1 Vp-p.

4 O

Vg X R1
V.. =V — ———
Re ™ RIT R, +RI1
600 Q
1.06 Vp-p 1.06 Vp-p x 10 kQ
_ 06 Vp-px 10 =1 Vpp
600 Q + 10 kQ
FIGURE 1-21

ALTERNATING CURRENT SIGNAL DISTRIBUTION

The ac signal is distributed much like the dc voltage. If a signal is applied to two series resistors the applied
voltage is shared by the two resistors. For example, as shown in Figure 1-22, if 6 Vp-p is applied to R1 and
R2,4 Vp-pis developed across the 6 kQ resistor R1 and 2 Vp-p is developed across the 3 kQ resistor R2. The
amount of signal voltage absorbed by the internal resistance of the signal generator is 0.4 Vp-p and the open
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circuit voltage of the generator is calculated at 6.4 Vp-p. So, in the laboratory, it is a good idea to measure V,,
once the circuitis connected to avoid having to use the internal impedance of the generator in the calculations.

_ VppXR1 _ 6 Vp-px6kQ

RIZ i Ry - 6kQ+3kQ VPP
Re 400 mVp-p Mol avpp _ VinXR2 6 Vppx3kQ —9y
600 YRRER1+R2 © 6kQ+3kQ - PP
6 Vp-p
6.4Vpp - . __ Vin __6Vpp _ §
} skﬂ}”""’ RT= R+ Ro ~6KQ+3KQ - 007 HAPP

VRg = IR X Rg = 667 PAD-p X 600 © = 400 mVp-p

- FIGURE 1-22
Vg =VRg+ VR1 + VR2 = 04 Vpp+4Vpp+2Vp-p=64 Vp-p

SUPERIMPOSING ALTERNATING CURRENT ON DIRECT CURRENT

Much like oil on water, the ac voltage rides on the dc voltage as long as the dc voltage is not at ac ground.
One method of superimposing an ac signal on a dc voltage is by capacitor coupling, as shown in Figure 1-23.
In this circuit, the dc voltage is developed across the R1 and R2 resistors and, since the coupling capacitor
C1 blocks the flow of dc current through RS, Vi = 0.0 V. The dc voltages of the circuit are shown solved
in conjunction with the circuit of Figure 1-23.

_VesXRl_ppvxekQ _gy
R1° B =

R1I+R2 6kQ+3kQ

Vo = YesXR2_12Vx3kQ _
Vps R2TR1+R2 ~ 6kQ+3kQ

— Vs = Irs XRS=0.0mAX 1kQ=00V

4V

NOTE: Since capacitor C1 is an effective open to
dc, no current flows through resistor RS and no dc
voltage is dropped across RS.

= FIGURE 1-23

In the equivalent ac circuit of Figure 1-24, Resistors R1 and R2 are shown connected to ac ground so that
Rlisinparallel withR2, and R1 Il R2isin series with RS. Essentially, since the battery is an effective ac short,
both the negative and positive terminals are at ac ground. The ac analysis is shown in conjunction with the
equivalent circuit of Figure 1-24.

2Vpp vor = v = VinXRLIR2) _ 6 Vp-p©kQII3kQ)
cr " ors RIT'RZTRSTRINR2)  1kQ+ (6kQI3kQ)
FA l\/\/\(
Rg 10 F I 1kQ =6VP-PX2k§_2=4Vp_p
600 Q R1 §R2 }-w 1kQ+2kQ
6 Vp-p 6 kQ 3kQ p-p
l VRS = Vin - VR1 = 0 Vp-p-4 Vp-p=2 Vp-p

= FIGURE 1-24

FOUR RESISTOR CONNECTION

In the four resistor connection of Figure 1-25, the dc voltage is distributed across resistors R1, R2, and R3.
The voltage drops are shown solved in conjunction with the circuit. Again, no dc current flows through the
RS resistor, so Vpgis 0.0 V.
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Ves @ +12V Vps XR1 12V x 2 kQ

VRI® RT+RZ+R3 ~ 2kQ+3kQ+akQ - 207V

Vo= _VpsXR2 _ 1Vx3kQ _,y

RRTR1+R2+R3 2kQ+3kQ+4kQ
VpsXR3 _ 12Vx4kQ  _caay

VRI= RT+ RO R3  2KQ+3KkQ+4KO

pF} 5BV Vpg=IpgXRS=0.0pA X 1kQ=00V

NOTE: Since V5 =9.33 V and VRg =0.0V, the voltage dropped across C1is 9.33 V and the voltage dropped
across C2is 533 V,

In the equivalent ac circuit, bypass capacitor C2 effectively causes an ac ground to exist at point C. Hence,
the ac signal is distributed only across RS and the parallel resistor connectionof R1and R2, as shownin Figure
1-26. Therefore, if v, equals 6 Vp-p, vpg = 2.73 Vp-p and vy = Vg, = 3.27 Vp-p, as shown solved in con-
junction with the schematic of Figure 1-26.

273 Vp-p _ _ Vi, R1IR2) _ 6 Vp-pR2EKQI3KSD)
o a5 RIZVR2Z RO URITRY) | 1kQ+ (2 KQIN3 kQ)
) VW
nguFT 1kQ =6 Vp-px 1.2kQ =3.27 Vp-
6000 Rl = 1 klzzp xl 2kQ o
6 Vpp 2kQ 3kQ (327 Vep Ok
l VRS = Vin — VR1 = 6 Vp-p-3.27 Vp-p=2.73 Vp-p
VR3 =00 Vp'p

FIGURE 1-26

NOTE: Coupling and bypass capacitors look like “opens” to dc voltages and currents, and they look like
“shorts” to mid-band 1 kHz ac signals. For example, the capacitive reactance in ohms of a 10 PF capacitor
at 1 kHz is 15.9 Q and that of a 100 uF capacitor is 1.59 Q.

1 1 1
Xci = = = = 159 Q
=l 2rfC; 2mx1kHz X 10 pF 271t X 103 x 10 x 10°6 ?

1 il 1
X = = = 1.59Q
@ 2nfCy 2mX1kHzX 100 UF 21 % 103 x 100 x 106

With reference to the equivalent circuit resistance, the reason Xo; at 15.9 Qis considered an ac short is that
the C1 capacitorsees” R,y = 2.8 k€, which is so much larger than X¢;. Thus, Z = R, and is solved from:

Z=VRe2+ X2 =V2.8kQ2 + 159 Q2=2.8kQ

Where: Req=Ry+ RS+ (R111R2) =600 Q + 1 kQ + (2kQ 11 3 kQ) =2.8 kQ
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CHAPTER PROBLEMS

1. Withreference to the circuit of Figure 1-27. R1
Solve for: 40kQ
I + ;102 kQ
a.
Rl ——Ve R4
b. VR]. — 12V 0 kQ
- R3
C. Vpo 40 kQ
d. VR3
e. Vpy FIGURE 1-27
2. Thevenize the circuit of Figure 1-28. Y °
Solve for: 30 kQ
CRA = +
a. Vg where: R3 =Ry —L v, R2 R3
b. RTH — 12V 60 kQ 30 kQ
C. Ipp=Igs
d. Draw the Thevenin equivalent circuit. é
FIGURE 1-28
. . . ®A
3. With reference to the circuit of Figure 1-29. s 7
Solve for: - +| v .
a. VRI -:_:- I;SV
- R2
b. VR2 16 kQ
c. The voltage at point B, with respect to
ground. FIGURE 1-29
4. With reference to Figure 1-30. Solve for: 9A
.V + R1
= 'm — Vi1 10kQ
b. Vgs =12V B
C. VR3 =
R2
d. V, (referenced to ground) N 8kQ
e. Vg (referenced to ground) - "_',__ 55 ¢
f. V¢ (referenced to ground) T 12V gin
D

FIGURE 1-30
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5. The unloaded 600 €2 signal generator of Figure
1-31 puts out 2 Vp-p. A 1.8 k2 load resistor is
connected across the output terminals.

a.

b.

How much of the signal voltage is developed
across the 1.8 k€ load resistor?

How much of the signal voltage is dropped
across the 600 € internal resistance of the
generator.

Rg Re
600 Q 600 Q
2Vp-p
1kHz 1kHz
FIGURE 1-31

Ry
1.8 kQ

6. Withreference to the circuit of Figure 1-32, the
input 1 kHz signal at point B, with reference to
ground, is 5 Vp-p.

a.

b.

Calculate the dc voltage drops across R1, R2,
R3, and RS.

Draw the equivalent ac circuit and solve for
the peak-to-peak signal voltage developed
across RS and R1 where: v; = VR , g3) =
vp, measured with respect to ground.
Calculate X, for the 10 uF capacitor C1 at
1 kHz.

Rg 10pF
600
Vn=35Vp-p

1kQ l

= FIGURE 1-32

+20V

7. Withreference to the circuit of Figure 1-33, the
input 1 kHz ac signal at point D, with reference
to ground, is 5 Vp-p.

a.

b.

Calculate the dc voltage drops across R1, R2,
R3, and RS.

Calculate X, for the 100 WF capacitor C2 at
1 kHz.

Draw the equivalent ac circuit and solve for
the peak-to-peak signal voltage developed
across R1, RS, and R3,

Rg 10pF
600 Q
Vin=5Vp-p

+12V

1kQ l
=l

= FIGURE 1-33
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SOLID STATE DIODES

GENERAL DISCUSSION

Diodes are two terminal devices that allow the free flow of electric current in one direction only. Diodes
are used as rectifiers to convert ac to dc in power supply circuits, used as detectors to demodulate the audio
signal inradio receivers, and used as high speed switches in digital applications. Most general purpose diodes
in use today are solid state devices made from silicon materials.

Aslate as the 1950’s, vacuum tubes were still in use, but were rapidly being replaced by solid state devices.
The general acceptance of solid state devices was inevitable because, in comparison to vacuum tubes, they
are much smaller, lighter in weight, more rugged, cost less to manufacture, operate at much lower power
supply voltage, and dissipate less power.

Germanium solid state diodes were the first to be manufactured, but by the 1960’s, silicon had replaced
germanium as the industries general purpose diode. This was because, in all but a few parameters, silicon is
superior to germanium. Today most general purpose diodes are silicon and silicon is also used in the
construction of the zener diode, silicon controlled rectifier (SCR), tunnel diode, four layer diode, and the
varicap.

THE IDEAL SOLID STATE DIODE

An ideal diode conducts current in one direction only. The symbol for the diode is an arrow and the two
terminals of the device are called the anode and the cathode. The ideal diode acts like a closed switch when
the diode is forward biased, as shownin Figure 2-1(a). Forward biasing occurs when the anode voltage is more
positive than the cathode voltage and current flows through the diode. The arrow points in the direction of
conventional current flow through the diode. When the voltage across the diode is reversed, the cathode
voltage is more positive than the anode voltage and the diode acts like an open, as shown in Figure 2-1(b).
Ideally, no current flows though a reverse biased diode. To have a full understanding of how diodes work, it
is necessary to study the characteristics of semiconductor material.

o Anode ': Cathode 5 e Cathode {1 Anode
+ = + =
o o—© ] o—o/ O——0
(@ (b)
FIGURE 2-1

NOTE: Conventional current flow is used to analyze solid state devices and it is the convention used in this
book. Therefore, current is considered to flow from the positive to the negative terminal of the voltage source.

SEMICONDUCTOR DIODE PACKAGING AND MARKING

Solid state diodes come in a variety of packages. The most widely used general purpose diode comes in a
cylindrical package, similar to that shown in Figure 2-2(a). An arrow on the body of the package indicates the
direction of conventional current flow through the device. A single band at one end of the package indicates
the cathode. For higher current and power applications stud mounted diode packages, such as shown in Figure
2-2(b), are used. The arrow imprinted on the body of the package indicates the anode and cathode of the device.

19
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However, if no marking is present, the thread indicates the cathode for the device and the body is the anode.
Also, power devices mounted to the chassis, or to a heat sink, typically need some form of insulator to
electrically insulate the anode from the cathode of the device. Thermal grease is then used between the diode,
insulator, and chassis to make the surface area between the diode and chassis, or heat sink, more uniform in
facilitating the transfer of heat away from the device.

=y = = il
e o= ||
(a) General Purpose Diode (b) Higher Current Diode

FIGURE 2-2
DIODE NUMBERING
Most diodes are identified by 1N preceding a number, such asa 1N914 switching diodeora 1N4001 higher
power rectifier diode. These are standardized diode types registered by the Electronics Industry Association
(EIA) and the Joint Electron Device Engineering Council (JEDEC). Other diodes that have proprietary
company numbers, such as MBR1060 (a Motorola device), can generally be cross referenced to find the IN
number for the purpose of substitution.

DIODE TYPES

Diodes are typically classified as small signal diodes, switching diodes, general purpose diodes, rectifier
diodes, and special purpose diodes. For general purpose diodes, the two main parameters are the forward-
biased current (Ig) and the peak-reverse (inverse) voltage (PIV). For special purpose diodes, the parameters
could be high voltage, high current, or high speed. Selection of a diode is based on the application of the device,
and information and specifications can be found in manufacturer data sheets.

SEMICONDUCTOR MATERIALS

Semiconductors are materials that are rated between conductors and insulators. For example, current flows
through a conductor, very little current flows through a semiconductor, and no current flows through an
insulator. A good conductor, like copper, has one electron out of a possible eight in its outer ring,
semiconductors have four out of a possible eight in the outer ring, and a good insulator has eight electrons in
the outer ring, as shown in Figure 2-3. The electrons in the outer ring of atoms are called valence electrons,
and the valence electron of the copper atom is easily dislodged with only a small amount of energy. Since
copper has million of atoms, millions of free electrons break away from their respective copper atoms to
become current carriers and cause current flow. Semiconductor materials, such as carbon, silicon, germanium
and tin all have four valence electrons in the outer shell. However, only silicon and germanium are used in
solid state diodes because, at room temperature, tin is too conductive and carbon, which is in diamond form,
is not conductive enough.

(a) Conductor (b) Semiconductor (c) Insulator
FIGURE 2-3

SILICON AND GERMANIUM ATOMS

In the Bohr model of the silicon and germanium atoms, shown in Figure 2-4, there are only four orbiting
electrons in the outer rings out of eight possible. Since the four valence electrons are the farthest removed from
the nucleus of their respective atoms, they are the most loosely bound and the easiest to be removed either by
thermal or electrical energy. However, because the valence electrons of germanium are much farther removed
from the nucleus than those of silicon, the valence electrons of germanium are more easily dislodged by
temperature increase than the valence electrons of silicon. So, at room temperature, the flow of current in
germanium is much greater than it is in silicon for the same amount of applied voltage.
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(a) Silicon Atom (b) Germanium Atom
FIGURE 2-4

COVALENT BONDING

Semiconductor crystals are formed by millions of atoms held together by covalent bonding. Covalent
bonding occurs because semiconductor atoms have only four valence electrons in their outer ring and they
need eight to accomplish a stable crystal. Hence, they share the four available positions with atoms from
neighboring atoms. In turn, the neighboring atoms share their valence with four other atoms, and so on. This
forms a lattice of millions of atoms bonded together in a pure crystal (intrinsic semiconductor). Covalent
bonding of a silicon atom with four neighboring silicon atoms is shown in Figure 2-5(a).

v

=0.0A

()il

\\’_\/ | [| =

(a) Covalent Bond (b) Intrinsic Crystal Current Flow
FIGURE 2-5

The current carriers in a semiconductor are thermally generated holes and electrons—electrons flowing in
one direction and holes in the other. Negatively charged electrons flow from negative to positive (electron
current flow), and positively charged holes flow from positive to negative (conventional current flow). Ahole
is created when an electron is removed from the bond of the atom and the absence of a negatively charged
electron provides a positively charged hole. However, in an intrinsic crystal the number of current carriers is
low, even in germanium, which can be 1000 times more conductive than silicon. So, applying a voltage across
a pure intrinsic semiconductor, as shown in Figure 2-5(b), will result in almost no current flow. In order to
increase the conductivity of an intrinsic crystal, impurities are added by a process called doping.

DOPING THE SEMICONDUCTOR MATERIAL

Doping is accomplished by adding a controlled amount of impurity atoms to the intrinsic (pure) crystal
to increase the number of current carriers in the semiconductor. A material that has been doped is called an
extrinsic semiconductor and, depending on the impurity used, doping can produce N type or P type semi-
conductors. Although the mix is approximately one impurity atom to 10 million silicon atoms, the doping
greatly increases the number of current carriers and improves the conductivity of the semiconductor material.
Electron-hole current carriers in extrinsic material are typically more than one million times more numerous
than those in pure (intrinsic) semiconductors.

N type semiconductors are obtained by doping an intrinsic crystal with an atom that contains five valence
electrons, as shown in Figure 2-6(a). Doping an intrinsic semiconductor with a pentavalent atom creates an
excess of an electron, as shown in Figure 2-6(b). Phosphorous, arsenic, and antimony are examples of
pentavalent or donor atoms. Since there are millions of pentavalent atoms, there are millions of negatively
charged electrons in the N type material. Applying a voltage across a doped N type extrinsic material causes
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the majority carriers in the material, which are electrons, to flow from negative to positive (electron current
flow) as shown in Figure 2-6(c).

Electron Flow

@eoe
e eeo
-
®
It
Free Electron +[']'=
(a) Pentavalent Atom (b) Doping with Phosphorous (c) N Type Material

FIGURE 2-6

P type semiconductors are obtained by doping an intrinsic crystal with an atom that contains three valence
electrons as shown in Figure 2-7(a). Doping an intrinsic semiconductor with a trivalent atom creates an
absence of an electron or a hole, as shown in Figure 2-7(b). Aluminum, gallium, and boron are examples of
trivalent or acceptor atoms. Since there are millions of trivalent atoms, there are millions of positively charged
holes in the P type material. Applying a voltage across a doped P type extrinsic material causes the majority
current carriers in the material, which are holes, to flow from positive to negative (conventional current flow),
as shown in Figure 2-7(c).

Conventional Current Flow

CRCNCEC)
CHCHCES)

(a) Trivalent Atom (b) Doping with Aluminum (c) P Type Material

The PN Junction FIGURE 27

Doping both P and N on the same crystal, so the crystal lattice is continuous across the junction, creates
a PN junction. Essentially, clectrons in the N type region, diffuse towards and into the P region, and in doing
$0, leave a positive ion on the N side of the junction. However, when an electron enters the P region it falls
into ahole making a negative ion out of the hole that captures it. The buildup of negative ions causes a negative
ion wall to line the P side and a positive ion wall lining the N side, and the ionized wall prevents the continued
flow of current drifting across the junction. Since the region is depleted of current carriers, it is called the
depletion region, as shown in Figure 2-8. The space charge between the walls provides an effective barrier
voltage (V). For germanium diodes the barrier voltage (V) is generally between 0.2 V t0 0.3 V and typically
about 0.25 V. For silicon it is generally between 0.6 V and 0.8 V and typically about 0.7 V.

Ton Wall /— Ton Wall
I b4
FRR7//RETE
Anode CRCNCHES 74+ © © O cathode
@® P @i~ Y Depletion) L1 9 NO FIGURE 2-8
@@ @i-, Nt i000
@@@E-V i+1© 00
®D D - A+;@@@

tPNJ

Junction
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BIASING THE PN JUNCTION

Applying an external power supply to the PN junction in a forward or reverse direction is called biasing.
Forward biasing the PN junction decreases the width of the depletion region and allows current to move easily
across the junction— holes in one direction and electrons the other. The current flow through a forward-biased
PN junctionis typically greater than 1 mA. Reverse biasing the PN junctionincreases the width of the depletion
region and allows very little current to flow through it. Typical current flow through a reverse-biased, silicon
PN junction is theoretically less than 1 pA.

Forward Biasing

Forward biasing the PN junction occurs when the positive voltage of the power supply is connected to the
anode (P region) and the negative terminal of the power supply is connected to the cathode (N region).
Essentially the electrons inthe N region are repelled or pushed by the negatively charged terminal of the power
supply and move towards and across the junction, and are then attracted by the positively charged terminal
of the power supply. Every electron leaving the N region is replaced by another electron from the negatively
charged power supply terminal. Likewise, holes as positive charges are repelled by the positively charged
terminal of the power supply, move across the junction, into the P region, and are attracted by the negatively
charged terminal of the power supply. So current through the forward-biased PN junction is represented by
a flow of majority carriers, electrons in one direction and holes in the other. See Figure 2-9(a).

Electron Flow Electron Flow
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(a) Majority Current Flow (b) Minority Current Flow

FIGURE 2-9

Reverse Biasing

Reverse biasing the PN junction occurs when the positive voltage of the power supply is connected to the
cathode (N region) and the negative terminal of the power supply is connected to the anode (P region). When
the diode is reverse biased the depletion region is increased, because electrons in the N region are attracted
to the positively charges power supply terminal and are effectively pulled away from the junction, and
positively charged holes in the P region are attracted to the negatively charged terminal of the power supply
and are pulled away from the junction. So, for a reverse-biased diode, no majority carriers cross the junction.
However, because crystals are not exactly pure, minority carriers from both sides of the junction drift across
the junction, as shown in Figure 2-9(b). So a small amount of current does flow across the reverse biased PN
junction. Again holes flow in one direction and electrons in the other. The minority current flow is called the
saturation current and designated Ig because, in theory, saturation current only increases with increased
temperature. And, once in saturation, increasing the voltage across the PN junction does not have any effect
in increasing the I current.

IDEAL DIODE SILICON DIODE EQUATION

The Shockley diode equation developed by William Shockley, co-inventor of the transistor, describes
mathematically the ideal forward and reverse-biased characteristics of the diode. Although it doesn’t show
the effect of the bulk resistance of the forward-biased diodes or the breakdown voltage of the reverse-biased
diodes, it nevertheless provides a quantitative approach that can be used to graphically explain how and why
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the PN junction behaves, both in the forward and reverse-biased PN junction conditions.
The Shockley diode equation states:

IgeVD/VT—-1)  where: Vp is the voltage across the diode
I is the saturation current
Vi is the thermal voltage where:
Vo =kT/q where: k is the Boltzmann’s constant (k) at 1,38 x 10-23 J/°K,
T is the absolute temperature in degrees Kelvin
q is the charge of an electron at 1.6 x 10-1° C in coulombs.

ID=

At absolute zero degree kelvin, the equivalent temperature in Celsius is —273°C. So, at 0°C the equivalent
temperature in kelvin is 273°K. Therefore, if the ambient temperature is 25°C, the temperature in kelvin is
(25°C +273°C)=298°K. So, using Boltzmann’s constant of 1.38 x 1023, the temperature T in kelvin at 298°C
and the charge of an electron at 1.6 x 10-19 C (coulombs) the thermal voltage Vris solved from V= kT/q
at 2.57 x 102 J/C, which equals 25.7 mV from:

-23 s [}
Vp=kTig= W38 XIOTIKR XK ) 7% 10200 ~25.7 mv

1.6 x1019C

Forward Biased

For the forward biased condition V= Vgand I, = I, so the forward-biased diode current is solved from
Ig= IS(eVF’V T —1). In the following equations, I is solved, using the ideal diode equation and a normally
saturated current Ig of 1 x 10"13 A for the V conditions of 0.5 V, 0.55 V, 0.6 V, and 0.65 V.

Ip=IgEeVFVT — 1) = 1 x 1013 (¢0-5/2.57 x 107 _1y=1x 1013 A (2.81 x10 8)=28.1 pA
Ip=IEeVFVT — 1) = 1 x 10713 (¢0-55/2.57 % 107 1) = 1x 1013 A (2.14 x109) = 0.214 mA
Ip=Ig(eVFVT — 1) =1 x 10-13 (0.6/2.57 x 107 _ 1) = 1 x 10-13 A (1.38 x 1019) =1.38 mA

Ip=Ig(eVFVT —1)=1x 1013 (¢ 065257 10°Z1)=1x10-13 A (9.64 x 1019) = 9.64 mA

Reverse Biased

In the reverse-biased condition, I = Ig(eVD/VT - 1), and atlow reverse-biased voltages of about —0.05 V
and — 0.1 V it has some significance. However as the reverse-biased voltage is increased to —1 V and -10 V
and beyond, the current is effectively in saturation and any further increase in the reverse voltage has no effect
in increasing the theoretical I = I current.

Iy = IgeVDVT - 1) = 1 x 10713 (- 005257 x 107 _ 1) = 1 x 1013 A (0.14 - 1) = - 0.86 x 10-13 A
Ip =IEeYDVT - 1) = 1 x 10°13 (g~ 0-1/2.57 x 107 _1)=1x 1013 A (0.02-1)=-098 x 10-13 A
Ig = LDV _ 1) = 1 x 10-13 (e 1257% 107 _ 1) = 1 x 10 B A (1017 1) =~ 1 x 1013 A

I = Ig(eVDVT — 1) = 1 x 1013 (¢1072.57 107 _1)=1x 1013 A (10169 1) =— 1 x 10-13 A

IDEAL DIODE CHARACTERISTIC CURVES

The characteristic of a diode is non-linear, as shown in Figure 2-10. In the forward-biased condition of
the silicon diode, no appreciable current flows at 0.4 V and it only begins to flow at about 0.5 V. However,
at about 0.6 V the forward current (I) begins to increase exponentially. From then on the forward current
through the diode rises steeply. In the reverse-biased condition, the curve is initially non-linear from 0.0 V
to —0.1 V and then becomes relatively flat beginning at about— 1 V. After that the current does not increase
with increased reverse voltage. The ideal saturation current (Ig) is extremely small at 0.1 pA(1 X 10-13A),
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FIGURE 2-10

TEMPERATURE EFFECTS

In theory, the saturation current (Ig) doubles for every 10°C increase in temperature rise and the potential
barrier voltage (V) decreases 2 millivolts for every 1°C increase in temperature. Therefore, if the current is
1 pA and the temperature rises from 25°C to 75°C, the temperature increases S50°C, or doubles 5 times over
from 1 pA to 32 pA. Therefore:

I (75°C) = 2N I (25°C) =25 x 1 pA= (2 X 2x2x 2x 2)1 pA=32x | pA=32pA

Likewise, the potential barrier voltage (Vg) decreases 2 millivolts for every 1°C increase in temperature.
So both the Ig and I currents increase with temperature rise which, in effect, causes the Vpto decrease, as-
suming the same current flow through the diode. Therefore, for a 50°C increase in temperature the Vg de-
creases from about 0.6 V to approximately 0.5 V, where I remains the same. Thus:

Vg (75°C) = VR (25°C) -2 mV/°C X 50°C=06V-01V=05V

TEMPERATURE COEFFICIENT OF SEMICONDUCTOR DIODES

Semiconductor diodes have a negative temperature coefficient (tempco) while metal conductors have a
positive tempco. Essentially, increasing the temperature of a metal conductor causes an increase in electrons
that collide with atoms and other electrons, impeding the overall electron flow, which has the effect of
increasing the resistance of the conductor. However, the opposite is true for diodes where increasing the
temperature causes a negative tempco and increased I and I currents.

PRACTICAL DIODE CHARACTERISTICS

Diodes in circuits have similar characteristics to those of the theoretical model up to the junction voltage
of 0.7 V. However, beyond 0.7 V, the forward voltage drops are typically higher than the theoretical model
with the same amount of current flow through the diode. Likewise, in the reverse-biased diode connections,
leakage currents not previously included cause much higher reverse-biased current to flow than theoretically
predicted, except for avalanche (breakdown) voltage which is included in the practical model.
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PRACTICAL FORWARD-BIASED DIODE CHARACTERISTICS

In practical diodes, the bulk resistance of diodes caused by electrons colliding with atoms and other
electrons in the crystal, is between 0.1 Q and 10 Q. So, the initial forward-biased voltages of 0.6 V at 1 mA
and 0.7 V at 10 mA is due to the diodes junction characteristics. However, the forward voltage drop, much
beyond 0.7 V, is mainly due to the current through the bulk resistance of the diode. A model of a forward-
biased silicon diode that includes the 0.7 V barrier voltage and the in-series bulk resistance is shown in
Figure 2-11(a). So, if the bulk resistance of the diode is 1 €, and the V¢ voltage is 0.7 V at 10 mA, then at
50 mA the Vg voltage is 0.75 V and at 100 mA the Vi is 0.8 V, as shown solved with Figure 2-11(a).

Vi
| : Ty 100 4 ecannennsncaancncannenmannonnsnnen
o—P+—l[I==w—o0 N
07V
80 -
70
Ve(50 mA) = Vg + (Ig X 1p) 0.
=0.7V+(B0mA x1Q) O .
=0.7V+005V=075V . ;
30 -
V(100 mA) = Vg + (Ig X 1) 20 4
=0.7V + (100 mA x 1 Q) 10 =frmermmsimse st §
=07V+01V=08V 02 04 0.6 08  V(volts)
(a) Practical Forward-Biased Model (b) Practical Forward-Biased Curve
FIGURE 2-11

PRACTICAL REVERSE-BIASED DIODE CHARACTERISTICS

In practical diodes, both the saturation current I and the leakage current Iy contribute to the total reverse-
biased current of diodes. So, the reverse current, which theoretically is about 0.1 pA, in practice is closer to
1 nA. Essentially, the leakage current occurs because at the surface of the crystal no covalent bonds exists,
which effectively exposes holes and allows electrons to flow through the available holes. However, unlike the
saturation current, leakage current does increase with increased reverse-bias voltage. So, if the voltage is
doubled the leakage current is doubled. Thus, if the reverse-bias current is 1 nA at - 10 V, it could be 2 nA
at—-20Vand3nAat-30V.

Another phenomena of reverse biasing the diode is that at some voltage the diode breaks down. For the
1N4001 the breakdown voltage, or peak inverse voltage (PIV), is 50 V. Essentially, the breakdown (avalanche)
condition occurs because increasing the reverse voltage causes the minority carriers to speed up and collide
with atoms, which releases free electrons to collide with other atoms, and so on. Large numbers of electrons
are freed in this manner, causing large amounts of current to flow. This, coupled with the relatively high
reverse voltage, can cause the power dissipation of the device to be exceeded and the device to be destroyed.
The Vg response is shown in Figure 2-12.

PRACTICAL FORWARD BIASING OF SILICON DIODES

The knee of the curve of the forward-biased diode occurs when the V¢ is about 0.6 V and I; about 1 mA.
Increasing the current through the diode to 10 mA, increases the Vg to about 0.7 V. Further increasing the
current thirough the diode to 100 mA increases the Vg to about 0.8 V. This occurs in working circuits.

For example, a 10 kQ2 series resistor in series with a diode and a Vpg of 12 'V provides a Vi of about 0.6 V
and a current of 1.14 mA, as shown in Figure 2-13(a). Then, when a 1 k€ series resistor is used in series with
a diode and a Vpg of 12V, it provides a Vg of about 0.7 V and a current of 11.3 mA, as shown in Figure 2-
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FIGURE 2-12

IgmA) v

13(b). Reducing the series resistor further to 100 €2, in series with a diode and a Vpgof 12 V, provides a Vg
of about 0.8 V and a current of 112 mA, as shown in Figure 2-13(c).

R R R
NV MV VvV
10 kO 1kQ 100 0
itV — V. —_—lV,
= v 1}0-” — v !'_}0” — v !}o-sv
fom Vps = VE Vps —~ Vg Vps - Ve
12V-0.6V 12V-07V 12V-0.8V
E—— = 114 A == . = —— =
10kQ m ) 11.3 mA 1009 112 mA
(a) 10 kQ (b) 1kQ (b) 100 Q@
FIGURE 2-13

FORWARD-BIASED DIODE UNDER LOADED CONDITIONS

If a forward-biased diode is loaded by a 500 € resistor, as shown in Figure 2-14, the current through the
R1 resistor is split between the parallel D and Ry components. Essentially, Vg is assumed at 0.7 V, since the
current through the diode is about 10 mA. Therefore, I ; is 11.3mA and Ig; issolvedat 1.4 mA. So, the current
through the diode is solved at 9.9 mA, as shown in conjunction with Figure 2-14.

_ Vps-VE _12V-_07V

IR]. = R1 = 1kQ =11.3mA

Iy, = VE/Rp =0.7 V/500 Q= 1.4 mA

FIGURE 2-14
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REVERSE-BIASED SILICON DIODE MEASUREMENTS

The ideal reverse-biased diode voltage of the circuit in Figure 2-15 is 11.99 V. However, in practice, the
measured voltage will be slightly lower at 11.87 V. This is because the resistance of a reverse-biased diode
is typically about 100 M€, and the internal resistance of the meter used to measure the voltage is typically
about 10 MQ. So, effectively, connecting the meter provides loading. The theoretical and expected measured
output voltage of a typical reverse-biased diode is shown solved in conjunction with Figure 2-15.

O+12V
VesXRp 12 v x 100 MQ

RI+R, ~ 100 kQ+ 100 MQ

Theoretical: Vp = =119V

Expected: R, =Rpll Ry =100 MQ 110 MQ =9.09 MQ

v _VpgXRp 12V x9.09MQ

D~ RI+R,  100kQ+9.09 MO = g v

FIGURE 2-15

DYNAMIC (AC) RESISTANCE OF DIODES

In practice, the ac (dynamic) resistance of forward-biased diodes is generally less than 100 Q, and the
reverse-biased ac (dynamic) resistance is generally greater than 100 MQ. Mathematically, the ac resistance
of a forward-biased diode can be solved fromr,, = AV/AL However, it typically is solved using the Shockley
diode equation which is more direct and generally more accurate. The ac resistance of a reverse-biased diode
is linear and solved from r,. = AV/AL

GRAPHICAL ANALYSIS OF FORWARD-BIASED DIODES

The graphical analysis for solving the ac resistance of the diode is to draw a line tangent to the curve at the
operating current and measure the AV versus Al. For example, at an operating point of 2 mA, the AV =40 mV
and the AI=2 mA, as showninFigure 2-16(a), and ther,. =20 Q. However ifthe operating currentisincreased
to 10 mA as shown in Figure 2-16(b), the AV =20 mV and the Al =4 mA, ther,, = 5 Q.

Ip Ig
(mA) (mA)
124
10 brwmiprmmivio s isisomip i i Al
4 . AV
34 6+
44
2.}
— o bt
01 02 03 04 05 06 07 08 Vg 01 02 03 04 05 06 07 08 Vp
E AV B 0.63V—0.61V= 20mV =20Q 1 = AV =0.71V—0.69V . 20 mV =50
€ Al 25mA-15mA 1mA ac Al 12 mA - 8§ mA 4 mA
(a) 2 mA Operating Point (b) 10 mA Operating Point
FIGURE 2-16

MATHEMATICAL ANALYSIS OF FORWARD BIASED DIODES
The dynamic resistance of forward-biased diodes can also be solved from r,, = V/Iz using Shockley’s
diode equation where: V1 = nkT/q and I, is the forward-biased current through the diode. Recall that at 25°C
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the V1 of silicon diodes is equal to 25.7 mV. So for 1 mA of diode current the dynamic ac resistance is 25.7 €.
1% 1.38 x 1023 j/K x (298°K)

1.6 x 10-1°C
1, = Vp/lp= Vp/Ig=25.7TmV/ImA = 25.7 Q

Vo =nKT/q = =2.57x102j/C =25.7 mV

However, the electron density (n) of silicon diodes can be as high as 2. So, if n=2 is used, Vp=51.4 mV
and the dynamic resistance of diode for an I of 1 mA is solved at 51.4 Q.

23 o
V= nkTiq = X138 X OIK X@RK) _ 5 14% 10 2j/C = 51.4 mv

1.6 x 10-19C
.= Vp/lp=514mV/ImA= 514Q

The above two examples show that ac resistance of the diode can vary over a 2:1 range, and the bulk
resistance of the diode was included in the analysis. The effect of the bulk resistance at higher current
conditions is most apparent. The minimum and maximum acresistance at current conditions of 1 mA is shown
in Figure 2-17(a), 10 mA in Figure 2-17(b), and 100 mA in Figure 2-17(c).

_Vps—VE_12V-06V_ 114V _,

‘e B ¥ = TRI T4k 14ke ™
R1
114k0 Cactminy= V/Ip+ T3 = 25.7mV/I mA +1Q =267 Q
D1 }O.sv Tac(max) = YT/Ip+ 13 =514 mV/1 mA +1Q =524 Q
= (a)
Vps—VE _12V-07V_ 113V
V. 12V I =-_bS F _ = =10 mA
s F=7R1 LBk Lk P
R1
L Cacminy = V1/Ip + T5 = 25.7mV/10mA + 1 Q =357 Q
b1 }m Cacmay = VT/IE + T3 =514 mMV/I0mA +1Q =6.14 Q
= (b)
\"Ps 12V vV Y
ps—VE _ 12V-08 V_ 112V
Iz = = = =1
. F= RI 112Q T2 ~10mA
112Q
. }m Cac(miny = VD/Ip + 15 = 25.7 mV/100 mA + 1 Q =126 Q
FIGURE 2-17

DYNAMIC RESISTANCE OF REVERSE-BIASED DIODES

Reverse-biased diodes generally operate in the linear region that extends to the breakdown voltage region.
In this linear region, shown in Figure 2-18, the dynamic resistance of diodes is extremely high. For example
ifthe Igis 1 nA at 10 V and 3 nA at 30 V, the dynamic resistance of the reverse-biased diode is 100 M.

:R (volts) , - -20 -10 AV 30V-10V 20V
Al — B - i ) i
7 AV ' = AT~ 3pA_1nA - 2nA  00MO

IpmA) FIGURE 2-18
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COMBINED dc AND ac ANALYSIS OF THE FORWARD-BIASED DIODE CIRCUIT

In the circuit of Figure 2-19(a), Vpg = 18 V, the ac input signal voltage v;, = 100 mVp-p, Rg= 100 Q, R1
=1.5kQ, the bulk resistance is 1 Q, and Vg is approximately 0.7 V. The equivalent dc circuit and the dc current
through the forward-biased diode is solved in conjunction with Figure 2-19(b). Also, since capacitor C is an
effective short to the ac signal and an open to the dc, no dc current flows through and no dc voltage is dropped
across RS.

Ves@ +18V Vo O+18V Vg1 = Vpg Vg
R1 _ ~ _
0.0V 15 k9}17.3v 18V-07V=173V
v 173V
' R1 .
weq IF=IR1=_R1 = Fin = 11.5 mA

Vs =IpgXRS=0.0mAX 100Q=0.0V

(a) Combined Circuit (b) Equivalent Circuit
FIGURE 2-19

Since n is typically between 1 and 2 for silicon diodes, both the minimum and the maximum ac resistance
formulas are solved. The ac resistance of the diode is solved using the dc current and includes the assumed
bulk resistance of 1 Q. Then, voltage divider equations are used to solve the ac voltage developed across the
dynamic ac resistance of the forward-biased diode.

The ac analysis of the diode at minimum resistance, where 26 mV =25.7 mV, is shown in conjunction with
Figure 2-20. In the circuit R1 is in parallel with the ac resistance of the forward-biased diode and, because R1

isrelatively high with respect to the r,, it has little effect on the output sinewave voltage. Thus, Foq=Tac IR1
= [pcr SO Iy 18 used in the analysis.

Vv C RS

ac=_T+rB=ﬂV_+1Q=3.269 ) —
Ig 11.5 mA 100 pFT 100Q
100 mVp-p
R
Toq=R1Ir,,=15kQ113.26Q2=325Q 64 1kHz . é}‘; ™
VinTac 100 mVp-p X 3.26 Q

YooY RS+r, - 1000Q+3260 0 VPP =
FIGURE 2-20: AC Equivalent Circuit.

Then the ac analysis of the circuit at maximum resistance is solved and 52 mV = 51.4 mV is used as shown
in conjunction with the circuit of Figure 2-21.

A% 52 mV
o= = 1 1Q=5520
Ig 11.5 mA
100 mVp-p
fog=R1lIT, = 15kQ1552Q=550Q 6’ = ea gﬁlm

Vops VinTac  _ 100 mVp-p x5.52 Q =523 mVp-p +
RS+r1,, 100Q2+5.52Q =
FIGURE 2-21: AC Equivalent Circuit.
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SOLVING THE r, OF THE FORWARD-BIASED DIODE IN THE LAB

In the laboratory, the measured v,,_, and the RS value at 100 € are used with algebra to solve the r,
Essentially,ifv,, ,=5.23mVp-p, then VRS =94.77mVp-p, andr, issolved at5.52Q,asshownin conjunctlon
with the circuit ofP Figure 2-22..

VRS = Vin ~ Vop —100mVpp 5.23 mVp-p=94.77 Vp-p

Since the ratio of 1, /vgg is equal to the ratio of v, /Vgs, then 1, is solved from the algebra, where:
r v Vop-p X RS 5.23 mVp-p x 100 Q

ac op-p
= ST = ] = 5.52 Q
RS VRS ac VRS 94.77 Vp'p
C RS

100 mVp-p

1kH r
6’ ‘ ac FIGURE 2-22

GRAPHICAL SOLUTIONS USING dc LOAD LINES

The load line of Figure 2-23 provides a graphical solution for the diode circuit of Figure 2-19. On the load
line, I, is determined by the Vpg voltage and the R1 resistance which intersect the diode curve at the Vg
versus IF operating point. Thus, I_,, = 12 mA, the Vof the diode is 0.7 V, and the Iz is 11.5 mA.

IF A
" E \ 18V
E i Lnax = RPIS = Topg = 12mA
11.5 f=-==== ! R1=15kQ .
Vg =Vps— Vp=18V-07V=173V
' Ve, 173V
: l Ip=—Xt = =11.5mA
: (veles Rl 15kQ
: 5 o
0.7V i po

FIGURE 2-23

Since the ac sinewave signal rides on the dc voltage, two conditions should exist in order to obtain a clean
sinewave voltage across the diode output. The first condition is that the operating point should be located on
the linear portion of the curve as shown in Figure 2-24(a). Secondly, the amplitude of the output wave should
be much smaller than the dc voltage it rides on. In this example, the operating point is on the linear portion
of the curve and the output sine wave at 5.23 mVp-p rides on a much higher 700 mV dc voltage, as shown in
Figure 2-24(b). So the output signal should be free of distortion.

Iy A vr A 5.23mVp-p
______________ ! Vp=07V /-\ /{
AT 07V

Ip = 1.5 mA
Tgc =AV/AI =552Q

1
\

AV ﬁ AV z
(a) Operating Point (b) 5.23 mVp-p ac riding on 0.7 V d¢
FIGURE 2-24

5.23
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OHMMETER TROUBLESHOOTING OF DIODES

Testing a diode with an ohmmeter provides a simple check of whether or not the diode is good. A working
diode will show a low resistance in one direction and a high resistance in the other. However, if the diode is
low in both directions, the diode is probably shorted. If the diode is high in both directions, the diode is
probably open.

The measurement of diodes using an chmmeter is, at best, a go or no-go check. So, select an ohmmeter
setting, typically with a multiplier of x 100 or so, and make the measurement without regard to the actual
resistive value. Essentially, anohmmeter provides a different current flow through the diode with each setting
change. Therefore, a different resistance reading will occur at each setting. However, what is important when
measuring a diode with an ohmmeter is not the actual measured values, but the relative low and hi ghresistive
values (go or no-go conditions) obtained on the ohmmeter for the forward and reverse-biased diodes.



Solid State Diodes — 33

LABORATORY EXERCISE

EXERCISE OBJECTIVES

To become familiar with:
The dc analysis and measurement of silicon diode circuits.
The forward characteristic curve of silicon diodes.
The ac analysis and measurement of silicon diode circuits.

LIST OF MATERIALS AND EQUIPMENT
1. Diode: IN4001-1N4007, or equivalent device
2. Resistors (one each): 100 Q, 1 kQ, 1.5kQ, 3.3kQ, 10kQ, 15 kQ, 33 kQ, 1 MQ
3. Capacitor: 100 uF
4, Multimeter
5. Power Supply
6. Oscilloscope

PROCEDURE

SECTION I: Basic Diode Circuits
PART A: Forward-Biased Diode
1. Inthe circuit of Figure 2-25(a), the diode is forward-biased in series with the 1.5k€resistor R, and the power

supply voltage is 18 V dc. The hookup diagram is shown in Figure 2-25(b).
D D

bt - _— Vorr
POWER SUPPLY METER
ON
— Vps R 5 — @ R _
— 18V 15kQ |V 0O i L5kQ $
__L:' . 2 O4——
(a) Forward Biased Diode (b) Hookup Diagram
FIGURE 2-25

2. Pre-laboratory calculations:
a. Calculate the dc voltage drop across resistor R where: Vg = Vpg — Vpand Vg =0.7 V.
b. Calculate the dc current through the series R and diode D where: Ip = Iy = Vg/R.

NOTE: Forward-biased diode voltages typically range from about 0.6 V to about 0.8 V, where the higher the
current flow through the diode, the higher the Vg of the diode.

3. Circuit measurements:
a. Connect the circuit of Figure 2-25(b) and measure Vpg and Vg.
b. Use the measured Vpg and Vi values to find Vg where: Vg = Vpg — Vp.
c. Use the measured Vy value to find Ip where: Ip = Iz = Vp/R.

4. Insert the calculated and measured values, as indicated, into Table 2-1.
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PART B: Reverse-Biased Diode Circuit
1. Inthe circuit of Figure 2-26(a), the diode is reverse biased in series with the 1 MQ resistor R and the
power supply voltage is 18 V dc. The hookup diagram is shown in Figure 2-26(b)

P D
H VOLT
POWER SUPPLY METER
ON
=V R - R _
5 O 55@" o | [t
R g 4O
(a) Reverse-Biased Diode (b) Hookup Diagram
FIGURE 2-26

2, Pre-laboratory calculations:
a. Calculate the dc voltage drop across resistor R where: Vi = Ig X R andIg =~ 1 nA.
b. Calculate the dc voltage drop across reverse-biased diode D where: V= Vpg — V.
¢. Calculate the reverse-biased diode resistance from: Rp= Vp/Ig.

NOTE: For reverse-biased diodes, the I current is very low, typically 1 nA or lower. So the voltage drop
across R should be very low, the reverse-biased diode voltage high, and the resistance of the reverse-biased
diode resistance extremely high,

3. Circuit measurements:
a. Connect the circuit of Figure 2-26(b) and measure Vpg and V.
b. Use the measured Vpg and Vp, values to find Vp, where: Vpy = Vpg — V.
¢. Use the measured Vy, value to find Ig where: Ig = Vg/R.
d. Use the measured Vp, value to find Ig where: Rpy = Vp/L.

4. Insert the calculated and measured values, as indicated, into Table 2-1.

NOTE: Meter loading will occur, but it is less than 10% if the input resistance of the meter is 10 MQ.

Forward-Biased Circuit Reverse-Biased Circuit
SST Vs Vi Ve I Ves | Ve | Vp | I R)
CALC.
MEAS.

SECTION Il : Loading the Forward-Biased Diode Circuits

PART A: Unloaded Circuit Conditions

1. Inthe unloaded circuit of Figure 2-27(a), the R resistor is in series with diode D and the output is across
the diode. In the circuit of Figure 2-27(b), a 1 kQload resistor is connected across the output and forward-
biased diode. In both connections the Vpg is 18 V dc.

2. Pre-laboratory calculations:
a. Calculate the dc voltage drop across resistor R where: Vi = Vpg — Vg and Vp=0.7V.
b. Calculate the dc current through the series R and diode D where: I = Iy = Vp/R.

NOTE: Forward-biased diode voltages typically range from about 0.6 V to about 0.8 V, where the higher
the current flow through the diode, the higher the Vi of the diode.
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R R
AN\ < AVAVAY & -
1.5kQ 15kQ
— Vs D — Vrs D R,
T 18V T— 18V woo |V
T X *
(a) Unloaded Circuit (b) Loaded Circuit

FIGURE 2-27

3. Circuit measurements:
a. Connect the circuit of Figure 2-27(a) and measure Vpg and Vp.
b. Use the measured Vpg and Vi values to find Vy where: Vi = Vpg— Vg
c. Use the measured Vp value to find Iz where: I = Ip = Vg/R.

PART B: Loaded Circuit Conditions
1. In the circuit of Figure 2-27(b), a 100 Q load resistor is connected across the output, in parallel with the
forward-biased diode.

2. Pre-laboratory calculations:
a. Calculate the dc voltage drop across resistor R where: Vi = Vpg— Vg and Vg = 0.7 V.
b. Calculate the dc current through the series R where: Iy = Vp/R.
c. Calculate the dc current through the series R; where: Ig; = Vry/R; and Vg; = Vp.

3. Circuit measurements:
a. Connect the circuit of Figure 2-27(b) and measure the Vpg and Vg; .
b. Then find the voltage drop across R where: Vi = Vpg ~ VRy and Vp=Vg;.
c. Find the current flow through R where: Iy = Vp/R.
d. Find the current flow through R; where: Ig; = VR;/R;.
e. Find the current flow through D where: Ig=1Ip — Iy .

4. Insert the calculated and measured values, as indicated, into Table 2-2.

Forward-Biased Circuit Loaded Forward-Biased Circuit
TABLEZ2 Vrs Vr A\ Ip Ve, | Yo | Ir Irp I
CALC.
MEAS.

SECTION Ill : Loading the Reverse-Biased Diode Circuits

PART A: Unloaded Circuit Conditions

1. In the unloaded circuit of Figure 2-28(a), the reverse-biased diode D is in series with R and the output
voltage is taken across the reverse-biased diode. In the circuit of Figure 2-28(b), a 1 k€2 load resistor is
connected across the reverse-biased diode. In both connections the Vpg is 18 V dc.

2. Pre-Laboratory calculations:
a. Calculate the dc voltage drop across resistor R where: Vi = Ig X R and Ig = 1 nA.
b. Calculate the dc voltage drop across reverse-biased diode D where: Vi = Vpg — Vp.
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R R
A —— —AW——y -
1.5kQ 1.5kQ
— Vps “— Vi R
T 18V AD C‘D - 18V %" 1k
an 1 -
(a) Unloaded Circuit (b) Loaded Circuit
FIGURE 2-28

3. Circuit measurements:
a. Connect the circuit of Figure 2-28(a). and measure Vpg and Vo,
b. Use the measured Vpg and Vp, values to find Vi where: Vi = Vpg - Vo,
¢. Use the measured Vp, value to find I where: Ig = Vp/R.

NOTE: Since R is 1.5 kQ, the effect of meter loading can be safely ignored because the meter resistance of
approximately 10 MQ is in parallel with the high reverse-biased diode resistance, which is still extremely high
with regard to R. So, V= Vpg, and I should be measured at =~ 0.0 mA.,

PART B: Loaded Circuit Conditions
1. Connect the circuit of Figure 2-28(b), where a 1 k€ load resistor is connected across the output and in
parallel with the reverse-biased diode.

2. Pre-laboratory calculations:
a. Calculate the voltage drop across Ry where: Vg; = Vpg X R /(R + Ry).
b. Calculate the voltage drop across R where: Vp = Vpg — Vg; .
¢. Calculate the current through R where: I = Vp/R.
d. Calculate the current through R; where: Irp = Vi /R;.

3. Circuit measurements:
a. Measure the Vpg and Vg; the voltage across the 1 kQ load resistor.
b. Find the voltage drop across R where: Vp = Vpg— Vg, .
¢. Find the current flow through R where: I = Vi/R.
d. Find the current flow through R; where: Ig;, = VR /R;.
e. Find the current flow through D where: Ig = I — I .

NOTE: I is extremely low and approaches 0.0 mA, so it is very difficult to measure I accurately.

4. Insert the calculated and measured values, as indicated, into Table 2-3.

Reverse-Biased Circuit Loaded Reverse-Biased Circuit
TABLE2S Vps Vr Vb Is Ve | VR | R Irp, Is
CALC,
MEAS.

SECTION IV: Forward-Biased Diode Characteristic Curve

The forward-biased characteristic curve of a diodes can be obtained either by using bench measurements,
or by using the curve tracer. With bench measurements the measured Vg and associated I currents are used
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to plot the diode characteristic curve, while the curve tracer displays the characteristic curve from which the
I current and associated VF voltages are obtained. Neither bench measurements or the curve tracer do an
adequate job of measuring and displaying the reverse-biased current (Ig) of silicon diodes, so only the for-
ward-biased characteristic curve of the diode is analyzed.

PART A: Bench Techniques—Forward-Biased Condition.

1. Connect the circuits, as shown in Figure 2-29. For each circuit measure the Vpg and Vg. Then use the
measured values to find Vy and the associated I current.

R

10 kQ

T- 18V

(a) 1.5 kQ (b) 3.3k (©) 10 kQ (d) 33kQ
FIGURE 2-29
2. R=15kQ:
a. Connect the circuit of Figure 2-29(a), where the R resistor is 1.5 kQ, and measure Vpg and V.
b. Use the measured Vpg and VE values to find Vi where: Vp = Vpg — VE.
c. Then use the Vp, value to find Iz where: Iy = I = Vp/R.

3. R=3.3kQ, R =10k, and R =33 kQ:
a. Reconnect the circuit shown in Figure 2-29(b), where R is now 3.3 kQ. Measure Vpg and Vg and repeat
the measurements and calculations for Vp and Ip..
b. Next, reconnect and repeat the measurements and calculations for Vy and I using the resistor values
of 10 k2, as shown in Figure 2-29(c), and then 33 kQ, as shown in Figure 2-29(d) .

4. Insert the measured Vg and the associated I, current, for each of the R values, into Table 2-4.

T ////- > _7/_/

PART B: (Optional Laboratory) Curve Tracer Techniques
1. Forward-biased diode characteristics: The forward-biased characteristic curve displayed on a curve tracer
can be used to visually measure the I current and the associated Vg voltage.

a. Begin by connecting the diode across the (marked) collector and emitter terminals, or use the diode
test fixture, which is electrically connected to the terminals.

b. Set the horizontal scale initially to 0.1 V/div and the vertical scale to 1 mA/div. The polarity switch is
set to display forward-biased conditions.

c. Begin with the horizontal voltage at about 0.0 V and slowly increase, typically left to right, the hori-
zontal voltageto 0.3V, 0.4 V,0.5V, 0.6 V and so on, until the characteristic curve of the forward-biased
diode is displayed.

d. Measure the voltage drops across the forward-biased diode at an I current of 1 mA, and measure the
associated Vg voltage.
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e. Measure the remaining V5 voltages at the associated Ig currents of 2 mA, 5 mA, and 10 mA.

2. Insert the measured voltage drops for each of the associated currents, as indicated, into Table 2-5.

1mA 2mA SmA 10 mA

TABLE 2-5
Vi Ve Vp Vg

MEASURED

NOTE: It may be necessary to set the horizontal scale to 0.05 V/div or lower in order to obtain a better visual
measurement of the forward-biased diode response. Also, the reverse-biased measurement is not taken on the
curve tracer for two reasons. One, the extremely low I current is not detectable on the curve tracer. Secondly,
once breakdown is reached the device may be destroyed, and it will happen so fast it will be without benefit
of visual discovery.

PART C: Plotting the Characteristic Curve of the Forward-Biased Diode

Use the data obtained from either the bench measurements or the curve tracer visual measurements to plot
the characteristic curve of the forward-biased diode on the graph of Figure 2-30.

Ip
(mA)

12mA

10 mA

S mA
6mA FIGURE 2-30

4mA

2mA

-
02V 04V 0.6V 08V Vg

SECTION V: Dynamic Resistance Of Forward-Biased Diodes

The dynamic resistance of the diode will be analyzed at two current conditions: sli ghtly higher than 1 mA
and slightly higher than 10'mA.

PART A: R1=15kQ

1. Inthe circuit of Figure 2-31, a sine wave signal of 100 mVp-pat 1 kHzis applied to a forward-biased diode
circuit. The dc measurements of the circuit are made using a voltmeter and the ac measurements of the
circuit are made using a scope.

2. Direct current considerations—pre-laboratory calculations:
a. Calculate the dc voltage drop across R1 where: Vg, = Vpg - Vpand Vp=0.7 V.
b. Calculated I where: I = Ip; = Vg /R1.
¢. Calculate the dc voltage drop across RS where: IRg=0.0mA.

3. Direct current measurements:
a. Connect the circuit of Figure 2-31(a) and use a voltmeter to measure Vpg and Vp.
b. Then find Vp,; where: Vg, = Vpg - Vp.
¢. Find I where: Ip = I, = V¢,/R1.
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VigO + 18V +18V
R1 R1
15 kQ 15kQ

C V5o RS

100 pF f 100 Q
100 mVp-p
@ 1kHz D >V

D @ 100 mVp-p
1kHz

(a) Forward-Biased Diode (b) The dc Equivalent Circuit (¢) The ac EquivalentCircuit
FIGURE 2-31

d. Measure V, and Vg and find Vg where: Vpg=V, — Vg
4. Insert the calculated and measured dc values, as indicated, into Table 2-6.

5. Alternating current calculations—pre-laboratory calculations:
a. Minimum r, calculations:
1. Calculate the minimum dynamic resistance of the diode from: ;=26 mV/Ig.
2. Calculate the minimum output signal voltage v, where: vy = Vi X r,./(t,. + RS).
b. Maximum r,, calculations:
1. Calculate the maximum dynamic resistance of the diode from: r,; (. = 52 mV/g.
2. Calculate the maximum output signal voltage v, where: v ..y = Vi X 1,/(t,c + RS).

6. Alternating current measurements:
a. Connect the circuit of Figure 2-31(a) and use a oscilloscope to measure v;, at 100 mVp-p and at 1 kHz,
and measure v,. Calculate vpg from: vpg = v, - V.
b. Find r,, where: r, = v, X RS/vgq.

NOTE: Dynamic resistance of diodes (r, ) canrange overa 2 : 1 ratio, typically betweenr, = 26 mV/Igand
1, = 52 mV/Ig. Also, 1, | R1 =1, since R1 is much larger than r, . The bulk resistance rp, which is typically
1 Q or less, is not included in the r,, calculations.

7. Insert the calculated and measured ac values, as indicated, into Table 2-6.

dc Considerations ac Considerations
TABLE 2-6 Vs Vg Vri Iy Vgs Vomin) | Yomax) | Tac(min) | Fac(max)
CALC.
MEAS.

PART B: R1 = 1.5 kQ

1. Inthe circuit of Figure 2-32(a), a sine wave signal of 200 mVpp at 1 kHz is applied to a forward-biased
diode circuit. The dc measurements of the circuit using a voltmeter is shown in Figure 2-32(b), and the ac
measurements of the circuit using a scope is shown in Figure 2-32(c).

2. Direct current considerations—pre-laboratory calculations:
a. Calculate the dc voltage drop across R1 where: Vi = Vpg— Vg, where Vp=0.7 V.
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VpsQ + 18V VosO +18V
R1 R1
L5kQ 15kQ
c Yy A RS RS
100 uF 100 Q

200 mVp-p

Vv

in

6,- 1kHz D »Y% D @ 200 mVp-p
1kHz

L 28 ) =

(a) Forward-Biased Diode (b) The dc Equivalent Circuit (c) The ac EquivalentCircuit
FIGURE 2-32

b. Calculated I where: Ip = Ip; = Vp,/R1.
c. Calculate the dc voltage drop across RS where: Vpg =~0.0 V.

3. Direct current measurements:
a. Connect the circuit of Figure 2-32(a) and use a voltmeter to measure Vpg and V.
b. Then find Vg, where: Vp; = Vpg - V.
¢. Find Ip where: Iz = Iy, = Vp,/R1.
d. Measure V, and Vg and find Vi where: Vpg=V, — V.

4. Insert the calculated and measured dc values, as indicated, into Table 2-7.

5. Alternating current calculations—pre-laboratory calculations:
a. Minimum r, calculations:

1. Calculate the minimum dynamic resistance of the diode from: Tac(min) = 26 MV/Ig.

2. Calculate the minimum output signal voltage v, where: Vo(min) = Vin X Tae/(Tye + RS).

b. Maximum r, calculations:
1. Calculate the maximum dynamic resistance of the diode from:; Tocmax) = 92 MV/Ig.

2. Calculate the maximum output signal voltage v, where: Vo(max) = Vin X Tad/ (Tac + RS).

6. Alternating current measurements:
a. Connect the circuit of Figure 2-32(a) and use an oscilloscope to measure V,,at 200 mVp-p and 1 kHz
and measure v,. Calculate vpg from: vpg=v, — v
b. Findr, where: r, = v X Rg/vpg.

o

NOTE: The dynamic resistance of diodes ( I, ) can range over a 2:1 ratio, typically between r, . = 26 mV/
Igand 52 mV/lg Also,r,. IIR1=r,, since R1is much larger thanr, . The bulk resistance rp which s typically
1 Q or less, is not included to help simplify the r,. calculations.

7. Insert the calculated and measured ac values into Table 2-7.

dc Considerations ac Considerations
TABLE 2-7
Vps Vg Vi Ip Vis Vomin) | Yo(max) | Fac(tmin) | Fac(max)
CALC.
MEAS.
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CHAPTER QUESTIONS

1. What is the definition of an intrinsic semiconductor?

2. What is the definition of an extrinsic semiconductor?
3. Why are pure semiconductors doped?

4. If aluminum is used to dope an intrinsic semiconductor, will it produce an N type or P type semiconductor
material.

5. Is a donar atom a trivalent or pentavalent atom? Explain!

6. Is an acceptor atom a trivalent or pentavalent atom?

7. Does increasing or decreasing the I current through a forward biased diode increase the Vg voltage?
8. Do semiconductors have positive or negative temperature coefficients?

9. Does increasing the temperature increase the current flow through a diode? How about the V?

10. Does increasing the current flow through a forward biased diode increase or decrease the r,,, of the diode?
11. Is a reverse-biased diode more of an open or a short? Explain!

12. Why are the ohmmeter measurement of diodes relagated to go or no-go testing?

CHAPTER PROBLEMS

1. With reference to the circuit of Figure 2-33:

Vp=07V. Lo

Solve for: —

QINCHOs FIGURE2-33  — 1 L
a V T 12V
. R —_—
b. Ip

2. With reference to the circuit of Figure 2-34:
VF = 0.8 V.

Solve for:
FIGURE 2-34

a. Vg

b. IRL
¢ Ig
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3. With reference to the circuit of Figure 2-35: l‘;
Ig=10nA. :
Solve for: udl [
FIGURE2-35  — '’ y
a. Vp T 12V 1MQ
b. Vp
¢. Rp 8

4. With reference to the circuit of Figure 2-36:
Solve for:

a Vg
FIGURE 2-36
b. IRL

c. Ip

5. Withreference to the circuit of Figure 2-37:
rg=1Qand Vg=0.7 V.
Solve for:
a Ig
b3

c. v,
FIGURE 2-37

VpsO + 20V

6. With reference to the circuit of Figure 2-38:
Ig=10nA, R1

2kQ
Solve for:

a. Vg
b. Vp 100pF  200Q

C. Vg Vin tD
FIGURE 2-38 @ 100mVp-p o

C RS




CHAPTER 3

ZENERS AND
SPECIAL PURPOSE DIODES

GENERAL DISCUSSION

Diodes are categorized as general purpose or special purpose diodes. General purpose diodes are small
signal and rectifier diodes, while zener diodes, light emitting diodes, varactors, and Schottky diodes are
considered special purpose diodes. Among other special purpose diodes are the tunnel diode, the PIN diode
and the step-recovery diode. Zener diodes are generally used as the voltage reference in power supplies, light
emitting diodes (LED) give off light when forward biased and typically are used as indicators , varactor diodes
are used as dc controlled variable capacitors that vary the frequency in radio and televisions, and the Schottky
diode is a fast switching diode typically used in switching regulator circuits. Symbols for the zener diode, the
light emitting diode, the varactor, and the Schottky diode are shown in Figure 3-1.

Anode Cathode Anode % | Cathode Anode | Cathode Anode H_‘ Cathode
(o} A ! C A C

A C A
(a) Zener Diode (b) LED (c) Varactor (d) Schottky Diode
FIGURE 3-1

ZENER DIODES

General purpose diodes and zener diodes have similar forward biased characteristics curves. However,
when reverse biased, the characteristic curves are quite different. For instance , the reverse biased breakdown
voltages of general purpose diodes can exceed 100 V, as shown in Figure 3-2(a), while zener diodes are
purposely doped so that the breakdown occurs at lower voltages. Once in the breakdown region, the voltage
remains relatively constant over a wide current range, as shown in Figure 3-2(b).

‘ I(mA) ‘ I{mA)

100 75 50 25 20 15 10 5 Vr(volts)
‘ | ! | | ; ‘ | ] 1 | I } »
Vi (volts) T 0.6 ¥ (volts) ( 4 0.6 0.8
— 5 4 5
(a) General Purpose (b) Zener Diode
Diode Lsma Y FIGURE 3-2 ImA)Y
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When both the general purpose and zener diodes are forward biased, they will both drop about 0.7 V. The
forward-biased general purpose diode is shown in Figure 3-3(a), and the forward biased zener diode is shown
in Figure 3-3(b).

R R
10 KO }ID.SV 10 kQ }19.3\1
— Vs — Vps

— 20V — 20V
DV Sorv z 0.7V
10V

(a) General Purpose Diode (b) Zener Diode
FIGURE 3-3

However, if both the general purpose and zener diodes are reverse biased, the general purpose diode will
drop about 19.999 V, as shown in Figure 3-4(a), and the reverse-biased 10 V zener diode will drop about 10
V, as shown in Figure 3-4(b).

} 10V
Ps

S —_—
—— 20V — 20V
D 19.999 V Z 10V
10V

(a) General Purpose Diode (b) Zener Diode
FIGURE 3-4

ZENER DIODE PACKAGING AND MARKING

Zener diodes, like general purpose diodes, come in a variety of packages with power ratings from below
200 mW to above 50 watts. Also, like general purpose diodes, zener diodes are identified by 1IN preceding
a series of numbers, such as 1IN4742. However, the marking of general purpose diodes and zener diodes are
similar, so unless the zener number is known, telling whether the device is a zener or a general purpose diode
can be difficult. The best method of selecting the proper zener diode is to consult a data book. Data sheets not
only provide the nominal reference voltage, but parameters such as percent tolerance, temperature range, and
power dissipation rating.

i
<
=
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—
)
g
<
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<
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THE ZENER EFFECT

The reverse-biased breakdown voltage of a zener diode is subject to two breakdown phenomena: zener
breakdown and avalanche breakdown. Zener breakdown occurs at low breakdown voltages, typically less
than 5 V, while avalanche breakdown occurs at higher breakdown voltages, typically greater than 8 V.

Lower zener breakdown voltage zener diodes are fabricated by heavily doping both sides of the PN
junction. This causes a narrow depletion region, so only a small external voltage, slightly beyond the
breakdown voltage, is needed to cause electrons to flow across the junction from the P side and directly into
the conduction band on the N side. Lower breakdown voltage zener diodes of less than 5 V, such as the 4 V
breakdown voltage shown in Figure 3-5(a), have soft breakdown characteristics.

Higher avalanche breakdown voltage zener diodes are fabricated when the doping level on the P side of
the junction is reduced. This causes both the depletion region and the reverse breakdown voltage to increase.
Higher voltage zener diodes of greater than 8 V, such as the 10 V breakdown voltage shown in Figure 3-5(a),
have sharp breakdown characteristics.

TEMPERATURE EFFECTS
Low voltage zener diodes below 5 V have a negative tempco, so an increase in temperature causes the zener
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voltage to decrease. High voltage zener diodes above 8 V have a positive tempco, so an increase in the
temperature causes the zener voltage to increase.

Inbetween4 V and 8 V, both zener and avalanche breakdown phenomena occurs and, ideally, can approach
a zero tempco. However, since most reference voltages are typically higher voltages, a practical solution is
to use a forward-biased diode in series with a zener diode, as shown in Figure 3-5(b). In this connection, the
positive tempco of the general purpose diode combines with the negative tempco of the higher voltage (10
V) zener to provide a tempco that closely approaches zero tempco conditions. So, not only does the circuit
provide the sharp breakdown that allows for a fixed voltage over a larger range of current change, but the
reference voltage should remain steady despite increases or decreases in ambient temperature.

A 0

1ov{/fz
10V 4v
‘ | [

o.sv{ A AY

106V

o)
(@) vlz(mA) (b)
FIGURE 3-5
CONDITIONS OF ZENER REGULATIONS

Varying the power supply of the circuit of Figure 3-6(a) from 5 V to 30 V will bring the zener diode from
a non-regulated to fully regulated condition, as shown in the graph of Figure 3-6(b).

NON- REGULATED CONDITIONS

With Vg at 5V, the zener diode is not in regulation (point d) and acts like any general purpose reverse-
biased diode, so the current flow through the device is extremely low and the voltage drop across the device
is about 5 V. Then, as the power supply voltage approaches 10 V the zener remains out of regulation (point
¢), little or no current flows through R and the zener, and the voltage drop across the zener diode is ap-

proximately equal to the power supply voltage. A
R v
L, o 4z : 15]v 1(J)v 5IV
PS
7£-—ig 520V (volts) © @
10V Z (b) -+ S5mA
(@) 4 10mA
@) w Y
FIGURE 3-6
REGULATED CONDITIONS

When the power supply voltage is increased to 15 V, current flows in the zener. It is in regulation and
operates at 10 V and 5 mA (point b). The power dissipated is 50 mW. When the current through the diode is
increased to 10 mA (point a), the power dissipated by the device is 100 mW. The calculations are shown solved
in conjunction with the circuits of Figure 3-7.
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R R
le}SV le}lov
;évps _£ Vrs

— 15V — 20V }

_ Vps-Vz  15V-10V _

Vps-Vz _20V-10V

Iy, = = =5 mA I, = =10 mA
R1 R 1kQ - Rl R 1kQ
P;=IV;=5mA X 10V =50 mW P, =1V, =10mA X 10 V = 100 mW
@ Vpg=15V (b) Vpg=20V
FIGURE 3-7

ZENER DIODE LIMITATIONS

The limitations of zener diodes is determined by the minimum current (=1 mA) that keeps the device in
regulation and its maximum power. For example, if the zener voltage is 10 V and the series resistor 1 k<, then
the power supply voltage can be as low as 11 V to maintain at least 1 mA of current flow through the device,
as shown solved in conjunction with the circuit Figure 3-8(a). However, if the maximum power dissipation
of the device is 200 mW, then the maximum current through the zener diode is 20 mA, which limits the power
supply voltage to 30 V, as shown solved in conjunction with the circuit of Figure 3-8(b).

R R
lkﬂ}lv lkﬂ}zov
= =2
v £ 30V

Z }IOV

Vps-V; 11V-10V Vps-Vz 30V-10V
I, = = =1mA I = =] =20 mA
R R 1kQ = R 1kQ
P,=IV,=1mAx10V=10mW P, =1V, =20 mA X 10 V = 200 mW
(@) Vpg =11V (b) Vpg =30V
FIGURE 3-8

GRAPHICAL SOLUTION USING DC LOAD LINES

The load line of Figure 3-9 provides a graphical solution for the zener diode circuit of Figure 3-8(b). On
the load line, I, ., is determined by the Vpg voltage and the R resistance which intersects the diode curve at
the V; versus I, operating point. Thus, Iimax) = 30 mA and the V; of the zener diode is 10 V. So the load line
intersects the 10 V reference voltage at the I = I, current condition of 20 mA, as shown in Figure 3-9.

Vz 30v 20V 10V _Vps _ 30V _
‘_.L | | | [ I(max)—T—m—SOmA
(volts)
R=1kQ
A"
_ 'R _20V =20 mA
R 1 kQ

FIGURE 3-9
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PERCENT REGULATION OF ZENER DIODES

Zener diodes like all components have a percent tolerance and the percent tolerance is typically in the 5%
to 20% range. Therefore, if a 10 V zener has a 5% tolerance, the reference voltage can be between 9.5 V and
10.5 V and still be within the tolerance limits of the device.

LOADED CONDITIONS OF THE ZENER DIODE CIRCUIT

Placing a 2 kQload resistor across the zener diode, as shown in the circuit of Figure 3-10, causes the current
through the R1 resistor to be shared by both the diode and the load resistor. In this connection, Ip; = 20 mA
and the Iy; = 5 mA. So, I, = 15 mA, as shown solved in conjunction with the circuit of Figure 3-10.

R; =2kQ
. Vps—Vz 30V-10V
PS Z
+ 1kQ IRl = Rl = 1 kQ — 20 mA
— Vs
S0V IR = Vg /R = 10 V/2kQ =5 mA
* Sk
l I, =Ip; - Ig; =20mA - 5mA =15 mA
FIGURE 3-10

P,=1,V,=15mAx 10V = 150 mW

Lowering load resistor across the zener diode to 1 k€2 causes the current through the R1 resistor to remain
at 20 mA and Iy, to increase to 10 mA. So, I; = 10 mA, as shown solved in conjunction with the circuit of
Figure 3-11.

R = 1kQ
R1 Vps-V, 30V-10V
1kQ Iy, = Ps~ ¥z 30V =20 mA
b B R1 1kQ
— Vs
e il Ir; = Vgrp/Ry = 10 V/1 kQ = 10 mA
Z 2
I, = Iy, - Ir; =20 mA - 10 mA = 10 mA
FIGURE 3-11

OUT OF REGULATION CONDITIONS

Reducing the load resistor value across the zener diode to 500 Q causes the current through the R1 resistor
to remain at 20 mA. However, Iz; =20 mA, so I; = 0.0 mA and the zener is out of regulation, as shown in
the calculation in conjunction with the circuit of Figure 3-12

R; =500 Q
Vps -V V-1

I = z_OV-10V _soma
R1 1kQ

Ipy = VRry/Ry = 10 V/500 @ =20 mA

I, = I, - Igp = 20 mA - 20 mA = 0.0 mA

FIGURE 3-12

Further reducing the load resistor lowers the output voltage, where the zener diode has no effect on the
circuit. Essentially, once out of regulation, the zener diode acts like any reverse biased general purpose diode
with aresistance of 1 MQ or higher. So the zener resistance can be safely ignored in the calculations. Therefore
voltage divider equations can be used to solved Vgy, using the values of R1 and Ry, and Vpg. Then I, and
Iy are solved at 24 mA and I at 0.0 ma, as shown solved in conjunction with Figure 3-13.
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R; =250 Q
e Vpg X Ry _ 30V x250Q —6V

L™ RI+R. ~ 1kQ+250Q

Ix; = Vg /Ry =6 V/250 Q = 24 mA
_Vps—RL _30v-6V

RITTRL 500

I; =Ip; — Ig; =24 mA - 24 mA = 0.0 mA

=24 mA

FIGURE 3-13

DYNAMIC (ac) RESISTANCE OF ZENER DIODES

In practice, the ac (dynamic) resistance of reverse-biased zener diodes is generally less than 100 Q, and
mathematically is solved from r, . = AV/AL For ideal zener diodes the voltage remains the same for all current
conditions. However, in practice, zener diodes have bulk resistance. So, as the current through the zener is
increased, the voltage developed across the bulk resistance increases, causing the overall voltage of the zener
to increase. The increase in the overall zener voltage is noted in the slope of the zener breakdown response
of Figure 3-14(a).

The equivalent circuit of a zener diode circuit is shown in Figure 3-14(b). In this circuit, if the zener diode
voltageis 9.9 Vat 1 mA and 10 V at 11 mA, the dynamic resistance of the zener diode is 10 Q, as shown solved
in conjunction with Figure 3-14(b).

sV
Y | 1ma N L_ AV _ 10V-99V
T Z""Al  11mA—1mA
+
Al
— _ 01V _100mv _ oo
- 10 mA 10 mA
------------------------- ¢ 11 mA I
V Lma)
(a) (b) Equivalent Circuit

for the Zener
FIGURE 3-14: Dynamic resistance of the zener.

COMBINED dc-ac ANALYSIS OF REVERSE-BIASED ZENER CIRCUIT

In the circuit of Figure 3-15(a), Vpg = 18 V, the ac input signal voltage v,, = 100 mVp-p, RS = 100 Q, and
R1 = 1.5 kQ. The dynamic resistance is 10 Q and V is 12 V. The equivalent dc circuit and the dc current
through the zener diode is solved in conjunction with Figure 3-15(b). Also, capacitor C is an effective short
to the ac signal and an open to the dc. So, no dc current flows through and no voltage is dropped across RS.

VesQ@ + 18V Vo0 +18V
1.5kQ 1.5kQ
——AA—¢ o—AAN—
100pF 1000 100 Q Vrs=IRgXRS=0.0mA X 100Q2=0.0 V
Vin
100 mVp- z — 1
@u‘ﬁ i 12v v € Supc
= =1.59Q
21 x 1 kHz x 100 pF
(a) Combined Circuit (b) DC equivalen; circuit

FIGURE 3-15
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AC CONSIDERATIONS

The ac resistance of the zener was solved at 10 Q and, although R1 is in parallel with the ac resistance of
the forward biased diode, it is relatively high in value with respect to the r, and has little effect on the output
sinewave voltage. So, r., =1, [l R1, which is approximately equal to r,.. So, r is used in the analysis and
is shown solved in conjunction with Figure 3-16.

RS
—AAN—
1000 t r,=109Q
vin . 9.09 mVp-p
@ womvpr <150 < 15ke Roy =Rl =15kQ110Q=9990Q=10Q
Vin XTe 100 mVp-p X 10
= = ~9.09 mVp-
Vopp™ RS+, 100Q+10Q o mVp-p
AC Equivalent Ci;cuit
FIGURE 3-16

LIGHT EMITTING DIODES (LEDS)

Light emitting diodes (LEDs) are solid state devices that are small, lightweight, rugged, and operate at low
voltages. They generally are used as indicator lights on the panels of electronic equipment. Commercially,
LEDs are available in red, yellow, orange, green and blue and, because they are solid state, they have an
operating life in excess of 100,000 hours. The symbol for the LED is shown in Figure 3-17(a) and the basic
construction of a common LED is shown in Figure 3-17(b). Like silicon diodes, LEDs have an anode and a
cathode. The anode is the longer of the two leads and the cathode is located closest to the flatedge of the dome
flange,

Magnifying
Domne Lens LED Chip
\\ Anode Post Cathode Post
4’{ Flat Side of Dome
Flange Indicates Cathode
Cathode Lead
Is Shorter Than
Anode Lead
(a) LED Symbol (b) Plastic LED
FIGURE 3-17

LED CHARACTERISTICS

Forward-biased, general-purpose diodes convert energy into heat when electrons combine with a holes, but
light emitting diodes convert energy into light when electrons combine with holes. The LED characteristic
curve is similar to that of PN-junction diodes, but LEDs require a higher forward bias voltages (Vg), typically
inexcess of 1.6 V. The forward biased currents are typically in excess of 15 mA. Red has the lowest forward
voltage, followed by yellow, green, and blue as shown in Figure 3-19(b). However, the reverse voltage
breakdown (Vpp) of LEDs is low, typically lower than 5 V and exceeding the reverse breakdown voltage can
damage the device.

Light emitting diodes are constructed from various mixes of trivalent (three valence) and pentavalent (five
valence) electron elements to produce a PN semiconductor that emits energy in the form of light. Depending
on the mix, an LED can emit light that ranges between infrared to ultraviolet. Examples of three valence
electron elements are gallium (Ga) and aluminum (Al). Examples of five valence electron elements are
phosphorous (P) and arsenic (As).

Typical combinations in the construction the LEDs chips are gallium arsenide(GaAs) that produces an
infrared diode which is not visible to the human eye. However, mixes visible to the human eye are gallium
phosphide (GaP) that produces red and green light, and gallium arsenide phosphide (GaAsP) that produces
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