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SIGNIFICANT EQUATIONS

1  Semiconductor Diodes W = QV,1eV = 1.6 X 10721, I, = I, ("?/"V1 — 1), Vs = kTJq, Tx = Tc + 273°,
k=138 X 1072 J/K, Vg = 0.7 V (Si), Vg = 0.3 V(Ge), Vg = 1.2V (GaAs), Rp = Vp/Ip, rg = 26 mV/Ip, ray = AVy/Aly| e 10 pt.»
PD = VDID’ TC = (AVZ/Vz)/(Tl - To) X 100%/°C

2 Diode Applications Silicon: Vg = 0.7 V, germanium: Vx = 0.3V, GaAs: Vg = 1.2 V; half-wave: V3. = 0.318V,,;
full-wave: V4. = 0.636V,,

3 Bipolar Junction Transistors ]E = IC + IB’ IC = ICmajority + ICOminority’ IC = IE, VBE =07V, Age — IC/IE’ IC = aIE + ICBO’
aye = Alc/Alp Icpo = Icpo/(1 = @), Bac = Ic/Ip, Bac = Ac/Alp,a = BB + 1), = a/l — &), Ic = Blp.Ir = (B + DIp,
Pex = Veelc

4 DC Biasing—BJTs In general: Vg = 0.7V, Ic = Ig, Ic = Blp; fixed-bias: Iz = (Voe — Vpp)/Rp.Ver = Vee — IcRc,

= Veo/Re; emitter-stabilized: Iy = (Vee — Vgp)(Rg + (B + DRp). R, = (B + DRg, Veg = Vee — Ic(Re + Rp),

Ic,, = Vee/(Re + Rp); voltage-divider: exact: Ry = Ry || Ry, Ety = RyVec/(Ry + Ry), Iy = (Emy — Vpg)/(Rmy + (B + DRp),

Ver = Vee — Ic(Re + Rp), approximate: SRy = 10R,, Vg = RyVec/(Ry + Ry), Vi = Vi — Vg, Ic = Iy = Vi/Rp; voltage-feedback:
Ig = (Vee — Vp)/(Rg + B(Rc + Rg)); common-base: Iy = (Vgg — Vpg)/Rp; switching transistors: 1o, = t, + tg, tosr = £ + 15
stability: S(Icp) = Alc/Alcp; fixed-bias: S(Icp) = B + 1; emitter-bias: S(Icp) = (B + 1)(1 + Rg/Rp)/(1 + B + Rp/Rg);
voltage-divider: S(Icp) = (B + 1)(1 + Ry/Rp)/(1 + B + Ry/REg); feedback-bias: S(Icp) = (B + 1)(1 + Rp/Ro)/(1 + B + Rp/Rc),
S(Vgp) = Alc/AVgg; fixed-bias: S(Vpp) = —B/Rp; emitter-bias: S(Vgr) = —B/(Rpg + (B + 1)Rp); voltage-divider: S(Vpg) =
—B/(Rty + (B + 1)Rp); feedback bias: S(Vpg) = —B/(Rp + (B + DRe), S(B) = Alc/A; fixed-bias: S(B) = I, /B1;

emitter-bias: S(8) = I¢,(1 + Rp/Rp)/(Bi(1 + By + Rp/Rp)); voltage-divider: S(8) = I¢,(1 + Ry /Rp)/(Bi(1 + By + Ru/Rp));
feedback-bias: S(B) = Ic,(1 + Rp/R)/(Bi(1 + Ba + Ry/RA), Al = SUco) Ao + S(Vp) AV + S(B) AB

Y Csat

5 BJTAC Analysis r, = 26 mV/I; CE fixed-bias: Z; = Br,, Z, = R¢, A, = —Rc/r,: voltage-divider bias: Z; = R, | R, || Bre. Z, = Re,
A, = —R¢/r,; CE emitter-bias: Z; = Rp||BRg. Z, = R¢, A, = —R(/Rg; emitter-follower: Z; = Ry||BRg, Z, = r,, A, = 1;
common-base: Z; = Rg| 7. Z, = Rc, A, = R¢/r,; collector feedback: Z; = r,/(1/B8 + R¢/Rp). Z, = R¢||Rp, A, = —R¢/r,; collector
dc feedback: Z; = Rp, 8., Z, = R¢| Rpy Ay = —(Rp, | Re)/re; effect of load impedance: A, = R/A,, R, + R,),A; = —A,Z;/Ry;
effect of source impedance: V; = R;V,/(R; + Ry), AVS = R,-A‘,NL/ (R; + Ry, I, = Vi/(R; + R;); combined effect of load and source
impedance: A, = R/A, /Ry + R,), A, = (Ri/(R; + R)RL/(RL + R)A,» A = —A,R;/Ry, Aj = —A(Ry + R)/Ry; cascode
connection: A, = A, A, ; Darlington connection: 8, = $313,; emitter-follower configuration: Iy = (Ve — Vpp)/(Rg + BpRp),

Ic = Ig = Bplp. Z; = Ry Bi1B2RE Ai = BpRp/(Rp + BpRp). A, = 1,Z, = r, /By + r,,; basic amplifier configuration: Z; = R, || R, | Z{,
Z} = Bi(re, + Barey)s Ai = Bp(Ri[|R) /Ry | Ry + Z}), A, = BpRc/Z], Z, = Rel|r,,; feedback pair: Iy, = (Vee = Vie)/(Rg + BiBaRe)s
Z: = Rp||Z!, Z} = Bire, + BiBaoRc. Ai = —B1BaRy/(Rp + BiBaR) A, = BaRc/(re + BoRe) = 1,Z, = 1, /B

!

6 Field-Effect Transistors IG =0 A, ID = IDSS(I - Vcs/VP)z, ID = Is, VGS = Vp(l Y ID/IDSS)’ ID = 1055/4 (lf VGS = VP/2),
Ip = Ipss/2 (if Vgs = 0.3 Vp), Pp = Vpglp, rq = ro/(1 = Vgs/Vp)’s MOSFET: Iy = k(Vgs — V)’ k = Ipion)/(Vason — V)’

7 FET Biasing Fixed-bias: Vg = =V, Vps = Vpp — IpRp; self-bias: Vg = —IpRs, Vps = Vpp — Ip(Rs + Rp), Vs = IpRg;
voltage-divider: Vg = R)Vpp/(R| + Ry), Vgs = Vg — IpRs, Vps = Vpp — Ip(Rp + Rs); common-gate configuration: Vgg = Vg — IpRs,
Vps = Vpp + Vss — Ip(Rp + Ry); special case: Ves, = ov: I, = Ipss. Vps = Vpp — IpRp, Vp = Vps, Vs = 0 V. enhancement-type
MOSFET: Ip, = k(Vgs — Vasan)®s k = Ipom/(Vason — Voseny)®: feedback bias: Vps = Vis, Vs = Vpp — IpRp; voltage-divider:

Ve = RyVpp/(R) + R»), Vgs = Vg — IpRs; universal curve: m = |Vp|/IpgsRs, M = m X V/|Vp|,Vg = RoVpp/(R) + R»)

8 FET Amplifiers g, = yi = Alp/AVis, gmo = 2Ipss/|Vel, &m = gmo(l = Vas/Vp)s &m = &mo VIp/Ipss: ta = 1/yos =
AVDS/AID|VGS:COHSmnt; fixed-bias: Z; = Rg, Z, = Rp, A, = —g,,Rp; self-bias (bypassed Rs): Z; = R, Z, = Rp, A, = —g,Rp; self-bias
(unbypassed Rs): Z; = Rg, Z, = Rp, A, = —g,Rp/(1 + g,R,); voltage-divider bias: Z; = R; H Ry, Z, = Rp, A, = —g,,Rp; source follower:
Z; = Rg, Zy = Rs||1/gm: Ay = guRs/(1 + g,Rs); common-gate: Z; = Rg || 1/gm Z, = Rp, A, = g,,Rp; enhancement-type MOSFETs:
gm = 2k(VGSQ — Vgs(thy); drain-feedback configuration: Z; = Rp/A1 + g,Rp),Z, = Rp, A, = —g,,Rp; voltage-divider bias: Z; = R, || R,
Z, = Rp, A, = —g,Rp.
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9 BJT and JFET Frequency Response log.a = 2.3 logga, logigl = 0, logjga/b = logjga — logob, logipl/b = —logob,
logjpab = logjga + logiob, Gag = 10 logio P2/P1, Gapm = 101ogio P2/1 mW|gao 0, Gap = 20 logyo Va/ Vi,

Gap, = Gap, + Gap,* * = + Gup, Popp = 0.5P, ... BW = fi — fo: low frequency (BJT): fi, = 1/27 (R, + R)C,

fre = 1/27(R, + R)Cq, fr, = 1/27R.Cr, Re = Re||(R;/B + 1), Ry = Ry||R[| R, FET: f; . = 1/27(Rg;y + R)C,

i = 1/21R, + R)Ce. fry = 1/2TReCs. Rey = Rs||1/8,(rg =  Q): Miller effect: Cyy, = (1 — A)Cp, Cy, = (I = 1/A,)Cp:

high frequency (BJT): fy, = 1/2@Rmy,C;, Ry, = Ry R\ | R2|| Ri, Ci = C,y, + Cpe + (1 = A)Ces fu, = 1/27 Ry Cos

Ry, = Rc|R|ro, Co = Cw, + Cee + Cupy fg = 1/27Biniare(Coe + Cio)s fr = Bumia fps FET: fu; = 1/27Rm Ci, Ry, = Ryig | R,

Ci = Cy, + Cyy + Cyp Cyp, = (1 = A)Cyq fyy, = 1/27R1y, Cor R1n, = Rpl|RL| 74 C, = Cy, + Cus + Cy i Cugy = (1 = 1/A)Co;
multistage: f{= f;/V2/" — 1, f5 = (V2" — 1)f; square-wave testing: fu; = 0.35/t,, %o tilt = P% = ((V — V')/V) X 100%,

fi, = (P/mf,

10 Operational Amplifiers CMRR = A;/A.; CMRR(log) = 20 log;o(A,4/A.); constant-gain multiplier: V,,/V; = —R¢/R;;
noninverting amplifier: V,,/V; = 1 + R¢/R;; unity follower: V,, = V|; summing amplifier: V, = —[(R;/R)V| + (Ry/R2)V» + (Re/R3)V3;
integrator: v,(f) = f(l/RlCl)fvldt

11 Op-Amp Applications Constant-gain multiplier: A = — Ry/R;; noninverting: A = 1 + Ry/R;: voltage summing:
Vo = —[(Rg/R)V1 + (Re/Rp)V> + (Rf/R3)V3]; high-pass active filter: f,;, = 1/2aR,C; low-pass active filter: f,; = 1/27R,C,

12 Power Amplifiers
Powerin:  P; = Vcclcp
power out: P, = Vegle = I2Rc = VZg/Rerms

= Veele/2 = (U2/2Rc = VEp/(2Re) peak

= Verle/8 = (U2/8)Rc = VEg/(8Rc) peak-to-peak
efficiency: %mn = (P,/P;) X 100%; maximum efficiency: Class A, series-fed = 25%; Class A, transformer-coupled = 50%; Class B,
push-pull = 78.5%; transformer relations: V,/V, = N,/N; = I, /l,, R, = (N»/N;)*R;; power output: P, = [(VCE pax — VCE min)
(e 0 — 1cin)1/8: class B power amplifier: P; = VCC[(Z/W)Ipeak} : P, = VA(peak) /(2R,); %m = (1 /4)[ Vi(peak)/ Ve | X 100%;
Py = Pyp/2=(P; — P,)/2; maximum P, = V2¢/2R;; maximum P; = 2Vc/mR;; maximum Py = 2Vg¢/m?Ry; % total harmonic
distortion (% THD) = \V/D3 + D} + D} + --- X 100%; heat-sink: Ty = Ppfju + Ty, 0,4 = 40°C/W (free air);
Pp = (T) — Ta)/@Osc + Ocs + Os1)

13 Linear-Digital ICs Ladder network: V, = [(Dg X 2° + D; X 2! + D, X 22 + -+ + D, X 2/2"V,er;
555 oscillator: f = 1.44(Ry + 2Rp)C; 555 monostable: Tyign, = 1.1R4C; VCO: f, = (2/R1C1)[(V+ — V¢)/V*]; phase-
locked loop (PLL): £, = 0.3/R\Cy.fi = +81,/V.fe = *(1/2m)\V 2mf, /(3.6 X 10°)C,

14 Feedback and Oscillator Circuits A, = A/(1 + BA); series feedback; Zi = Z{1 + BA); shunt feedback: Z;; = Z:/(1 + BA);
voltage feedback: Z,r = Z,/(1 + BA); current feedback; Z,r = Z,(1 + BA); gain stability: dA;/Ar = 1/(|1 + BA|)(dA/A); oscillator;

BA = 1; phase shift:f = 1/2mRCV6, 8 = 1/29, A > 29; FET phase shift: |A| = g,,R;, R, = Rpry/(Rp + ry); transistor phase shift:
= (1/27RO[1/V6 + 4Rc/R)), by, > 23 + 29(Rc/R) + 4(R/Rc); Wien bridge: R3/Ry = Ry /Ry + C,/C), f, = 1/2mVR,C1R,Cy;

tuned: f, = 1/27m VLCe, Ceq = C1C2/(Cy + Cy), Hartley: Leq = Ly + Ly + 2M, f, = 1/2m VL,C

15 Power Supplies (Voltage Regulators) Filters: = V,(rms)/Vg. X 100%, V.R. = (Vy, — Vr)/Ver X 100%, Vye = V,, — V(p-p)/2,
V.(rms) = V,(p-p)/2V3, V,(tms) = (I4./4V3)(Vg/V,n): full-wave, light load V,.(rms) = 2.414./C, V4o = V,, — 4.1714./C, r =
(2.413.CVy) X 100% = 2.4/R,C X 100%, Loex = T/Ty X Iye; RC filter: Vi = Ry Vao/(R + Ry), Xc = 2.653/C(half-wave), X¢ =
1.326/C (full-wave), V/(rms) = (Xo/ VR? + X%); regulators: IR = (I — Ipp)/Ipp X 100%, Vi, = Vz(1 + R /Ry), V, =

Viet(1 + Ry/Ry) + LgiRa

16 Other Two-Terminal Devices Varactor diode: Cr = C(0)/(1 + |V,/V¢|)", TC = (AC/C(T, — Ty) X 100%; photodiode:
W=H,A=v/f,1Im= 1496 X 100°W, 1A =107""m, I fc = 1 Im/f> = 1.609 X 107 W/m?

17 pnpn and Other Devices Diac: VBR] = VBRZ + 0.1 VBR2 UJT: RBB = (IQB1 + RBZ)|IE:0’ VRB] = "IVBB|IE=O,
n = RBI/(RBI + R32)|1E:O’ Vp = ’Y]VBB + VD; phototransistor: IC = I’lfeI/\; PUT: n = RBI/(RBI + RBQ)’VP = nVBB + VD
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PREFACE

The preparation of the preface for the 11th edition resulted in a bit of reflection on the 40
years since the first edition was published in 1972 by two young educators eager to test
their ability to improve on the available literature on electronic devices. Although one may
prefer the term semiconductor devices rather than electronic devices, the first edition was
almost exclusively a survey of vacuum-tube devices—a subject without a single section in
the new Table of Contents. The change from tubes to predominantly semiconductor devices
took almost five editions, but today it is simply referenced in some sections. It is interest-
ing, however, that when field-effect transistor (FET) devices surfaced in earnest, a number
of the analysis techniques used for tubes could be applied because of the similarities in the
ac equivalent models of each device.

We are often asked about the revision process and how the content of a new edition is
defined. In some cases, it is quite obvious that the computer software has been updated,
and the changes in application of the packages must be spelled out in detail. This text
was the first to emphasize the use of computer software packages and provided a level
of detail unavailable in other texts. With each new version of a software package, we
have found that the supporting literature may still be in production, or the manuals lack
the detail for new users of these packages. Sufficient detail in this text ensures that a
student can apply each of the software packages covered without additional instruc-
tional material.

The next requirement with any new edition is the need to update the content reflecting
changes in the available devices and in the characteristics of commercial devices. This
can require extensive research in each area, followed by decisions regarding depth of
coverage and whether the listed improvements in response are valid and deserve recog-
nition. The classroom experience is probably one of the most important resources for
defining areas that need expansion, deletion, or revision. The feedback from students
results in marked-up copies of our texts with inserts creating a mushrooming copy of the
material. Next, there is the input from our peers, faculty at other institutions using the
text, and, of course, reviewers chosen by Pearson Education to review the text. One
source of change that is less obvious is a simple rereading of the material following the
passing of the years since the last edition. Rereading often reveals material that can be
improved, deleted, or expanded.

For this revision, the number of changes far outweighs our original expectations. How-
ever, for someone who has used previous editions of the text, the changes will probably
be less obvious. However, major sections have been moved and expanded, some 100-plus
problems have been added, new devices have been introduced, the number of applications
has been increased, and new material on recent developments has been added through-
out the text. We believe that the current edition is a significant improvement over the
previous editions.

As instructors, we are all well aware of the importance of a high level of accuracy
required for a text of this kind. There is nothing more frustrating for a student than to
work a problem over from many different angles and still find that the answer differs
from the solution at the back of the text or that the problem seems undoable. We were
pleased to find that there were fewer than half a dozen errors or misprints reported since
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the last edition. When you consider the number of examples and problems in the text
along with the length of the text material, this statistic clearly suggests that the text is as
error-free as possible. Any contributions from users to this list were quickly acknowl-
edged, and the sources were thanked for taking the time to send the changes to the pub-
lisher and to us.

Although the current edition now reflects all the changes we feel it should have, we
expect that a revised edition will be required somewhere down the line. We invite you to
respond to this edition so that we can start developing a package of ideas and thoughts that
will help us improve the content for the next edition. We promise a quick response to your
comments, whether positive or negative.

NEW TO THIS EDITION

e Throughout the chapters, there are extensive changes in the problem sections. Over 100
new problems have been added, and a significant number of changes have been made to
the existing problems.

e A significant number of computer programs were all rerun and the descriptions updated
to include the effects of using OrCAD version 16.3 and Multisim version 11.1. In addi-
tion, the introductory chapters are now assuming a broader understanding of computer
methods, resulting in a revised introduction to the two programs.

e Throughout the text, photos and biographies of important contributors have been added.
Included among these are Sidney Darlington, Walter Schottky, Harry Nyquist, Edwin
Colpitts, and Ralph Hartley.

e New sections were added throughout the text. There is now a discussion on the impact
of combined dc and ac sources on diode networks, of multiple BJT networks, VMOS
and UMOS power FETs, Early voltage, frequency impact on the basic elements,
effect of Ry on an amplifier’s frequency response, gain-bandwidth product, and a
number of other topics.

* A number of sections were completely rewritten due to reviewers’ comments or
changing priorities. Some of the areas revised include bias stabilization, current
sources, feedback in the dc and ac modes, mobility factors in diode and transistor
response, transition and diffusion capacitive effects in diodes and transistor response
characteristics, reverse-saturation current, breakdown regions (cause and effect), and
the hybrid model.

¢ In addition to the revision of numerous sections described above, there are a number of
sections that have been expanded to respond to changes in priorities for a text of this
kind. The section on solar cells now includes a detailed examination of the materials
employed, additional response curves, and a number of new practical applications. The
coverage of the Darlington effect was totally rewritten and expanded to include detailed
examination of the emitter-follower and collector gain configurations. The coverage of
transistors now includes details on the cross-bar latch transistor and carbon nanotubes.
The discussion of LEDs includes an expanded discussion of the materials employed,
comparisons to today’s other lighting options, and examples of the products defining
the future of this important semiconductor device. The data sheets commonly included
in a text of this type are now discussed in detail to ensure a well-established link when
the student enters the industrial community.

e Updated material appears throughout the text in the form of photos, artwork, data
sheets, and so forth, to ensure that the devices included reflect the components avail-
able today with the characteristics that have changed so rapidly in recent years. In
addition, the parameters associated with the content and all the example problems are
more in line with the device characteristics available today. Some devices, no longer
available or used very infrequently, were dropped to ensure proper emphasis on the
current trends.

e There are a number of important organizational changes throughout the text to ensure
the best sequence of coverage in the learning process. This is readily apparent in the
early dc chapters on diodes and transistors, in the discussion of current gain in the ac
chapters for BJTs and JFETS, in the Darlington section, and in the frequency response
chapters. It is particularly obvious in Chapter 16, where topics were dropped and the
order of sections changed dramatically.



INSTRUCTOR SUPPLEMENTS

To download the supplements listed below, please visit: http://www.pearsonhighered.
com/irc and enter “Electronic Devices and Circuit Theory” in the search bar. From there,
you will be able to register to receive an instructor’s access code. Within 48 hours after
registering, you will receive a confirming email, including an instructor access code.
Once you have received your code, return to the site and log on for full instructions on
how to download the materials you wish to use.

PowerPoint Presentation—(ISBN 0132783746). This supplement contains all figures
from the text as well as a new set of lecture notes highlighting important concepts.

TestGen® Computerized Test Bank—(ISBN 013278372X). This electronic bank of test
questions can be used to develop customized quizzes, tests, and/or exams.

Instructor’s Resource Manual-(ISBN 0132783738). This supplement contains the solu-
tions to the problems in the text and lab manual.

STUDENT SUPPLEMENTS

Laboratory Manual-(ISBN 0132622459) . This supplement contains over 35 class-tested
experiments for students to use to demonstrate their comprehension of course material.
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Semiconductor Diodes

CHAPTER OBJECTIVES Py

e Become aware of the general characteristics of three important semiconductor
materials: Si, Ge, GaAs.

e Understand conduction using electron and hole theory.

e Be able to describe the difference between n- and p-type materials.

e Develop a clear understanding of the basic operation and characteristics of a diode in
the no-bias, forward-bias, and reverse-bias regions.

e Be able to calculate the dc, ac, and average ac resistance of a diode from the
characteristics.

e Understand the impact of an equivalent circuit whether it is ideal or practical.

e Become familiar with the operation and characteristics of a Zener diode and
light-emitting diode.

1.1 INTRODUCTION

One of the noteworthy things about this field, as in many other areas of technology, is how
little the fundamental principles change over time. Systems are incredibly smaller, current
speeds of operation are truly remarkable, and new gadgets surface every day, leaving us to
wonder where technology is taking us. However, if we take a moment to consider that the
majority of all the devices in use were invented decades ago and that design techniques
appearing in texts as far back as the 1930s are still in use, we realize that most of what we
see is primarily a steady improvement in construction techniques, general characteristics,
and application techniques rather than the development of new elements and fundamen-
tally new designs. The result is that most of the devices discussed in this text have been
around for some time, and that texts on the subject written a decade ago are still good ref-
erences with content that has not changed very much. The major changes have been in the
understanding of how these devices work and their full range of capabilities, and in
improved methods of teaching the fundamentals associated with them. The benefit of all
this to the new student of the subject is that the material in this text will, we hope, have
reached a level where it is relatively easy to grasp and the information will have applica-
tion for years to come.

The miniaturization that has occurred in recent years leaves us to wonder about its limits.
Complete systems now appear on wafers thousands of times smaller than the single element
of earlier networks. The first integrated circuit (IC) was developed by Jack Kilby while
working at Texas Instruments in 1958 (Fig. 1.1). Today, the Intel® Core™ i7 Extreme
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Jack St. Clair Kilby, inventor of the
integrated circuit and co-inventor of
the electronic handheld calculator.
(Courtesy of Texas Instruments.)

Born: Jefferson City, Missouri,1923.

MS, University of Wisconsin.
Director of Engineering and Tech-
nology, Components Group, Texas
Instruments. Fellow of the IEEE.
Holds more than 60 U.S. patents.

The first integrated circuit, a phase-
shift oscillator, invented by Jack S.
Kilby in 1958. (Courtesy of Texas
Instruments.)

FIG. 1.1
Jack St. Clair Kilby.

Edition Processor of Fig. 1.2 has 731 million transistors in a package that is only slightly
larger than a 1.67 sq. inches. In 1965, Dr. Gordon E. Moore presented a paper predicting that
the transistor count in a single IC chip would double every two years. Now, more than
45 years, later we find that his prediction is amazingly accurate and expected to continue
for the next few decades. We have obviously reached a point where the primary purpose
of the container is simply to provide some means for handling the device or system and to
provide a mechanism for attachment to the remainder of the network. Further miniaturiza-
tion appears to be limited by four factors: the quality of the semiconductor material, the
network design technique, the limits of the manufacturing and processing equipment, and
the strength of the innovative spirit in the semiconductor industry.

The first device to be introduced here is the simplest of all electronic devices, yet has a
range of applications that seems endless. We devote two chapters to the device to introduce
the materials commonly used in solid-state devices and review some fundamental laws of
electric circuits.

1.2 SEMICONDUCTOR MATERIALS: Ge, Si, AND GaAs

The construction of every discrete (individual) solid-state (hard crystal structure) electronic
device or integrated circuit begins with a semiconductor material of the highest quality.

Semiconductors are a special class of elements having a conductivity between that of a
good conductor and that of an insulator.

In general, semiconductor materials fall into one of two classes: single-crystal and
compound. Single-crystal semiconductors such as germanium (Ge) and silicon (Si) have a
repetitive crystal structure, whereas compound semiconductors such as gallium arsenide
(GaAs), cadmium sulfide (CdS), gallium nitride (GaN), and gallium arsenide phosphide
(GaAsP) are constructed of two or more semiconductor materials of different atomic
structures.

The three semiconductors used most frequently in the construction of electronic
devices are Ge, Si, and GaAs.

In the first few decades following the discovery of the diode in 1939 and the transis-
tor in 1947 germanium was used almost exclusively because it was relatively easy to
find and was available in fairly large quantities. It was also relatively easy to refine to
obtain very high levels of purity, an important aspect in the fabrication process. How-
ever, it was discovered in the early years that diodes and transistors constructed using
germanium as the base material suffered from low levels of reliability due primarily to
its sensitivity to changes in temperature. At the time, scientists were aware that another
material, silicon, had improved temperature sensitivities, but the refining process for
manufacturing silicon of very high levels of purity was still in the development stages.
Finally, however, in 1954 the first silicon transistor was introduced, and silicon quickly
became the semiconductor material of choice. Not only is silicon less temperature sensi-
tive, but it is one of the most abundant materials on earth, removing any concerns about
availability. The flood gates now opened to this new material, and the manufacturing
and design technology improved steadily through the following years to the current high
level of sophistication.

As time moved on, however, the field of electronics became increasingly sensitive to
issues of speed. Computers were operating at higher and higher speeds, and communica-
tion systems were operating at higher levels of performance. A semiconductor material
capable of meeting these new needs had to be found. The result was the development of
the first GaAs transistor in the early 1970s. This new transistor had speeds of operation
up to five times that of Si. The problem, however, was that because of the years of intense
design efforts and manufacturing improvements using Si, Si transistor networks for most
applications were cheaper to manufacture and had the advantage of highly efficient design
strategies. GaAs was more difficult to manufacture at high levels of purity, was more ex-
pensive, and had little design support in the early years of development. However, in time
the demand for increased speed resulted in more funding for GaAs research, to the point that
today it is often used as the base material for new high-speed, very large scale integrated
(VLSI) circuit designs.



This brief review of the history of semiconductor materials is not meant to imply that
GaAs will soon be the only material appropriate for solid-state construction. Germanium
devices are still being manufactured, although for a limited range of applications. Even
though it is a temperature-sensitive semiconductor, it does have characteristics that find
application in a limited number of areas. Given its availability and low manufacturing costs,
it will continue to find its place in product catalogs. As noted earlier, Si has the benefit of
years of development, and is the leading semiconductor material for electronic components
and ICs. In fact, Si is still the fundamental building block for Intel’s new line of processors.

1.3 COVALENT BONDING AND INTRINSIC MATERIALS

To fully appreciate why Si, Ge, and GaAs are the semiconductors of choice for the elec-
tronics industry requires some understanding of the atomic structure of each and how the
atoms are bound together to form a crystalline structure. The fundamental components of
an atom are the electron, proton, and neutron. In the lattice structure, neutrons and protons
form the nucleus and electrons appear in fixed orbits around the nucleus. The Bohr model
for the three materials is provided in Fig. 1.3.

Valence shell (Four valence electrons) Valence electron ~_

/

Shells
Orbiting
electrons

Nucleus

Silicon Germanium
(@) (b)
Three valence Five valence
electrons electrons
Gallium Arsenic
(©)

FIG. 1.3

Atomic structure of (a) silicon; (b) germanium; and
(c) gallium and arsenic.

As indicated in Fig. 1.3, silicon has 14 orbiting electrons, germanium has 32 electrons,
gallium has 31 electrons, and arsenic has 33 orbiting electrons (the same arsenic that is
a very poisonous chemical agent). For germanium and silicon there are four electrons in
the outermost shell, which are referred to as valence electrons. Gallium has three valence
electrons and arsenic has five valence electrons. Atoms that have four valence electrons
are called tetravalent, those with three are called trivalent, and those with five are called
pentavalent. The term valence is used to indicate that the potential (ionization potential)
required to remove any one of these electrons from the atomic structure is significantly
lower than that required for any other electron in the structure.

COVALENT BONDING
AND INTRINSIC
MATERIALS

™

inside

FIG. 1.2
Intel® Core™ i7 Extreme Edition
Processor.
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FIG. 1.4
Covalent bonding of the silicon atom.

In a pure silicon or germanium crystal the four valence electrons of one atom form a
bonding arrangement with four adjoining atoms, as shown in Fig. 1.4.

This bonding of atoms, strengthened by the sharing of electrons, is called covalent
bonding.

Because GaAs is a compound semiconductor, there is sharing between the two different
atoms, as shown in Fig. 1.5. Each atom, gallium or arsenic, is surrounded by atoms of the
complementary type. There is still a sharing of electrons similar in structure to that of Ge
and Si, but now five electrons are provided by the As atom and three by the Ga atom.

FIG. 1.5
Covalent bonding of the GaAs crystal.

Although the covalent bond will result in a stronger bond between the valence electrons
and their parent atom, it is still possible for the valence electrons to absorb sufficient kinetic
energy from external natural causes to break the covalent bond and assume the “free” state.
The term free is applied to any electron that has separated from the fixed lattice structure and
is very sensitive to any applied electric fields such as established by voltage sources or any
difference in potential. The external causes include effects such as light energy in the form
of photons and thermal energy (heat) from the surrounding medium. At room temperature
there are approximately 1.5 X 10'° free carriers in 1 cm? of intrinsic silicon material, that
is, 15,000,000,000 (15 billion) electrons in a space smaller than a small sugar cube—an
enormous number.



The term intrinsic is applied to any semiconductor material that has been carefully
refined to reduce the number of impurities to a very low level—essentially as pure as
can be made available through modern technology.

The free electrons in a material due only to external causes are referred to as intrinsic car-
riers. Table 1.1 compares the number of intrinsic carriers per cubic centimeter (abbreviated 7;)
for Ge, Si, and GaAs. It is interesting to note that Ge has the highest number and GaAs the
lowest. In fact, Ge has more than twice the number as GaAs. The number of carriers in the
intrinsic form is important, but other characteristics of the material are more significant
in determining its use in the field. One such factor is the relative mobility (u,) of the free
carriers in the material, that is, the ability of the free carriers to move throughout the mate-
rial. Table 1.2 clearly reveals that the free carriers in GaAs have more than five times the
mobility of free carriers in Si, a factor that results in response times using GaAs electronic
devices that can be up to five times those of the same devices made from Si. Note also that
free carriers in Ge have more than twice the mobility of electrons in Si, a factor that results
in the continued use of Ge in high-speed radio frequency applications.

TABLE 1.1
Intrinsic Carriers n;

Intrinsic Carriers

Semiconductor (per cubic centimeter)
GaAs 1.7 X 10°

Si 1.5% 10"

Ge 25%x10"

One of the most important technological advances of recent decades has been the abil-
ity to produce semiconductor materials of very high purity. Recall that this was one of the
problems encountered in the early use of silicon—it was easier to produce germanium of
the required purity levels. Impurity levels of 1 part in 10 billion are common today, with
higher levels attainable for large-scale integrated circuits. One might ask whether these
extremely high levels of purity are necessary. They certainly are if one considers that the
addition of one part of impurity (of the proper type) per million in a wafer of silicon material
can change that material from a relatively poor conductor to a good conductor of electricity.
We obviously have to deal with a whole new level of comparison when we deal with the
semiconductor medium. The ability to change the characteristics of a material through this
process is called doping, something that germanium, silicon, and gallium arsenide readily
and easily accept. The doping process is discussed in detail in Sections 1.5 and 1.6.

One important and interesting difference between semiconductors and conductors is their
reaction to the application of heat. For conductors, the resistance increases with an increase
in heat. This is because the numbers of carriers in a conductor do not increase significantly
with temperature, but their vibration pattern about a relatively fixed location makes it in-
creasingly difficult for a sustained flow of carriers through the material. Materials that react
in this manner are said to have a positive temperature coefficient. Semiconductor materials,
however, exhibit an increased level of conductivity with the application of heat. As the tem-
perature rises, an increasing number of valence electrons absorb sufficient thermal energy to
break the covalent bond and to contribute to the number of free carriers. Therefore:

Semiconductor materials have a negative temperature coefficient.

1.4 ENERGY LEVELS
@

Within the atomic structure of each and every isolated atom there are specific energy levels
associated with each shell and orbiting electron, as shown in Fig. 1.6. The energy levels
associated with each shell will be different for every element. However, in general:

The farther an electron is from the nucleus, the higher is the energy state, and any
electron that has left its parent atom has a higher energy state than any electron in

the atomic structure.

Note in Fig. 1.6a that only specific energy levels can exist for the electrons in the atomic
structure of an isolated atom. The result is a series of gaps between allowed energy levels

ENERGY LEVELS 5
TABLE 1.2
Relative Mobility Factor w,,
Semiconductor u, (cm2/V *S)
Si 1500
Ge 3900
GaAs 8500
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Energy levels: (a) discrete levels in isolated atomic structures; (b) conduction and valence bands of an insulator,

a semiconductor, and a conductor.

where carriers are not permitted. However, as the atoms of a material are brought closer
together to form the crystal lattice structure, there is an interaction between atoms, which
will result in the electrons of a particular shell of an atom having slightly different energy
levels from electrons in the same orbit of an adjoining atom. The result is an expansion
of the fixed, discrete energy levels of the valence electrons of Fig. 1.6a to bands as shown
in Fig. 1.6b. In other words, the valence electrons in a silicon material can have varying
energy levels as long as they fall within the band of Fig. 1.6b. Figure 1.6b clearly reveals
that there is a minimum energy level associated with electrons in the conduction band and
a maximum energy level of electrons bound to the valence shell of the atom. Between the
two is an energy gap that the electron in the valence band must overcome to become a free
carrier. That energy gap is different for Ge, Si, and GaAs; Ge has the smallest gap and GaAs
the largest gap. In total, this simply means that:

An electron in the valence band of silicon must absorb more energy than one in the
valence band of germanium to become a free carrier. Similarly, an electron in the
valence band of gallium arsenide must gain more energy than one in silicon or
germanium to enter the conduction band.

This difference in energy gap requirements reveals the sensitivity of each type of
semiconductor to changes in temperature. For instance, as the temperature of a Ge sample
increases, the number of electrons that can pick up thermal energy and enter the conduction
band will increase quite rapidly because the energy gap is quite small. However, the number
of electrons entering the conduction band for Si or GaAs would be a great deal less. This
sensitivity to changes in energy level can have positive and negative effects. The design of
photodetectors sensitive to light and security systems sensitive to heat would appear to be
an excellent area of application for Ge devices. However, for transistor networks, where
stability is a high priority, this sensitivity to temperature or light can be a detrimental factor.



The energy gap also reveals which elements are useful in the construction of light-emitting
devices such as light-emitting diodes (LEDs), which will be introduced shortly. The wider
the energy gap, the greater is the possibility of energy being released in the form of visible
or invisible (infrared) light waves. For conductors, the overlapping of valence and conduc-
tion bands essentially results in all the additional energy picked up by the electrons being
dissipated in the form of heat. Similarly, for Ge and Si, because the energy gap is so small,
most of the electrons that pick up sufficient energy to leave the valence band end up in the
conduction band, and the energy is dissipated in the form of heat. However, for GaAs the
gap is sufficiently large to result in significant light radiation. For LEDs (Section 1.9) the
level of doping and the materials chosen determine the resulting color.

Before we leave this subject, it is important to underscore the importance of understand-
ing the units used for a quantity. In Fig. 1.6 the units of measurement are electron volts (eV).
The unit of measure is appropriate because W (energy) = QV (as derived from the defining
equation for voltage: V= W/Q). Substituting the charge of one electron and a potential dif-
ference of 1 V results in an energy level referred to as one electron volt.

That is,

W= QV
= (1.6 X 1002 0)1 V)
=16 X 107197

and

leV =16 x10"77J (1.1)

1.5 n-TYPE AND p-TYPE MATERIALS

Because Si is the material used most frequently as the base (substrate) material in the con-
struction of solid-state electronic devices, the discussion to follow in this and the next few
sections deals solely with Si semiconductors. Because Ge, Si, and GaAs share a similar
covalent bonding, the discussion can easily be extended to include the use of the other
materials in the manufacturing process.

As indicated earlier, the characteristics of a semiconductor material can be altered sig-
nificantly by the addition of specific impurity atoms to the relatively pure semiconductor
material. These impurities, although only added at 1 part in 10 million, can alter the band
structure sufficiently to totally change the electrical properties of the material.

A semiconductor material that has been subjected to the doping process is called an
extrinsic material.

There are two extrinsic materials of immeasureable importance to semiconductor device
fabrication: n-type and p-type materials. Each is described in some detail in the following
subsections.

n-Type Material

Both n-type and p-type materials are formed by adding a predetermined number of impurity
atoms to a silicon base. An n-type material is created by introducing impurity elements that
have five valence electrons ( pentavalent), such as antimony, arsenic, and phosphorus. Each is
a member of a subset group of elements in the Periodic Table of Elements referred to as Group
V because each has five valence electrons. The effect of such impurity elements is indicated in
Fig. 1.7 (using antimony as the impurity in a silicon base). Note that the four covalent bonds
are still present. There is, however, an additional fifth electron due to the impurity atom, which
is unassociated with any particular covalent bond. This remaining electron, loosely bound to
its parent (antimony) atom, is relatively free to move within the newly formed n-type material.
Since the inserted impurity atom has donated a relatively “free” electron to the structure:

Diffused impurities with five valence electrons are called donor atoms.

It is important to realize that even though a large number of free carriers have been estab-
lished in the n-type material, it is still electrically neutral since ideally the number of posi-
tively charged protons in the nuclei is still equal to the number of free and orbiting negatively
charged electrons in the structure.

n-TYPE AND p-TYPE
MATERIALS
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FIG. 1.7
Antimony impurity in n-type material.

The effect of this doping process on the relative conductivity can best be described
through the use of the energy-band diagram of Fig. 1.8. Note that a discrete energy level
(called the donor level) appears in the forbidden band with an E|, significantly less than that
of the intrinsic material. Those free electrons due to the added impurity sit at this energy
level and have less difficulty absorbing a sufficient measure of thermal energy to move into
the conduction band at room temperature. The result is that at room temperature, there are a
large number of carriers (electrons) in the conduction level, and the conductivity of the ma-
terial increases significantly. At room temperature in an intrinsic Si material there is about
one free electron for every 10'2 atoms. If the dosage level is 1 in 10 million (107), the ratio
1012/ 107 = 10° indicates that the carrier concentration has increased by aratio of 100,000:1.

Energy

Conduction band l

_{— Eg = considerably less than in Fig. 1.6(b) for semiconductors
/g/{ ? Donor energy level

E, for. intrinsic — g g g
materials = = = =
Valence band

FIG. 1.8
Effect of donor impurities on the energy band structure.

p-Type Material

The p-type material is formed by doping a pure germanium or silicon crystal with impurity
atoms having three valence electrons. The elements most frequently used for this purpose
are boron, gallium, and indium. Each is a member of a subset group of elements in the Peri-
odic Table of Elements referred to as Group III because each has three valence electrons.
The effect of one of these elements, boron, on a base of silicon is indicated in Fig. 1.9.

Note that there is now an insufficient number of electrons to complete the covalent bonds
of the newly formed lattice. The resulting vacancy is called a hole and is represented by a
small circle or a plus sign, indicating the absence of a negative charge. Since the resulting
vacancy will readily accept a free electron:

The diffused impurities with three valence electrons are called acceptor atoms.

The resulting p-type material is electrically neutral, for the same reasons described for
the n-type material.



FIG. 1.9
Boron impurity in p-type material.

Electron versus Hole Flow

The effect of the hole on conduction is shown in Fig. 1.10. If a valence electron acquires
sufficient kinetic energy to break its covalent bond and fills the void created by a hole, then
a vacancy, or hole, will be created in the covalent bond that released the electron. There is,
therefore, a transfer of holes to the left and electrons to the right, as shown in Fig. 1.10.
The direction to be used in this text is that of conventional flow, which is indicated by the
direction of hole flow.

Hole flow
_—
Electron flow

(b)

FIG. 1.10
Electron versus hole flow.

Majority and Minority Carriers

In the intrinsic state, the number of free electrons in Ge or Si is due only to those few elec-
trons in the valence band that have acquired sufficient energy from thermal or light sources
to break the covalent bond or to the few impurities that could not be removed. The vacan-
cies left behind in the covalent bonding structure represent our very limited supply of
holes. In an n-type material, the number of holes has not changed significantly from this
intrinsic level. The net result, therefore, is that the number of electrons far outweighs the
number of holes. For this reason:

In an n-type material (Fig. 1.11a) the electron is called the majority carrier and the
hole the minority carrier.

For the p-type material the number of holes far outweighs the number of electrons, as
shown in Fig. 1.11b. Therefore:
In a p-type material the hole is the majority carrier and the electron is the minority carrier.

When the fifth electron of a donor atom leaves the parent atom, the atom remaining ac-
quires a net positive charge: hence the plus sign in the donor-ion representation. For similar
reasons, the minus sign appears in the acceptor ion.

n-TYPE AND p-TYPE
MATERIALS
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FIG. 1.11

(a) n-type material; (b) p-type material.

The n- and p-type materials represent the basic building blocks of semiconductor devices.
We will find in the next section that the “joining” of a single n-type material with a p-type ma-
terial will result in a semiconductor element of considerable importance in electronic systems.

1.6 SEMICONDUCTOR DIODE

Now that both n- and p-type materials are available, we can construct our first solid-state
electronic device: The semiconductor diode, with applications too numerous to mention, is
created by simply joining an n-type and a p-type material together, nothing more, just the
joining of one material with a majority carrier of electrons to one with a majority carrier of
holes. The basic simplicity of its construction simply reinforces the importance of the
development of this solid-state era.

No Applied Bias (V= 0V)

At the instant the two materials are “joined” the electrons and the holes in the region of the
junction will combine, resulting in a lack of free carriers in the region near the junction, as
shown in Fig. 1.12a. Note in Fig. 1.12a that the only particles displayed in this region are
the positive and the negative ions remaining once the free carriers have been absorbed.

This region of uncovered positive and negative ions is called the depletion region due
to the ““depletion” of free carriers in the region.

If leads are connected to the ends of each material, a two-terminal device results, as
shown in Figs. 1.12a and 1.12b. Three options then become available: no bias, forward
bias, and reverse bias. The term bias refers to the application of an external voltage across
the two terminals of the device to extract a response. The condition shown in Figs. 1.12a
and 1.12b is the no-bias situation because there is no external voltage applied. It is simply
a diode with two leads sitting isolated on a laboratory bench. In Fig. 1.12b the symbol for
a semiconductor diode is provided to show its correspondence with the p—n junction. In
each figure it is clear that the applied voltage is O V (no bias) and the resulting current is
0 A, much like an isolated resistor. The absence of a voltage across a resistor results in
zero current through it. Even at this early point in the discussion it is important to note the
polarity of the voltage across the diode in Fig. 1.12b and the direction given to the current.
Those polarities will be recognized as the defined polarities for the semiconductor diode.
If a voltage applied across the diode has the same polarity across the diode as in Fig. 1.12b,
it will be considered a positive voltage. If the reverse, it is a negative voltage. The same
standards can be applied to the defined direction of current in Fig. 1.12b.

Under no-bias conditions, any minority carriers (holes) in the n-type material that find
themselves within the depletion region for any reason whatsoever will pass quickly into the
p-type material. The closer the minority carrier is to the junction, the greater is the attraction
for the layer of negative ions and the less is the opposition offered by the positive ions in
the depletion region of the n-type material. We will conclude, therefore, for future discus-
sions, that any minority carriers of the n-type material that find themselves in the depletion
region will pass directly into the p-type material. This carrier flow is indicated at the top of
Fig. 1.12c for the minority carriers of each material.
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FIG. 1.12

A p—n junction with no external bias: (a) an internal distribution of charge; (b) a diode symbol,
with the defined polarity and the current direction; (c) demonstration that the net carrier
flow is zero at the external terminal of the device when Vpp = 0 V.

The majority carriers (electrons) of the n-type material must overcome the attractive
forces of the layer of positive ions in the n-type material and the shield of negative ions in
the p-type material to migrate into the area beyond the depletion region of the p-type mate-
rial. However, the number of majority carriers is so large in the n-type material that there
will invariably be a small number of majority carriers with sufficient kinetic energy to pass
through the depletion region into the p-type material. Again, the same type of discussion
can be applied to the majority carriers (holes) of the p-type material. The resulting flow due
to the majority carriers is shown at the bottom of Fig. 1.12c.

A close examination of Fig. 1.12c will reveal that the relative magnitudes of the flow
vectors are such that the net flow in either direction is zero. This cancellation of vectors
for each type of carrier flow is indicated by the crossed lines. The length of the vector
representing hole flow is drawn longer than that of electron flow to demonstrate that the
two magnitudes need not be the same for cancellation and that the doping levels for each
material may result in an unequal carrier flow of holes and electrons. In summary, therefore:

In the absence of an applied bias across a semiconductor diode, the net flow of charge
in one direction is zero.

In other words, the current under no-bias conditions is zero, as shown in Figs. 1.12a
and 1.12b.

Reverse-Bias Condition (Vp <0V)

If an external potential of V volts is applied across the p—n junction such that the positive
terminal is connected to the n-type material and the negative terminal is connected to the
p-type material as shown in Fig. 1.13, the number of uncovered positive ions in the deple-
tion region of the n-type material will increase due to the large number of free electrons
drawn to the positive potential of the applied voltage. For similar reasons, the number of
uncovered negative ions will increase in the p-type material. The net effect, therefore, is a

SEMICONDUCTOR DIODE
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FIG. 1.13
Reverse-biased p—n junction: (a) internal distribution of charge under
reverse-bias conditions; (b) reverse-bias polarity and direction of reverse
saturation current.

widening of the depletion region. This widening of the depletion region will establish too
great a barrier for the majority carriers to overcome, effectively reducing the majority car-
rier flow to zero, as shown in Fig. 1.13a.

The number of minority carriers, however, entering the depletion region will not change,
resulting in minority-carrier flow vectors of the same magnitude indicated in Fig. 1.12c
with no applied voltage.

The current that exists under reverse-bias conditions is called the reverse saturation
current and is represented by I.

The reverse saturation current is seldom more than a few microamperes and typically in
nA, except for high-power devices. The term saturation comes from the fact that it reaches its
maximum level quickly and does not change significantly with increases in the reverse-bias
potential, as shown on the diode characteristics of Fig. 1.15 for V < 0 V. The reverse-biased
conditions are depicted in Fig. 1.13b for the diode symbol and p—n junction. Note, in particu-
lar, that the direction of I is against the arrow of the symbol. Note also that the negative side of
the applied voltage is connected to the p-type material and the positive side to the n-type ma-
terial, the difference in underlined letters for each region revealing a reverse-bias condition.

Forward-Bias Condition (Vp > 0 V)

A forward-bias or “on” condition is established by applying the positive potential to the
p-type material and the negative potential to the n-type material as shown in Fig. 1.14.
The application of a forward-bias potential Vp will “pressure” electrons in the n-type mate-
rial and holes in the p-type material to recombine with the ions near the boundary and reduce
the width of the depletion region as shown in Fig. 1.14a. The resulting minority-carrier flow

Ip =1 nuoriy — 1.
majority o majonty ¢

Depletion region

A=

lr".n
(a)
FIG. 1.14
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Forward-biased p—n junction: (a) internal distribution of charge under forward-bias
conditions; (b) forward-bias polarity and direction of resulting current.



of electrons from the p-type material to the n-type material (and of holes from the n-type
material to the p-type material) has not changed in magnitude (since the conduction level is
controlled primarily by the limited number of impurities in the material), but the reduction
in the width of the depletion region has resulted in a heavy majority flow across the junc-
tion. An electron of the n-type material now “sees” a reduced barrier at the junction due to
the reduced depletion region and a strong attraction for the positive potential applied to the
p-type material. As the applied bias increases in magnitude, the depletion region will con-
tinue to decrease in width until a flood of electrons can pass through the junction, resulting
in an exponential rise in current as shown in the forward-bias region of the characteristics
of Fig. 1.15. Note that the vertical scale of Fig. 1.15 is measured in milliamperes (although
some semiconductor diodes have a vertical scale measured in amperes), and the horizontal
scale in the forward-bias region has a maximum of 1 V. Typically, therefore, the voltage
across a forward-biased diode will be less than 1 V. Note also how quickly the current rises
beyond the knee of the curve.

It can be demonstrated through the use of solid-state physics that the general charac-
teristics of a semiconductor diode can be defined by the following equation, referred to as
Shockley’s equation, for the forward- and reverse-bias regions:

Ip = I, — 1) | (A) (1.2)

where [ is the reverse saturation current
Vp is the applied forward-bias voltage across the diode
n is an ideality factor, which is a function of the operating conditions and physi-
cal construction; it has a range between 1 and 2 depending on a wide variety of
factors (n = 1 will be assumed throughout this text unless otherwise noted).

The voltage Vrin Eq. (1.1) is called the thermal voltage and is determined by

kT
Vi = TK V) (1.3)

where  k is Boltzmann’s constant = 1.38 X 10723 J/K
Tk is the absolute temperature in kelvins = 273 + the temperature in °C
q is the magnitude of electronic charge = 1.6 X 107 ¢

EXAMPLE 1.1 At a temperature of 27°C (common temperature for components in an
enclosed operating system), determine the thermal voltage V7.
Solution: Substituting into Eq. (1.3), we obtain
T =273 +°C =273 + 27 = 300K
kT (1.38 X 1072 J/K)(30 K)
g 16x10°C
= 25.875mV = 26 mV

The thermal voltage will become an important parameter in the analysis to follow in this
chapter and a number of those to follow.

VT =

Initially, Eq. (1.2) with all its defined quantities may appear somewhat complex. How-
ever, it will not be used extensively in the analysis to follow. It is simply important at this
point to understand the source of the diode characteristics and which factors affect its shape.

A plot of Eq. (1.2) with I; = 10 pA is provided in Fig. 1.15 as the dashed line. If we
expand Eq. (1.2) into the following form, the contributing component for each region of
Fig. 1.15 can be described with increased clarity:

Ip = IseVD/"VT -1

For positive values of V), the first term of the above equation will grow very quickly and
totally overpower the effect of the second term. The result is the following equation, which
only has positive values and takes on the exponential format ¢* appearing in Fig. 1.16:

Ip = Ie'p/"Vr (Vp positive)
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Silicon semiconductor diode characteristics.

The exponential curve of Fig. 1.16 increases very rapidly with increasing values of x.
Atx =0, % = 1, whereas at x = 5, it jumps to greater than 148. If we continued to x = 10,
the curve jumps to greater than 22,000. Clearly, therefore, as the value of x increases, the
curve becomes almost vertical, an important conclusion to keep in mind when we examine
the change in current with increasing values of applied voltage.
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For negative values of V), the exponential term drops very quickly below the level of /,
and the resulting equation for I is simply

Ip = I (Vp negative)
Note in Fig. 1.15 that for negative values of V), the current is essentially horizontal at

the level of —I,.
AtV =0V, Eq. (1.2) becomes
Ip=1I("— 1) =1I(1 — 1) = 0mA
as confirmed by Fig. 1.15.

The sharp change in direction of the curve at Vj, = 0 V is simply due to the change in
current scales from above the axis to below the axis. Note that above the axis the scale is in
milliamperes (mA), whereas below the axis it is in picoamperes (pA).

Theoretically, with all things perfect, the characteristics of a silicon diode should appear
as shown by the dashed line of Fig. 1.15. However, commercially available silicon diodes
deviate from the ideal for a variety of reasons including the internal “body” resistance and the
external “contact” resistance of a diode. Each contributes to an additional voltage at the same
current level, as determined by Ohm’s law, causing the shift to the right witnessed in Fig. 1.15.

The change in current scales between the upper and lower regions of the graph was noted
earlier. For the voltage V), there is also a measurable change in scale between the right-hand
region of the graph and the left-hand region. For positive values of Vj, the scale is in tenths
of volts, and for the negative region it is in tens of volts.

It is important to note in Fig. 1.14b how:

The defined direction of conventional current for the positive voltage region matches
the arrowhead in the diode symbol.

This will always be the case for a forward-biased diode. It may also help to note that the
forward-bias condition is established when the bar representing the negative side of the
applied voltage matches the side of the symbol with the vertical bar.

Going back a step further by looking at Fig. 1.14b, we find a forward-bias condition is
established across a p—n junction when the positive side of the applied voltage is applied to
the p-type material (noting the correspondence in the letter p) and the negative side of the
applied voltage is applied to the n-type material (noting the same correspondence).

It is particularly interesting to note that the reverse saturation current of the commercial
unit is significantly larger than that of /; in Shockley’s equation. In fact,

The actual reverse saturation current of a commercially available diode will normally
be measurably larger than that appearing as the reverse saturation current in
Shockley’s equation.

This increase in level is due to a wide range of factors that include

- leakage currents

— generation of carriers in the depletion region

— higher doping levels that result in increased levels of reverse current

— sensitivity to the intrinsic level of carriers in the component materials by a squared
factor—double the intrinsic level, and the contribution to the reverse current could
increase by a factor of four.

— a direct relationship with the junction area—double the area of the junction, and
the contribution to the reverse current could double. High-power devices that have
larger junction areas typically have much higher levels of reverse current.

— temperature sensitivity—for every 5°C increase in current, the level of reverse sat-
uration current in Eq. 1.2 will double, whereas a 10°C increase in current will result
in doubling of the actual reverse current of a diode.

Note in the above the use of the terms reverse saturation current and reverse current. The
former is simply due to the physics of the situation, whereas the latter includes all the other
possible effects that can increase the level of current.

We will find in the discussions to follow that the ideal situation is for I to be O A in the
reverse-bias region. The fact that it is typically in the range of 0.01 pA to 10 pA today as
compared to 0.1 uA to 1 uA a few decades ago is a credit to the manufacturing industry.
Comparing the common value of 1 nA to the 1-uA level of years past shows an improve-
ment factor of 100,000.

SEMICONDUCTOR DIODE
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Breakdown Region

Even though the scale of Fig. 1.15 is in tens of volts in the negative region, there is a point
where the application of too negative a voltage with the reverse polarity will result in a
sharp change in the characteristics, as shown in Fig. 1.17. The current increases at a very
rapid rate in a direction opposite to that of the positive voltage region. The reverse-bias
potential that results in this dramatic change in characteristics is called the breakdown
potential and is given the label Vpy.
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\| / TZener
/ region
FIG. 1.17

Breakdown region.

As the voltage across the diode increases in the reverse-bias region, the velocity of the
minority carriers responsible for the reverse saturation current /; will also increase. Eventu-
ally, their velocity and associated kinetic energy (Wgx = %mvz) will be sufficient to release
additional carriers through collisions with otherwise stable atomic structures. That is, an
ionization process will result whereby valence electrons absorb sufficient energy to leave the
parent atom. These additional carriers can then aid the ionization process to the point where
a high avalanche current is established and the avalanche breakdown region determined.

The avalanche region (Vpy) can be brought closer to the vertical axis by increasing the
doping levels in the p- and n-type materials. However, as Vpy decreases to very low levels,
such as —5 V, another mechanism, called Zener breakdown, will contribute to the sharp
change in the characteristic. It occurs because there is a strong electric field in the region
of the junction that can disrupt the bonding forces within the atom and “generate” carriers.
Although the Zener breakdown mechanism is a significant contributor only at lower levels
of Vpy, this sharp change in the characteristic at any level is called the Zener region, and
diodes employing this unique portion of the characteristic of a p—n junction are called Zener
diodes. They are described in detail in Section 1.15.

The breakdown region of the semiconductor diode described must be avoided if the
response of a system is not to be completely altered by the sharp change in characteristics
in this reverse-voltage region.

The maximum reverse-bias potential that can be applied before entering the break-
down region is called the peak inverse voltage (referred to simply as the PIV rating) or
the peak reverse voltage (denoted the PRV rating).

If an application requires a PIV rating greater than that of a single unit, a number of
diodes of the same characteristics can be connected in series. Diodes are also connected in
parallel to increase the current-carrying capacity.

In general, the breakdown voltage of GaAs diodes is about 10% higher those for silicon
diodes but after 200% higher than levels for Ge diodes.

Ge, Si, and GaAs

The discussion thus far has solely used Si as the base semiconductor material. It is now impor-
tant to compare it to the other two materials of importance: GaAs and Ge. A plot comparing
the characteristics of Si, GaAs, and Ge diodes is provided in Fig. 1.18. The curves are not



ID (mA)

30+

25t

20+

Ge Si GaAs

15+

104

\ i
50V ! ! ! !
0.3 0.7 1.0 1.2
Vi (Ge) Vi (Si) | Vi (GaAs)
5 pA

100 V
I (GaAs)

VBV (GaAA)

Vp (V)

Vy (Si) my

( 15 (Si) |

Vpy (Ge)
I; (Ge)

10 pA

JRTVN

FIG. 1.18
Comparison of Ge, Si, and GaAs commercial diodes.

simply plots of Eq. 1.2 but the actual response of commercially available units. The total reverse
current is shown and not simply the reverse saturation current. It is immediately obvious that
the point of vertical rise in the characteristics is different for each material, although the general
shape of each characteristic is quite similar. Germanium is closest to the vertical axis and GaAs
is the most distant. As noted on the curves, the center of the knee (hence the K is the notation
Vi) of the curve is about 0.3 V for Ge, 0.7 V for Si, and 1.2 V for GaAs (see Table 1.3).

The shape of the curve in the reverse-bias region is also quite similar for each material,
but notice the measurable difference in the magnitudes of the typical reverse saturation
currents. For GaAs, the reverse saturation current is typically about 1 pA, compared to 10 pA
for Siand 1 nA for Ge, a significant difference in levels.

Also note the relative magnitudes of the reverse breakdown voltages for each material.
GaAs typically has maximum breakdown levels that exceed those of Si devices of the same
power level by about 10%, with both having breakdown voltages that typically extend be-
tween 50 V and 1 kV. There are Si power diodes with breakdown voltages as high as 20 kV.
Germanium typically has breakdown voltages of less than 100 V, with maximums around
400 V. The curves of Fig. 1.18 are simply designed to reflect relative breakdown voltages
for the three materials. When one considers the levels of reverse saturation currents and
breakdown voltages, Ge certainly sticks out as having the least desirable characteristics.

A factor not appearing in Fig. 1.18 is the operating speed for each material—an impor-
tant factor in today’s market. For each material, the electron mobility factor is provided
in Table 1.4. It provides an indication of how fast the carriers can progress through the
material and therefore the operating speed of any device made using the materials. Quite
obviously, GaAs stands out, with a mobility factor more than five times that of silicon and
twice that of germanium. The result is that GaAs and Ge are often used in high-speed ap-
plications. However, through proper design, careful control of doping levels, and so on,
silicon is also found in systems operating in the gigahertz range. Research today is also
looking at compounds in groups III-V that have even higher mobility factors to ensure that
industry can meet the demands of future high-speed requirements.
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TABLE 1.3
Knee Voltages Vg

Semiconductor Vi(V)
Ge 0.3
Si 0.7
GaAs 1.2
TABLE 1.4

Electron Mobility w,
Semiconductor pt,,(cmZ/V *s)
Ge 3900
Si 1500
GaAs 8500
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EXAMPLE 1.2 Using the curves of Fig 1.18:

Determine the voltage across each diode at a current of 1 mA.

a.
b. Repeat for a current of 4 mA.

c. Repeat for a current of 30 mA.

d. Determine the average value of the diode voltage for the range of currents listed above.
e. How do the average values compare to the knee voltages listed in Table 1.3?
Solution:

a. Vp(Ge) =02V, Vp(Si) =06V, Vy(GaAs) = 1.1V

Vp(Ge) = 0.3V, Vp(Si) = 0.7V, Vp (GaAs) = 1.2 V

Vp(Ge) = 042V, Vp(Si) = 0.82 V, Vp (GaAs) = 1.33 V

Ge:Vyy =(02V +03V +042V)/3=0307V

Si: Vo = (0.6 V+0.7V+0.82V)/3=0.707V

GaAs: Vo, = (1.1 V+ 12V +133V)/3=121V

e. Very close correspondence. Ge: 0.307 V vs. 0.3, V, Si: 0.707 V vs. 0.7 V, GaAs: 1.21 V

vs. 1.2 V.

oo

Temperature Effects
Temperature can have a marked effect on the characteristics of a semiconductor diode, as
demonstrated by the characteristics of a silicon diode shown in Fig. 1.19:

In the forward-bias region the characteristics of a silicon diode shift to the left at a rate
of 2.5 mV per centigrade degree increase in temperature.

Iy (mA)
Shift to left = (100°C)(-2.5 mV/°C) =-0.35 V
K—H .
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FIG. 1.19

Variation in Si diode characteristics with temperature change.



An increase from room temperature (20°C) to 100°C (the boiling point of water) results
in a drop of 80(2.5 mV) = 200 mV, or 0.2 V, which is significant on a graph scaled in
tenths of volts. A decrease in temperature has the reverse effect, as also shown in the figure:

In the reverse-bias region the reverse current of a silicon diode doubles for every 10°C
rise in temperature.

For a change from 20°C to 100°C, the level of I increases from 10 nA to a value of
2.56 pnA, which is a significant, 256-fold increase. Continuing to 200°C would result in a
monstrous reverse saturation current of 2.62 mA. For high-temperature applications one
would therefore look for Si diodes with room-temperature /; closer to 10 pA, a level com-
monly available today, which would limit the current to 2.62 pA. It is indeed fortunate that
both Si and GaAs have relatively small reverse saturation currents at room temperature.
GaAs devices are available that work very well in the —200°C to +200°C temperature
range, with some having maximum temperatures approaching 400°C. Consider, for a mo-
ment, how huge the reverse saturation current would be if we started with a Ge diode with
a saturation current of 1 uA and applied the same doubling factor.

Finally, it is important to note from Fig. 1.19 that:

The reverse breakdown voltage of a semiconductor diode will increase or
decrease with temperature.

However, if the initial breakdown voltage is less than 5 V, the breakdown voltage may
actually decrease with temperature. The sensitivity of the breakdown potential to changes
of temperature will be examined in more detail in Section 1.15.

Summary

A great deal has been introduced in the foregoing paragraphs about the construction of a
semiconductor diode and the materials employed. The characteristics have now been pre-
sented and the important differences between the response of the materials discussed. It is
now time to compare the p—n junction response to the desired response and reveal the pri-
mary functions of a semiconductor diode.

Table 1.5 provides a synopsis of material regarding the three most frequently used semi-
conductor materials. Figure 1.20 includes a short biography of the first research scientist to
discover the p—n junction in a semiconductor material.

TABLE 1.5
The Current Commercial Use of Ge, Si, and GaAs

Ge: Germanium is in limited production due to its temperature sensitivity and high
reverse saturation current. It is still commercially available but is limited to
some high-speed applications (due to a relatively high mobility factor) and
applications that use its sensitivity to light and heat such as photodetectors
and security systems.

Si: Without question the semiconductor used most frequently for the full range of
electronic devices. It has the advantage of being readily available at low cost
and has relatively low reverse saturation currents, good temperature character-
istics, and excellent breakdown voltage levels. It also benefits from decades of
enormous attention to the design of large-scale integrated circuits and process-
ing technology.

Since the early 1990s the interest in GaAs has grown in leaps and bounds, and it
will eventually take a good share of the development from silicon devices,
especially in very large scale integrated circuits. Its high-speed characteristics
are in more demand every day, with the added features of low reverse satura-
tion currents, excellent temperature sensitivities, and high breakdown voltages.
More than 80% of its applications are in optoelectronics with the development
of light-emitting diodes, solar cells, and other photodetector devices, but that
will probably change dramatically as its manufacturing costs drop and its use
in integrated circuit design continues to grow; perhaps the semiconductor
material of the future.

GaAs:
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Russell Ohl (1898-1987)

American (Allentown, PA;
Holmdel, NJ; Vista, CA) Army
Signal Corps, University of
Colorado, Westinghouse, AT&T,
Bell Labs Fellow, Institute of
Radio Engineers—1955
(Courtesy of AT&T Archives
History Center.)

Although vacuum tubes were
used in all forms of communication
in the 1930s, Russell Ohl was deter-
mined to demonstrate that the future
of the field was defined by semicon-
ductor crystals. Germanium was not
immediately available for his
research, so he turned to silicon, and
found a way to raise its level of
purity to 99.8%, for which he
received a patent. The actual discov-
ery of the p—n junction, as often
happens in scientific research, was
the result of a set of circumstances
that were not planned. On February
23, 1940, Ohl found that a silicon
crystal with a crack down the mid-
dle would produce a significant rise
in current when placed near a source
of light. This discovery led to fur-
ther research, which revealed that
the purity levels on each side of the
crack were different and that a
barrier was formed at the junction
that allowed the passage of current
in only one direction—the first
solid-state diode had been identified
and explained. In addition, this sen-
sitivity to light was the beginning of
the development of solar cells. The
results were quite instrumental in
the development of the transistor in
1945 by three individuals also work-
ing at Bell Labs.

FIG. 1.20
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1.7 IDEAL VERSUS PRACTICAL

In the previous section we found that a p—n junction will permit a generous flow of charge
when forward-biased and a very small level of current when reverse-biased. Both condi-
tions are reviewed in Fig. 1.21, with the heavy current vector in Fig. 1.21a matching the
direction of the arrow in the diode symbol and the significantly smaller vector in the oppo-
site direction in Fig. 1.21b representing the reverse saturation current.

An analogy often used to describe the behavior of a semiconductor diode is a mechanical
switch. In Fig. 1.21a the diode is acting like a closed switch permitting a generous flow of
charge in the direction indicated. In Fig. 1.21b the level of current is so small in most cases
that it can be approximated as 0 A and represented by an open switch.

+ - oy
—Pp— —Pp—
— ~—
Ip I
o—o%»o—o o—yo—o
(@) (b)

FIG. 1.21

Ideal semiconductor diode: (a) forward-
biased; (b) reverse-biased.

In other words:

The semiconductor diode behaves in a manner similar to a mechanical switch in that it
can control whether current will flow between its two terminals.

However, it is important to also be aware that:

The semiconductor diode is different from a mechanical switch in the sense that when
the switch is closed it will only permit current to flow in one direction.

Ideally, if the semiconductor diode is to behave like a closed switch in the forward-bias
region, the resistance of the diode should be 0 ). In the reverse-bias region its resistance
should be () to represent the open-circuit equivalent. Such levels of resistance in the forward-
and reverse-bias regions result in the characteristics of Fig. 1.22.

Ip
Ideal characteristics
10 mA
—_—
Ip
-20V . .
T T
0.7V Vb
o0——o0 ' o—o0
R L.
I, =0mA Actual characteristics
FIG. 1.22

Ideal versus actual semiconductor characteristics.



The characteristics have been superimposed to compare the ideal Si diode to a real-world
Si diode. First impressions might suggest that the commercial unit is a poor impression of
the ideal switch. However, when one considers that the only major difference is that the
commercial diode rises at a level of 0.7 V rather than 0 V, there are a number of similarities
between the two plots.

When a switch is closed the resistance between the contacts is assumed to be 0 (). At
the plot point chosen on the vertical axis the diode current is 5 mA and the voltage across
the diode is 0 V. Substituting into Ohm’s law results in

Rr = Yo = oV =0Q (short-circuit equivalent)
1 D 5 mA
In fact:

At any current level on the vertical line, the voltage across the ideal diode is 0 V and
the resistance is 0 ().

For the horizontal section, if we again apply Ohm’s law, we find
_Vp _ 20V

R =
R I, omA

= () (open-circuit equivalent)
Again:

Because the current is ) mA anywhere on the horizontal line, the resistance is
considered to be infinite ohms (an open-circuit) at any point on the axis.

Due to the shape and the location of the curve for the commercial unit in the forward-bias
region there will be a resistance associated with the diode that is greater than 0 (). However,
if that resistance is small enough compared to other resistors of the network in series with
the diode, it is often a good approximation to simply assume the resistance of the com-
mercial unit is 0 Q. In the reverse-bias region, if we assume the reverse saturation current
is so small it can be approximated as 0 mA, we have the same open-circuit equivalence
provided by the open switch.

The result, therefore, is that there are sufficient similarities between the ideal switch and
the semiconductor diode to make it an effective electronic device. In the next section the
various resistance levels of importance are determined for use in the next chapter, where
the response of diodes in an actual network is examined.

1.8  RESISTANCE LEVELS o

As the operating point of a diode moves from one region to another the resistance of the
diode will also change due to the nonlinear shape of the characteristic curve. It will be dem-
onstrated in the next few paragraphs that the type of applied voltage or signal will define the
resistance level of interest. Three different levels will be introduced in this section, which
will appear again as we examine other devices. It is therefore paramount that their determi-
nation be clearly understood.

DC or Static Resistance

The application of a dc voltage to a circuit containing a semiconductor diode will result in
an operating point on the characteristic curve that will not change with time. The resistance
of the diode at the operating point can be found simply by finding the corresponding levels
of Vp and I as shown in Fig. 1.23 and applying the following equation:

_ Yo

Rp = 1.4)

Ip

The dc resistance levels at the knee and below will be greater than the resistance levels
obtained for the vertical rise section of the characteristics. The resistance levels in the
reverse-bias region will naturally be quite high. Since ohmmeters typically employ a rela-
tively constant-current source, the resistance determined will be at a preset current level
(typically, a few milliamperes).

RESISTANCE LEVELS
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—_— 0 Vp (V)

FIG. 1.23
Determining the dc resistance of a diode at a
particular operating point.

In general, therefore, the higher the current through a diode, the lower is the dc resis-
tance level.

Typically, the dc resistance of a diode in the active (most utilized) will range from about
10 Q to 80 Q.

e —
EXAMPLE 1.3 Determine the dc resistance levels for the diode of Fig. 1.24 at

a. Ip =2 mA (low level)
b. Ip = 20 mA (high level)

c. Vp=—10V (reverse-biased)

30

208

10
-19 v 24
¥ 0 05 08 Vy(V
EFIN p (V)
FIG. 1.24
Example 1.3.

Solution:
a. Atlp =2mA, Vp = 0.5V (from the curve) and

Vb 05V
=—=——=2500
b, 2mA
b. Atlp =20 mA, Vp = 0.8 V (from the curve) and
V 0.8V
Rp=—"2= =400

Iy 20mA



c. AtVp=—-10V,Ip = —I; = —1 pA (from the curve) and
V 10V
Rp=-2=—"=10MQ
Ip 1 A
clearly supporting some of the earlier comments regarding the dc resistance levels of a
diode.

AC or Dynamic Resistance

Eq. (1.4) and Example 1.3 reveal that

the dc resistance of a diode is independent of the shape of the characteristic in the
region surrounding the point of interest.

If a sinusoidal rather than a dc input is applied, the situation will change completely. The
varying input will move the instantaneous operating point up and down a region of the char-
acteristics and thus defines a specific change in current and voltage as shown in Fig. 1.25.
With no applied varying signal, the point of operation would be the Q-point appearing on
Fig. 1.25, determined by the applied dc levels. The designation Q-point is derived from the
word quiescent, which means “still or unvarying.”

Diode characteristic

™~

- Tangent line

o Q—poinl

FIG. 1.25
Defining the dynamic or ac resistance.

A straight line drawn tangent to the curve through the Q-point as shown in Fig. 1.26
will define a particular change in voltage and current that can be used to determine the ac
or dynamic resistance for this region of the diode characteristics. An effort should be made
to keep the change in voltage and current as small as possible and equidistant to either side
of the O-point. In equation form,

7

4= 47, 1.5)

where A signifies a finite change in the quantity.

The steeper the slope, the lower is the value of AV, for the same change in Al; and the
lower is the resistance. The ac resistance in the vertical-rise region of the characteristic is
therefore quite small, whereas the ac resistance is much higher at low current levels.

In general, therefore, the lower the Q-point of operation (smaller current or lower
voltage), the higher is the ac resistance.

RESISTANCE LEVELS 23

Q-point Aly

-

FIG. 1.26
Determining the ac resistance at a
Q-point.



24

SEMICONDUCTOR
DIODES

EXAMPLE 1.4 For the characteristics of Fig. 1.27:

a. Determine the ac resistance at I, = 2 mA.
b. Determine the ac resistance at I, = 25 mA.
c. Compare the results of parts (a) and (b) to the dc resistances at each current level.

Ip(mA)
K| e e
1
25 »e ~Al,
|
|
20 ----mmmmmmm oo ‘\
AV,
|
15 |
¥
'
!
10+ !
|
n
n
] !
i
2 > }Ald
Lo A
o 01 02 03 04 05 06 07 08 09 1 Vp (V)
W_/
AV,
FIG. 1.27
Example 1.4.

Solution:

a. For I, = 2 mA, the tangent line at I, = 2 mA was drawn as shown in Fig. 1.27 and a

swing of 2 mA above and below the specified diode current was chosen. At I, = 4 mA,
Vp =0.76 V, and at Ip = 0 mA, Vp = 0.65 V. The resulting changes in current and
voltage are, respectively,

Al; = 4mA — O0mA = 4mA
and AV, =076V — 065V =0.11V
and the ac resistance is
AV, 011V
T Al 4mA

ry =2750

. For Ip = 25 mA, the tangent line at I, = 25 mA was drawn as shown in Fig. 1.27 and

a swing of 5 mA above and below the specified diode current was chosen. At Ip = 30 mA,
Vp = 0.8 V,and at Ip = 20 mA, Vp = 0.78 V. The resulting changes in current and
voltage are, respectively,

Al; = 30mA — 20mA = 10 mA
and AV, =08V — 078V = 0.02V
and the ac resistance is

AV, 0.02V
ry=—4% = =20
Al 10 mA
. ForIp=2mA, Vp=0.7V and
V 0.7V
Rp=-2="=3500
Ip  2mA

which far exceeds the r; of 27.5 Q.



For I, = 25 mA, Vp = 0.79 V and

Vp 0.79V
T, 25mA
which far exceeds the r; of 2 ().

b =31.620Q

We have found the dynamic resistance graphically, but there is a basic definition in dif-
ferential calculus that states:

The derivative of a function at a point is equal to the slope of the tangent line drawn
at that point.

Equation (1.5), as defined by Fig. 1.26, is, therefore, essentially finding the derivative of
the function at the Q-point of operation. If we find the derivative of the general equation
(1.2) for the semiconductor diode with respect to the applied forward bias and then invert
the result, we will have an equation for the dynamic or ac resistance in that region. That is,
taking the derivative of Eq. (1.2) with respect to the applied bias will result in

i@) - i[ueww _
and
dip,
vy

after we apply differential calculus. In general, Ip >=> I, in the vertical-slope section of
the characteristics and

1
= Up+1
nVT(D )

dip _ Ip
dvp ~ vy
Flipping the result to define a resistance ratio (R = V/I) gives
dvp
dly Ip

Substituting n = 1 and Vy = 26 mV from Example 1.1 results in

_ v

Vg =

_26mV

Ip

(1.6)

raq

The significance of Eq. (1.6) must be clearly understood. It implies that

the dynamic resistance can be found simply by substituting the quiescent value of the
diode current into the equation.

There is no need to have the characteristics available or to worry about sketching tangent
lines as defined by Eq. (1.5). It is important to keep in mind, however, that Eq. (1.6) is
accurate only for values of I in the vertical-rise section of the curve. For lesser values of
Ip, n = 2 (silicon) and the value of r; obtained must be multiplied by a factor of 2. For
small values of I, below the knee of the curve, Eq. (1.6) becomes inappropriate.

All the resistance levels determined thus far have been defined by the p—n junction and
do not include the resistance of the semiconductor material itself (called body resistance)
and the resistance introduced by the connection between the semiconductor material and the
external metallic conductor (called contact resistance). These additional resistance levels
can be included in Eq. (1.6) by adding a resistance denoted r:

, 26 mV
rqg—

+ rg | ohms 1.7)

Ip

The resistance r’4, therefore, includes the dynamic resistance defined by Eq. (1.6) and
the resistance rp just introduced. The factor rg can range from typically 0.1 € for high-
power devices to 2 €} for some low-power, general-purpose diodes. For Example 1.4 the ac
resistance at 25 mA was calculated to be 2 ). Using Eq. (1.6), we have

~_26mV _ 26 mV

= = 1.04 O
In 25 mA

Ta
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The difference of about 1 {2 could be treated as the contribution of rp.
For Example 1.4 the ac resistance at 2 mA was calculated to be 27.5 (). Using Eq. (1.6)
but multiplying by a factor of 2 for this region (in the knee of the curve n = 2),

26 mV 26 mV
rd=2( 6m >=2( 6m >=2(13Q)=26Q
ID 2 mA

The difference of 1.5 ) could be treated as the contribution due to rg.

In reality, determining r, to a high degree of accuracy from a characteristic curve using Eq.
(1.5) is a difficult process at best and the results have to be treated with skepticism. At low lev-
els of diode current the factor rp is normally small enough compared to r,; to permit ignoring
its impact on the ac diode resistance. At high levels of current the level of rz may approach that
of r,, but since there will frequently be other resistive elements of a much larger magnitude in
series with the diode, we will assume in this book that the ac resistance is determined solely
by r,, and the impact of rg will be ignored unless otherwise noted. Technological improve-
ments of recent years suggest that the level of rg will continue to decrease in magnitude and
eventually become a factor that can certainly be ignored in comparison to r,.

The discussion above centered solely on the forward-bias region. In the reverse-bias
region we will assume that the change in current along the I line is nil from 0 V to the
Zener region and the resulting ac resistance using Eq. (1.5) is sufficiently high to permit
the open-circuit approximation.

Typically, the ac resistance of a diode in the active region will range from about 1 ) to 100 ().

Average AC Resistance

If the input signal is sufficiently large to produce a broad swing such as indicated in Fig.
1.28, the resistance associated with the device for this region is called the average ac resis-
tance. The average ac resistance is, by definition, the resistance determined by a straight
line drawn between the two intersections established by the maximum and minimum values
of input voltage. In equation form (note Fig. 1.28),

o, = SV (1.8)

Ald pt. to pt.

For the situation indicated by Fig. 1.28,
Al; = 17mA — 2mA = 15mA

Ip(mA)
20—
R —————— ¥
15—
Al;< 10—
5_
4 ,,,,,,,,,,,,,,,,,,,,,
| | | | | |
0 0.1 02 03 04 05 06 07 08 09 1 Vp (V)

N
AVy

FIG. 1.28
Determining the average ac resistance between indicated limits.



and AV, =0.725V — 0.65V = 0.075V DIODE EQUIVALENT
AV; 0075V CIRCUITS

fw=—="7""—""=5Q
Al 15 mA

If the ac resistance (r;) were determined at Ip = 2 mA, its value would be more than 5 (2,

and if determined at 17 mA, it would be less. In between, the ac resistance would make the

transition from the high value at 2 mA to the lower value at 17 mA. Equation (1.7) defines

a value that is considered the average of the ac values from 2 mA to 17 mA. The fact that

one resistance level can be used for such a wide range of the characteristics will prove quite

useful in the definition of equivalent circuits for a diode in a later section.

with

As with the dc and ac resistance levels, the lower the level of currents used to determine
the average resistance, the higher is the resistance level.

Summary Table

Table 1.6 was developed to reinforce the important conclusions of the last few pages and
to emphasize the differences among the various resistance levels. As indicated earlier, the
content of this section is the foundation for a number of resistance calculations to be per-
formed in later sections and chapters.

TABLE 1.6
Resistance Levels

Special Graphical
Type Equation Characteristics Determination
) Vb ) .
DC or static Rp = . Defined as a point on the I,
2 characteristics Ot
Vb
. AV, _ 26 mV ) .
AC or dynamic Ty = AL = I Defined by a tangent line I
@ 2 at the Q-point Oy | (AL
| ——
AV,
AVy ) .
Average ac Tay = AL Defined by a straight Al
d Ipt. topt. line between limits of
operation
1.9 DIODE EQUIVALENT CIRCUITS ®

An equivalent circuit is a combination of elements properly chosen to best represent the
actual terminal characteristics of a device or system in a particular operating region.

In other words, once the equivalent circuit is defined, the device symbol can be removed
from a schematic and the equivalent circuit inserted in its place without severely affecting
the actual behavior of the system. The result is often a network that can be solved using
traditional circuit analysis techniques.

27
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Piecewise-Linear Equivalent Circuit

One technique for obtaining an equivalent circuit for a diode is to approximate the charac-
teristics of the device by straight-line segments, as shown in Fig. 1.29. The resulting equiv-
alent circuit is called a piecewise-linear equivalent circuit. It should be obvious from Fig.
1.29 that the straight-line segments do not result in an exact duplication of the actual char-
acteristics, especially in the knee region. However, the resulting segments are sufficiently
close to the actual curve to establish an equivalent circuit that will provide an excellent first
approximation to the actual behavior of the device. For the sloping section of the equiva-
lence the average ac resistance as introduced in Section 1.8 is the resistance level appearing
in the equivalent circuit of Fig. 1.28 next to the actual device. In essence, it defines the resis-
tance level of the device when it is in the “on” state. The ideal diode is included to establish
that there is only one direction of conduction through the device, and a reverse-bias condi-
tion will result in the open-circuit state for the device. Since a silicon semiconductor diode
does not reach the conduction state until Vp reaches 0.7 V with a forward bias (as shown in
Fig. 1.29), a battery Vg opposing the conduction direction must appear in the equivalent
circuit as shown in Fig. 1.30. The battery simply specifies that the voltage across the device
must be greater than the threshold battery voltage before conduction through the device in
the direction dictated by the ideal diode can be established. When conduction is established
the resistance of the diode will be the specified value of r,.

I, (mA)
10 —------------—-
\"\ rav
0 0.7V 08V Vy(V)
V)
FIG. 1.29

Defining the piecewise-linear equivalent
circuit using straight-line segments to approximate
the characteristic curve.

+ Vp -

\% Ideal diode
=+ VD K av /
B == el

— —_ 07V 10 Q
Ip Ip
FIG. 1.30

Components of the piecewise-linear equivalent circuit.

Keep in mind, however, that Vi in the equivalent circuit is not an independent voltage
source. If a voltmeter is placed across an isolated diode on the top of a laboratory bench, a
reading of 0.7 V will not be obtained. The battery simply represents the horizontal offset of
the characteristics that must be exceeded to establish conduction.

The approximate level of r,, can usually be determined from a specified operating
point on the specification sheet (to be discussed in Section 1.10). For instance, for a sili-
con semiconductor diode, if Ir = 10 mA (a forward conduction current for the diode) at



Vp = 0.8 V, we know that for silicon a shift of 0.7 V is required before the characteristics
rise, and we obtain

AV, 0.8V —0.7V 0.1V
r = —-——— = =
Y Al lpop. 10mA —0OmA  10mA
as obtained for Fig. 1.29.

If the characteristics or specification sheet for a diode is not available the resistance r,,
can be approximated by the ac resistance r;.

=10Q

Simplified Equivalent Circuit

For most applications, the resistance r,, is sufficiently small to be ignored in comparison to
the other elements of the network. Removing r,, from the equivalent circuit is the same as
implying that the characteristics of the diode appear as shown in Fig. 1.31. Indeed, this
approximation is frequently employed in semiconductor circuit analysis as demonstrated in
Chapter 2. The reduced equivalent circuit appears in the same figure. It states that a forward-
biased silicon diode in an electronic system under dc conditions has a drop of 0.7 V across
it in the conduction state at any level of diode current (within rated values, of course).

Ip
+ Vb -
V=07V
_Ty=0Q K
O—+||||_—NT° _
Ip Ideal diode

0 Vg=07V vy,

FIG. 1.31
Simplified equivalent circuit for the silicon semiconductor diode.

Ideal Equivalent Circuit

Now that r,, has been removed from the equivalent circuit, let us take the analysis a step
further and establish that a 0.7-V level can often be ignored in comparison to the applied
voltage level. In this case the equivalent circuit will be reduced to that of an ideal diode as
shown in Fig. 1.32 with its characteristics. In Chapter 2 we will see that this approximation
is often made without a serious loss in accuracy.

Ip

—_—
T Ideal diode

Vp

FIG. 1.32
Ideal diode and its characteristics.

Inindustry a popular substitution for the phrase “diode equivalent circuit” is diode model—
a model by definition being a representation of an existing device, object, system, and so on.
In fact, this substitute terminology will be used almost exclusively in the chapters to follow.

Summary Table

For clarity, the diode models employed for the range of circuit parameters and applications
are provided in Table 1.7 with their piecewise-linear characteristics. Each will be investi-
gated in greater detail in Chapter 2. There are always exceptions to the general rule, but it

DIODE EQUIVALENT
CIRCUITS
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TABLE 1.7
Diode Equivalent Circuits (Models)

Type Conditions Model Characteristics
In
Fav
Piecewise-linear model o-—_JI[I_—M—H—o
VK Fav Ideal 0 Vi Vo
diode
Iy
Simplified model Ruetwork = Fav D—+||[]_—H—o —_
e Ll 0 Vi Vo
diode
Iy
Ideal device R =2 Ty o Bl
Enetwork = VK Ideal ¢ ¥
diode

is fairly safe to say that the simplified equivalent model will be employed most frequently
in the analysis of electronic systems, whereas the ideal diode is frequently applied in the
analysis of power supply systems where larger voltages are encountered.

1.10 TRANSITION AND DIFFUSION CAPACITANCE ®

It is important to realize that:

Every electronic or electrical device is frequency sensitive.

That is, the terminal characteristics of any device will change with frequency. Even the
resistance of a basic resistor, as of any construction, will be sensitive to the applied fre-
quency. At low to mid-frequencies most resistors can be considered fixed in value. How-
ever, as we approach high frequencies, stray capacitive and inductive effects start to play a
role and will affect the total impedance level of the element.

For the diode it is the stray capacitance levels that have the greatest effect. At low frequen-
cies and relatively small levels of capacitance the reactance of a capacitor, determined by
Xc = 1/2mfC, is usually so high it can be considered infinite in magnitude, represented by
an open circuit, and ignored. At high frequencies, however, the level of X can drop to the
point where it will introduce a low-reactance “shorting” path. If this shorting path is across
the diode, it can essentially keep the diode from affecting the response of the network.

In the p—n semiconductor diode, there are two capacitive effects to be considered. Both
types of capacitance are present in the forward- and reverse-bias regions, but one so out-
weighs the other in each region that we consider the effects of only one in each region.

Recall that the basic equation for the capacitance of a parallel-plate capacitor is defined by
C = €A/d, where € is the permittivity of the dielectric (insulator) between the plates of area A
separated by a distance d. In a diode the depletion region (free of carriers) behaves essentially
like an insulator between the layers of opposite charge. Since the depletion width (d) will in-
crease with increased reverse-bias potential, the resulting transition capacitance will decrease,
as shown in Fig. 1.33. The fact that the capacitance is dependent on the applied reverse-bias
potential has application in a number of electronic systems. In fact, in Chapter 16 the varactor
diode will be introduced whose operation is wholly dependent on this phenomenon.

This capacitance, called the transition (Cy), barriers, or depletion region capacitance, is
determined by

C(0)

= = 1.9
(1 + |Vr/Vk])" (1.9)
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FIG. 1.33

Transition and diffusion capacitance versus applied bias for a silicon diode.

where C(0) is the capacitance under no-bias conditions and Vj is the applied reverse bias
potential. The power n is > or /5 depending on the manufacturing process for the diode.

Although the effect described above will also be present in the forward-bias region, it
is overshadowed by a capacitance effect directly dependent on the rate at which charge is
injected into the regions just outside the depletion region. The result is that increased levels
of current will result in increased levels of diffusion capacitance (Cp) as demonstrated by
the following equation:

Cp = ( T )ID (1.10)

Vi

where 7, is the minority carrier lifetime—the time is world take for a minority carrier such
as a hole to recombine with an electron in the n-type material. However, increased levels
of current result in a reduced level of associated resistance (to be demonstrated shortly),
and the resulting time constant (7 = RC), which is very important in high-speed applica-
tions, does not become excessive.

In general, therefore,

the transition capacitance is the predominant capacitive effect in the reverse-bias
region whereas the diffusion capacitance is the predominant capacitive effect in the
forward-bias region.

The capacitive effects described above are represented by capacitors in parallel with the
ideal diode, as shown in Fig. 1.34. For low- or mid-frequency applications (except in the
power area), however, the capacitor is normally not included in the diode symbol.

1.11 REVERSE RECOVERY TIME

There are certain pieces of data that are normally provided on diode specification sheets
provided by manufacturers. One such quantity that has not been considered yet is the
reverse recovery time, denoted by ¢,,. In the forward-bias state it was shown earlier that
there are a large number of electrons from the n-type material progressing through the
p-type material and a large number of holes in the n-type material—a requirement for con-
duction. The electrons in the p-type material and holes progressing through the n-type
material establish a large number of minority carriers in each material. If the applied volt-
age should be reversed to establish a reverse-bias situation, we would ideally like to see the
diode change instantaneously from the conduction state to the nonconduction state. How-
ever, because of the large number of minority carriers in each material, the diode current
will simply reverse as shown in Fig. 1.35 and stay at this measurable level for the period of
time #, (storage time) required for the minority carriers to return to their majority-carrier
state in the opposite material. In essence, the diode will remain in the short-circuit state
with a current /;eyerse determined by the network parameters. Eventually, when this storage
phase has passed, the current will be reduced in level to that associated with the nonconduc-
tion state. This second period of time is denoted by ¢, (transition interval). The reverse recov-
ery time is the sum of these two intervals: ¢, = t; + t,. This is an important consideration in
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FIG. 1.34
Including the effect of the transition
or diffusion capacitance on the
semiconductor diode.
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FIG. 1.35
Defining the reverse recovery time.

high-speed switching applications. Most commercially available switching diodes have a
t,» in the range of a few nanoseconds to 1 us. Units are available, however, with a z,, of
only a few hundred picoseconds (1072 s).

1.12 DIODE SPECIFICATION SHEETS

Data on specific semiconductor devices are normally provided by the manufacturer in one
of two forms. Most frequently, they give a very brief description limited to perhaps one
page. At other times, they give a thorough examination of the characteristics using graphs,
artwork, tables, and so on. In either case, there are specific pieces of data that must be
included for proper use of the device. They include:

1. The forward voltage V (at a specified current and temperature)

The maximum forward current I (at a specified temperature)

The reverse saturation current I (at a specified voltage and temperature)

The reverse-voltage rating [PIV or PRV or V(BR), where BR comes from the term
“breakdown” (at a specified temperature)]

The maximum power dissipation level at a particular temperature

Capacitance levels

Reverse recovery time 7.,

Operating temperature range

Eal e

® W

Depending on the type of diode being considered, additional data may also be provided,
such as frequency range, noise level, switching time, thermal resistance levels, and peak
repetitive values. For the application in mind, the significance of the data will usually be
self-apparent. If the maximum power or dissipation rating is also provided, it is understood
to be equal to the following product:

PDmax = VDID (1‘11)

where Ip and Vp, are the diode current and voltage, respectively, at a particular point of
operation.

If we apply the simplified model for a particular application (a common occurrence), we
can substitute Vp, = Vi = 0.7 V for a silicon diode in Eq. (1.11) and determine the resulting
power dissipation for comparison against the maximum power rating. That is,

Pdissipated = (0.7 V)Ip (1.12)

The data provided for a high-voltage/low-leakage diode appear in Figs. 1.36 and 1.37. This
example would represent the expanded list of data and characteristics. The term rectifier is
applied to a diode when it is frequently used in a rectification process, described in Chapter 2.

Specific areas of the specification sheet are highlighted in blue, with letters correspond-
ing to the following description:

A The data sheet highlights the fact that the silicon high-voltage diode has a minimum
reverse-bias voltage of 125 V at a specified reverse-bias current.
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C

Note the wide range of temperature operation. Always be aware that data sheets typi-
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cally use the centigrade scale, with 200°C = 392°F and —65°C = —85°F. SHEETS
The maximum power dissipation level is given by Pp = Vplp = 500 mW = 0.5 W.
The effect of the linear derating factor of 3.33 mW/°C is demonstrated in Fig. 1.37a.
Once the temperature exceeds 25°C the maximum power rating will drop by 3.33 mW
for each 1°C increase in temperature. At a temperature of 100°C, which is the boiling
point of water, the maximum power rating has dropped to one half of its original value.
An initial temperature of 25°C is typical inside a cabinet containing operating elec-
tronic equipment in a low-power situation.
The maximum sustainable current is 500 mA. The plot of Fig. 1.37b reveals that the
forward current at 0.5 V is about 0.01 mA, but jumps to 1 mA (100 times greater) at
about 0.65 V. At 0.8 V the current is more than 10 mA, and just above 0.9 V it is close
«BV...125 V(MIN) @ 100 pA (BAY73) DO-35 OUTLINE
ABSOLUTE MAXIMUM RATINGS (Note 1) l f
Temperatures :2-‘; o™
Storage Temperature Range —65°C to +200°C I '
Maximum Junction Operating Temperature +175°C
Lead Temperature +260°C
0.180(4.57)
Power Dissipation (Note 2) ] 0140 (3.56)
Maximum Total Power Dissipation at 25°C Ambient 500 mW ;
Linear Power Derating Factor (from 25°C) 3.33 mW/°C
Maximum Voltage and Currents I
WIV Working Inverse Voltage BAY73 100V l
0.021 (0.533) _4 L_
Io Average Rectified Current 200 mA oo oy " T 0orsaon
I Continuous Forward Current 500 mA 0.060(1.52)
ir Peak Repetitive Forward Current 600 mA NOTES:
Copper clad steel leads, tin plated
if (surge) Peak Forward Surge Current Gold plated leads available
Pulse Width=1s 1.0A Hermetically sealed glass package
Pulse Width=1 us 4.0 A Package weight is 0.14 gram

ELECTRICAL CHARACTERISTICS (25°C Ambient Temperature unless otherwise noted)

1 These ratings are limiting values above which the serviceability of the diode may be impaired.
2 These are steady state limits. The factory should be consulted on applications involving pulses or low duty-cycle operation.

BAY73
SYMBOL CHARACTERISTIC UNITS TEST CONDITIONS
MIN | MAX
Vg Forward Voltage 085 | 1.00 v Ir = 200 mA
0.8f | 0.94 \% I = 100 mA
0.78 | 0.88 \% Iz =50 mA
0.69 | 0.80 \% Ir = 10 mA
0.67 | 075 A% Iz =5.0mA
0.60 | 0.68 A% Ir=1.0mA
Ix Reverse Current 500 nA Vr =20V, T, =125C
1.0 pA Vg =100V, T, = 125°C
0.2 nA Ve =20V, T, =25C
0.5 nA Vg =100V, T4 = 25°C
BV Breakdown Voltage 125 \% Ir =100 pA
C Capacitance 5.0 pF Vg =0,f=1.0MHz
- Reverse Recovery Time 3.0 us Ir=10mA, Vg =35V
Ry =1.0to 100 kQ
Cy = 10 pF, JAN 256
NOTES

FIG. 1.36
Electrical characteristics of a high-voltage, low-leakage diode.



Pp—Power dissipation — mW

14 — Reverse current — nA

34

POWER DERATING CURVE

500 —¥09m temperature
\\
400
300 A\ :
Boiling water:
200 N
100 \
A\

0 .
0 25 50 75 100125150175200

T, — Ambient temperature — °C

(@)
REVERSE CURRENT VERSUS
TEMPERATURE
K Ve =125V
1K e
//
100 | 7
N
10 ) i ? ?
7S T, Iy
1.0
0.1
0 25 50 75 100 125 150

T, — Ambient temperature — °C

(d

FORWARD VOLTAGE VERSUS REVERSE VOLTAGE VERSUS

FORWARD CURRENT REVERSE CURRENT
1000 e 1.0 Py :
< e A= i
% 100 tVp=1V, <;|__‘2' 05 P
- - -~
5 5 02 ]
£ 10 E / /
3] 53 i
= o 0.1 At Vpincreases,
g 10 b} I increases
5 5 0.05
5010 )
S /
= / = 0.02
0.01 L 0.01 :
02 04 06 08 10 12 0 25 50 75 100 125
Vi —Forward voltage — volts Vg — Reverse voltage — volts
(b) (©)
CAPACITANCE VERSUS DYNAMIC IMPEDANCE VERSUS
REVERSE VOLTAGE FORWARD CURRENT
6.0 100 prprepm——p—"
100 30mA, Rp=2 Q|
so . & | If= 1 l(;Pllz -
iy ! 10 2, ++1ac =Y. lde
C 714.0 g 5 439 ‘ t
ENEEVANAE B RS S AR ~Typ
// 3.0 = e 1.0 lmA,RDE5OQ
v S £
20 £
— O 01
1.0 !
-~
0 0.01
-16  -12 -80 -40 0 0 10 10 100 1K 10K
Vg — Reverse voltage — volts Rp— Dynamic impedance — Q
(e) ®
FIG. 1.37

Terminal characteristics of a high-voltage diode.

to 100 mA. The curve of Fig. 1.37b certainly looks nothing like the characteristic
curves appearing in the last few sections. This is a result of using a log scale for the
current and a linear scale for the voltage.

Log scales are often used to provide a broader range of values for a variable in a
limited amount of space.

If a linear scale was used for the current, it would be impossible to show a range
of values from 0.01 mA to 1000 mA. If the vertical divisions were in 0.01-mA incre-
ments, it would take 100,000 equal intervals on the vertical axis to reach 1000 mA. For
the moment recognize that the voltage level at given levels of current can be found by
using the intersection with the curve. For vertical values above a level such as 1.0 mA,
the next level is 2 mA, followed by 3 mA, 4 mA, and 5 mA. The levels of 6 mA to 10 mA
can be determined by simply dividing the distance into equal intervals (not the true
distribution, but close enough for the provided graphs). For the next level it would be
10 mA, 20 mA, 30 mA, and so on. The graph of Fig. 1.37b is called a semi-log plot to
reflect the fact that only one axis uses a log scale. A great deal more will be said about
log scales in Chapter 9.

The data provide a range of V (forward-bias voltages) for each current level. The
higher the forward current, the higher is the applied forward bias. At 1 mA we find V.
can range from 0.6 V to 0.68 V, but at 200 mA it can be as high as 0.85 V to 1.00 V.
For the full range of current levels with 0.6 V at 1 mA and 0.85 V at 200 mA it is cer-
tainly a reasonable approximation to use 0.7 V as the average value.

The data provided clearly reveal how the reverse saturation current increases with
applied reverse bias at a fixed temperature. At 25°C the maximum reverse-bias cur-
rent increases from 0.2 nA to 0.5 nA due to an increase in reverse-bias voltage by the
same factor of 5. At 125°C it jumps by a factor of 2 to the high level of 1 uA. Note the



extreme change in reverse saturation current with temperature as the maximum cur-
rent rating jumps from 0.2 nA at 25°C to 500 nA at 125°C (at a fixed reverse-bias
voltage of 20 V). A similar increase occurs at a reverse-bias potential of 100 V. The
semi-log plots of Figs. 1.37c and 1.37d provide an indication of how the reverse satu-
ration current changes with changes in reverse voltage and temperature. At first
glance Fig. 1.37c might suggest that the reverse saturation current is fairly steady for
changes in reverse voltage. However, this can sometimes be the effect of using a log
scale for the vertical axis. The current has actually changed from a level of 0.2 nA to
a level of 0.7 nA for the range of voltages representing a change of almost 6 to 1. The
dramatic effect of temperature on the reverse saturation current is clearly displayed in
Fig. 1.37d. At a reverse-bias voltage of 125 V the reverse-bias current increases from
a level of about 1 nA at 25°C to about 1 pA at 150°C, an increase of a factor of 1000
over the initial value.

Temperature and applied reverse bias are very important factors in designs sensitive
to the reverse saturation current.

G As shown in the data listing and on Fig. 1.37e, the transition capacitance at a reverse-
bias voltage of 0 V is 5 pF at a test frequency of 1 MHz. Note the severe change in
capacitance level as the reverse-bias voltage is increased. As mentioned earlier, this
sensitive region can be put to good use in the design of a device (Varactor; Chapter 16)
whose terminal capacitance is sensitive to the applied voltage.

H The reverse recovery time is 3 us for the test conditions shown. This is not a fast time
for some of the current high-performance systems in use today. However, for a variety
of low- and mid-frequency applications it is acceptable.

The curves of Fig. 1.37f provide an indication of the magnitude of the ac resistance of the
diode versus forward current. Section 1.8 clearly demonstrated that the dynamic resistance
of a diode decreases with increase in current. As we go up the current axis of Fig. 1.37f it
is clear that if we follow the curve, the dynamic resistance will decrease. At 0.1 mA it is
close to 1 kQ; at 10 mA, 10 ; and at 100 mA, only 1 (); this clearly supports the earlier
discussion. Unless one has had experience reading log scales, the curve is challenging to
read for levels between those indicated because it is a log—log plot. Both the vertical axis
and the horizontal axis employ a log scale.

The more one is exposed to specification sheets, the “friendlier” they will become, es-
pecially when the impact of each parameter is clearly understood for the application under
investigation.

1.13  SEMICONDUCTOR DIODE NOTATION

The notation most frequently used for semiconductor diodes is provided in Fig. 1.38. For
most diodes any marking such as a dot or band, as shown in Fig. 1.38, appears at the cath-
ode end. The terminology anode and cathode is a carryover from vacuum-tube notation.
The anode refers to the higher or positive potential, and the cathode refers to the lower or
negative terminal. This combination of bias levels will result in a forward-bias or “on”
condition for the diode. A number of commercially available semiconductor diodes appear
in Fig. 1.39.

Anode

L = R —
n X ‘ _ore, K, etc.

Cathode

FIG. 1.38
Semiconductor diode notation.
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General purpose diode Surface mount high-power PIN diode Power (stud) diode Power (planar) diode

Beam lead pin diode Flat chip surface mount diode Power diode Power (disc, puck) diode

FIG. 1.39
Various types of junction diodes.

1.14 DIODE TESTING

The condition of a semiconductor diode can be determined quickly using (1) a digital dis-
play meter (DDM) with a diode checking function, (2) the ohmmeter section of a multime-
ter, or (3) a curve tracer.

Diode Checking Function

A digital display meter with a diode checking capability appears in Fig. 1.40. Note the
small diode symbol at the top right of the rotating dial. When set in this position and
hooked up as shown in Fig. 1.41a, the diode should be in the “on” state and the display will
provide an indication of the forward-bias voltage such as 0.67 V (for Si). The meter has an
internal constant-current source (about 2 mA) that will define the voltage level as indicated
in Fig. 1.41b. An OL indication with the hookup of Fig. 1.41a reveals an open (defective)
diode. If the leads are reversed, an OL indication should result due to the expected open-
circuit equivalence for the diode. In general, therefore, an OL indication in both directions
is an indication of an open or defective diode.

Ip(mA)

B&K Precision Corporation.)

FIG. 1.40 Red lead Black lead
Digital display meter. (Courtesy of (VQ) (COM)

0 067V Vo

(@) (b)

FIG. 1.41
Checking a diode in the forward-bias state.

Ohmmeter Testing

In Section 1.8 we found that the forward-bias resistance of a semiconductor diode is quite

36 low compared to the reverse-bias level. Therefore, if we measure the resistance of a diode



using the connections indicated in Fig. 1.42, we can expect a relatively low level. The result-
ing ohmmeter indication will be a function of the current established through the diode by the
internal battery (often 1.5 V) of the ohmmeter circuit. The higher the current, the lower is the
resistance level. For the reverse-bias situation the reading should be quite high, requiring a
high resistance scale on the meter, as indicated in Fig. 1.42b. A high resistance reading in
both directions indicates an open (defective-device) condition, whereas a very low resis-
tance reading in both directions will probably indicate a shorted device.

Curve Tracer

The curve tracer of Fig. 1.43 can display the characteristics of a host of devices, including
the semiconductor diode. By properly connecting the diode to the test panel at the bottom
center of the unit and adjusting the controls, one can obtain the display of Fig. 1.44. Note
that the vertical scaling is 1 mA/div, resulting in the levels indicated. For the horizontal axis
the scaling is 100 mV/div, resulting in the voltage levels indicated. For a 2-mA level as
defined for a DDM, the resulting voltage would be about 625 mV = 0.625 V. Although the
instrument initially appears quite complex, the instruction manual and a few moments of
exposure will reveal that the desired results can usually be obtained without an excessive
amount of effort and time. The display of the instrument will appear on more than one occa-
sion in the chapters to follow as we investigate the characteristics of the variety of devices.

FIG. 1.43
Curve tracer. (© Agilent Technologies, Inc. Reproduced with
Permission, Courtesy of Agilent Technologies, Inc.)

Vertical
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FIG. 1.44
Curve tracer response to IN4007 silicon diode.
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(Ohmmeter)
Relatively low R

Red lead Black lead
vVQ) 1 1 (COM)
—

(a)

Relatively high R
Black lead Red lead
(COM) 1 1 (VQ)
- N +

(b)

FIG. 1.42
Checking a diode with an
ohmmeter.
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1.15 ZENER DIODES

The Zener region of Fig. 1.45 was discussed in some detail in Section 1.6. The characteristic
drops in an almost vertical manner at a reverse-bias potential denoted V. The fact that
the curve drops down and away from the horizontal axis rather than up and away for the
positive-Vj, region reveals that the current in the Zener region has a direction opposite to
that of a forward-biased diode. The slight slope to the curve in the Zener region reveals that
there is a level of resistance to be associated with the Zener diode in the conduction mode.

This region of unique characteristics is employed in the design of Zener diodes, which
have the graphic symbol appearing in Fig. 1.46a. The semiconductor diode and the Zener
diode are presented side by side in Fig. 1.46 to ensure that the direction of conduction of
each is clearly understood together with the required polarity of the applied voltage. For
the semiconductor diode the “on” state will support a current in the direction of the arrow
in the symbol. For the Zener diode the direction of conduction is opposite to that of the
arrow in the symbol, as pointed out in the introduction to this section. Note also that the
polarity of Vj, and V are the same as would be obtained if each were a resistive element
as shown in Fig. 1.46c¢.

Ip
Vz
+ + +
r 0 v ‘ 1, ¢ID VR
Vz "D
"R QR
(a) (b) ()
FIG. 1.45 FIG. 1.46
Reviewing the Zener region. Conduction direction: (a) Zener diode;

(b) semiconductor diode;
(c) resistive element.

The location of the Zener region can be controlled by varying the doping levels. An in-
crease in doping that produces an increase in the number of added impurities, will decrease
the Zener potential. Zener diodes are available having Zener potentials of 1.8 V to 200 V
with power ratings from % W to 50 W. Because of its excellent temperature and current
capabilities, silicon is the preferred material in the manufacture of Zener diodes.

It would be nice to assume the Zener diode is ideal with a straight vertical line at the
Zener potential. However, there is a slight slope to the characteristics requiring the piece-
wise equivalent model appearing in Fig. 1.47 for that region. For most of the applications
appearing in this text the series resistive element can be ignored and the reduced equivalent
model of just a dc battery of V, volts employed. Since some applications of Zener diodes
swing between the Zener region and the forward-bias region, it is important to understand
the operation of the Zener diode in all regions. As shown in Fig. 1.47, the equivalent model
for a Zener diode in the reverse-bias region below V; is a very large resistor (as for the
standard diode). For most applications this resistance is so large it can be ignored and the
open-circuit equivalent employed. For the forward-bias region the piecewise equivalent is
the same as described in earlier sections.

The specification sheet for a 10-V, 500-mW, 20% Zener diode is provided as Table 1.8,
and a plot of the important parameters is given in Fig. 1.48. The term nominal used in the
specification of the Zener voltage simply indicates that it is a typical average value. Since this
is a 20% diode, the Zener potential of the unit one picks out of a lof (a term used to describe a
package of diodes) can be expected to vary as 10 V + 20%, or from 8 V to 12 V. Both 10%
and 50% diodes are also readily available. The test current /7 is the current defined by the
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FIG. 1.47
Zener diode characteristics with the equivalent model for each region.
TABLE 1.8

Electrical Characteristics (25°C Ambient Temperature)

Zener Maximum Maximum Maximum Maximum
Voltage Test Dynamic Knee Reverse Test Regulator Typical
Nominal Current Impedance Impedance Current Voltage Current Temperature

VZ IZT ZZT at IZT ZZK at IZK IR at VR VR IZM Coefficient
V) (mA) () ()  (mA) (nA) V) (mA) (%/°C)
10 12.5 8.5 700 0.25 10 7.2 32 +0.072
Temperature coefficient (7'¢) Dynamic impedance (r)
versus Zener current versus Zener current
+0.12 1kQ
~ Il N
o Il g 500 N
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FIG. 1.48
Electrical characteristics for a 10-V, 500-mW Zener diode.
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Yi-power level. It is the current that will define the dynamic resistance Zz7 and appears in
the general equation for the power rating of the device. That is,

PZmax = 4IZTVZ (1‘13)

Substituting /7 into the equation with the nominal Zener voltage results in
Py, = 4l;7V; = 4(125mA)(10 V) = 500 mW

which matches the 500-mW label appearing above. For this device the dynamic resistance
is 8.5 ), which is usually small enough to be ignored in most applications. The maximum
knee impedance is defined at the center of the knee at a current of Iy = 0.25 mA. Note
that in all the above the letter 7 is used in subscripts to indicate test values and the letter K
to indicate knee values. For any level of current below 0.25 mA the resistance will only get
larger in the reverse-bias region. The knee value therefore reveals when the diode will start
to show very high series resistance elements that one may not be able to ignore in an appli-
cation. Certainly 500 Q) = 0.5 k{) may be a level that can come into play. At a reverse-bias
voltage the application of a test voltage of 7.2 V results in a reverse saturation current of
10 nA, alevel that could be of some concern in some applications. The maximum regulator
current is the maximum continuous current one would want to support in the use of the
Zener diode in a regulator configuration. Finally, we have the temperature coefficient
(T¢) in percent per degree centigrade.

The Zener potential of a Zener diode is very sensitive to the temperature of operation.

The temperature coefficient can be used to find the change in Zener potential due to a
change in temperature using the following equation:

AV,

T, - T, X 100%/°C | (%/°C) (1.14)

Tc

where T is the new temperature level
T, is room temperature in an enclosed cabinet (25°C)
T¢ is the temperature coefficient
and V7, is the nominal Zener potential at 25°C.
To demonstrate the effect of the temperature coefficient on the Zener potential, consider
the following example.

EXAMPLE 1.5 Analyze the 10-V Zener diode described by Table 1.7 if the temperature is
increased to 100°C (the boiling point of water).

Solution: Substituting into Eq. (1.14), we obtain

TV,
AV, = Ty — T
2= Joog Tt T 0
(0.072%/°C)(10V) 0
= (100°C — 25°C)
100%
and AV; =054V

The resulting Zener potential is now
vV, =V, + 054V = 1054V

which is not an insignificant change.

Itis important to realize that in this case the temperature coefficient was positive. For Zener
diodes with Zener potentials less than 5 V it is very common to see negative temperature
coefficients, where the Zener voltage drops with an increase in temperature. Figure 1.48a
provides a plot of T versus Zener current for three different levels of diodes. Note that the
3.6-V diode has a negative temperature coefficient, whereas the others have positive values.

The change in dynamic resistance with current for the Zener diode in its avalanche re-
gion is provided in Fig. 1.48b. Again, we have a log—log plot, which has to be carefully read.



Initially it would appear that there is an inverse linear relationship between the dynamic
resistance because of the straight line. That would imply that if one doubles the current, one
cuts the resistance in half. However, it is only the log—log plot that gives this impression,
because if we plot the dynamic resistance for the 24-V Zener diode versus current using
linear scales we obtain the plot of Fig. 1.49, which is almost exponential in appearance.
Note on both plots that the dynamic resistance at very low currents that enter the knee of
the curve is fairly high at about 200 (). However, at higher Zener currents, away from the
knee, at, say 10 mA, the dynamic resistance drops to about 5 ().

— Anode — |

B L J_I

— Cathode — ]

FIG. 1.49
Zener terminal identification and symbols.

The terminal identification and the casing for a variety of Zener diodes appear in Fig.
1.49. Their appearance is similar in many ways to that of the standard diode. Some areas of
application for the Zener diode will be examined in Chapter 2.

1.16 LIGHT-EMITTING DIODES

The increasing use of digital displays in calculators, watches, and all forms of instrumenta-
tion has contributed to an extensive interest in structures that emit light when properly
biased. The two types in common use to perform this function are the light-emitting diode
(LED) and the liquid-crystal display (LCD). Since the LED falls within the family of p—n
junction devices and will appear in some of the networks of the next few chapters, it will
be introduced in this chapter. The LCD display is described in Chapter 16.

As the name implies, the light-emitting diode is a diode that gives off visible or invis-
ible (infrared) light when energized. In any forward-biased p—n junction there is, within the
structure and primarily close to the junction, a recombination of holes and electrons. This
recombination requires that the energy possessed by the unbound free electrons be trans-
ferred to another state. In all semiconductor p—n junctions some of this energy is given off
in the form of heat and some in the form of photons.

In Si and Ge diodes the greater percentage of the energy converted during recombina-
tion at the junction is dissipated in the form of heat within the structure, and the emitted
light is insignificant.

For this reason, silicon and germanium are not used in the construction of LED devices.
On the other hand:

Diodes constructed of GaAs emit light in the infrared (invisible) zone during the
recombination process at the p—n junction.

Even though the light is not visible, infrared LEDs have numerous applications where
visible light is not a desirable effect. These include security systems, industrial processing,
optical coupling, safety controls such as on garage door openers, and in home entertainment
centers, where the infrared light of the remote control is the controlling element.

Through other combinations of elements a coherent visible light can be generated. Table 1.9
provides a list of common compound semiconductors and the light they generate. In addi-
tion, the typical range of forward bias potentials for each is listed.

The basic construction of an LED appears in Fig. 1.50 with the standard symbol used
for the device. The external metallic conducting surface connected to the p-type material is
smaller to permit the emergence of the maximum number of photons of light energy when
the device is forward-biased. Note in the figure that the recombination of the injected carri-
ers due to the forward-biased junction results in emitted light at the site of the recombination.

LIGHT-EMITTING DIODES
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SEMICONDUCTOR TABLE 1.9

DIODES Light-Emitting Diodes
Typical Forward
Color Construction Voltage (V)
Amber AllnGaP 2.1
Blue GaN 5.0
Green GaP 2.2
Orange GaAsP 2.0
Red GaAsP 1.8
White GaN 4.1
Yellow AllnGaP 2.1

There will, of course, be some absorption of the packages of photon energy in the structure
itself, but a very large percentage can leave, as shown in the figure.

’/&Emitted visible
L =
/_

L/C =4

) o——‘ —* L
C

Metal/ ,\g\j \Metal

contact contact

@

FIG. 1.50
(a) Process of electroluminescence in the LED; (b) graphic symbol.

Just as different sounds have different frequency spectra (high-pitched sounds generally
have high-frequency components, and low sounds have a variety of low-frequency compo-
nents), the same is true for different light emissions.

The frequency spectrum for infrared light extends from about 100 THz (T = tera =
10") to 400 THz, with the visible light spectrum extending from about 400 to 750 THz.

It is interesting to note that invisible light has a lower frequency spectrum than visible
light.

In general, when one talks about the response of electroluminescent devices, one refer-
ences their wavelength rather than their frequency.

The two quantities are related by the following equation:

A= (m) (1.15)

<
f

where ¢ = 3 X 10% m/s (the speed of light in a vacuum)
f = frequency in Hertz
A = wavelength in meters.



EXAMPLE 1.6 Using Eq. (1.15), find the range of wavelength for the frequency range of
visible light (400 THz-750 THz).

Solution:
10°

c=3x 1081?[1;[“] — 3 % 10" nm/s

L C 3% 107 nm/s 3 X 107 nm/s 250
f 400 THz 400 x 10" Hz

L€ 3% 107 nm/s 3 X 107 nm/s 200
f 750 THz 750 X 10" Hz

400 nm to 750 nm

Note in the above example the resulting inversion from higher frequency to smaller wave-
length. That is, the higher frequency results in the smaller wavelength. Also, most charts
use either nanometers (nm) or angstrom (A) units. One angstrom unit is equal to 10~ 10,

The response of the average human eye as provided in Fig. 1.51 extends from about
350 nm to 800 nm with a peak near 550 nm.

It is interesting to note that the peak response of the eye is to the color green, with red and
blue at the lower ends of the bell curve. The curve reveals that a red or a blue LED must
have a much stronger efficiency than a green one to be visible at the same intensity. In other
words, the eye is more sensitive to the color green than to other colors. Keep in mind that
the wavelengths shown are for the peak response of each color. All the colors indicated on
the plot will have a bell-shaped curve response, so green, for example, is still visible at 600
nm, but at a lower intensity level.

Luminosity (Lm/w)
700 —
Green

600 —

500 —

400 —

—«— ULTRAVIOLET INFRARED —»

300 Yellow

Amber

200 —

100 |-

| J
0 100 400 500 600 700 800 900 N (nm)

FIG. 1.51
Standard response curve of the human eye, showing the eye’s response to light energy
peaks at green and falls off for blue and red.

In Section 1.4 it was mentioned briefly that GaAs with its higher energy gap of 1.43 eV
made it suitable for electromagnetic radiation of visible light, whereas Si at 1.1 eV resulted pri-
marily in heat dissipation on recombination. The effect of this difference in energy gaps can be

LIGHT-EMITTING DIODES
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explained to some degree by realizing that to move an electron from one discrete energy level
to another requires a specific amount of energy. The amount of energy involved is given by

hc
o = (1.16)
with  E, = joules (J) [1eV = 1.6 X 1077 J]

h = Planck’s constant = 6.626 X 10734 J-s.

c=3x10%m/s

A = wavelength in meters
If we substitute the energy gap level of 1.43 eV for GaAs into the equation, we obtain the
following wavelength:

1.6 X 10—‘91}
143eV]| ——————| =2288 X 10°9J
[ 1ev
he  (6.626 X 1073*J-$)(3 X 10 m/s)
and )\ = = —19
E, 2288 X 107197
= 869 nm
For silicon, with E, = 1.1eV
A = 1130 nm

which is well beyond the visible range of Fig. 1.51.

The wavelength of 869 nm places GaAs in the wavelength zone typically used in infrared
devices. For a compound material such as GaAsP with a band gap of 1.9 eV the resulting
wavelength is 654 nm, which is in the center of the red zone, making it an excellent com-
pound semiconductor for LED production. In general, therefore:

The wavelength and frequency of light of a specific color are directly related to the
energy band gap of the material.

A first step, therefore, in the production of a compound semiconductor that can be used
to generate light is to come up with a combination of elements that will generate the desired
energy band gap.

The appearance and characteristics of a subminiature high-efficiency red LED manufac-
tured by Hewlett-Packard are given in Fig. 1.52. Note in Fig. 1.52b that the peak forward
current is 60 mA, with 20 mA the typical average forward current. The text conditions
listed in Fig. 1.52¢c, however, are for a forward current of 10 mA. The level of V), under
forward-bias conditions is listed as Vi and extends from 2.2 V to 3 V. In other words, one
can expect a typical operating current of about 10 mA at 2.3 V for good light emission, as
shown in Fig. 1.52e. In particular, note the typical diode characteristics for an LED, permit-
ting similar analysis techniques to be described in the next chapter.

Two quantities yet undefined appear under the heading Electrical/Optical Characteristics
at Ty, = 25°C. They are the axial luminous intensity (Iy) and the luminous efficacy (ny). Light
intensity is measured in candelas. One candela (cd) corresponds to a light flux of 47 lumens
(Im) and is equivalent to an illumination of / footcandle on a 1-ft* area 1 ft from the light
source. Even if this description may not provide a clear understanding of the candela as a unit of
measure, it should be enough to allow its level to be compared between similar devices. Figure
1.52f is a normalized plot of the relative luminous intensity versus forward current. The term
normalized is used frequently on graphs to give comparisons of response to a particular level.

A normalized plot is one where the variable of interest is plotted with a specific level
defined as the reference value with a magnitude of one.

In Fig. 1.52f the normalized level is taken at I = 10 mA. Note that the relative lumi-
nous intensity is 1 at /[ = 10 mA. The graph quickly reveals that the intensity of the light
is almost doubled at a current of 15 mA and is almost three times as much at a current of
20 mA. It is important to therefore note that:

The light intensity of an LED will increase with forward current until a point of
saturation arrives where any further increase in current will not effectively increase
the level of illumination.



Absolute Maximum Ratings at T, = 25°C

High-Efficiency Red

Operating and storage temperature range

Lead soldering temperature
[1.6 mm (0.063 in.) from body]

—55°C to 100°C
230°C for3s

Parameter 4160 Units
Power dissipation 120 mW
Average forward current 201 mA
Peak forward current 60 mA

NOTE: 1. Derate from 50°C at 0.2 mV/°C.

(b)
(a)
Electrical/Optical Characteristics at 74 = 25°C
High-Efficiency Red
4160
Symbol Description Min. Typ. Max. Units Test Conditions
Ip =10 mA
Iy Axial luminous
intensity 1.0 3.0 med
261, Included angle
between half
luminous intensity
points 80 degree Note 1
Apeak Peak wavelength 635 nm Measurement
at peak
Ag Dominant wavelength 628 nm Note 2
T Speed of response 90 ns
C Capacitance 11 pF Ve =0;f=1Mhz
0,c Thermal resistance 120 °C/IW Junction to
cathode lead at
0.79 mm (0.031
in.) from body
Vi Forward voltage 2.2 3.0 \Y% Iz=10 mA
BV Reverse breakdown
voltage 5.0 \Y% Ig =100 nA
ny Luminous efficacy 147 Im/W Note 3
NOTES:
1. 6y, is the off-axis angle at which the luminous intensity is half the axial luminous intensity.
2. The dominant wavelength, Ay, is derived from the CIE chromaticity diagram and represents the single
wavelength that defines the color of the device.
3. Radiant intensity, /., in watts/steradian, may be found from the equation /, = I,/n,, where [, is the
luminous intensity in candelas and 7, is the luminous efficacy in lumens/watt.
(©

FIG. 1.52

Hewlett-Packard subminiature high-efficiency red solid-state lamp: (a) appearance; (b) absolute maximum ratings; (c) electrical/optical
characteristics; (d) relative intensity versus wavelength; (e) forward current versus forward voltage; (f) relative luminous intensity
versus forward current; (g) relative efficiency versus peak current; (h) relative luminous intensity versus angular displacement.

For instance, note in Fig. 1.52g that the increase in relative efficiency starts to level off
as the current exceeds 50 mA.

The term efficacy is, by definition, a measure of the ability of a device to produce the
desired effect. For the LED this is the ratio of the number of lumens generated per applied
watt of electrical power.

The plot of Fig. 1.52d supports the information appearing on the eye-response curve of
Fig. 1.51. As indicated above, note the bell-shaped curve for the range of wavelengths that
will result in each color. The peak value of this device is near 630 nm, very close to the
peak value of the GaAsP red LED. The curves of green and yellow are only provided for
reference purposes.

45



Relative luminous intensity

Relative intensity

(normalized at 10 mA)

46

T, =25C 20
- GaAsP Red [ ]
Green Yellow \ - P T,=25C
. - g
High efficiency 1
\// Red = >
05 g
3
5 10
3
z
ks /
0 ~ e — L /
500 550 600 650 700 750 o~
Wavelength-nm 0
0 05 10 15 20 25 3.0
(d)
Vr — Forward voltage — V
(e
I 1.6
3.0 T,=25C 1.5 Y . 0
/ g 14 - 20
B < Pl 30°
g 13 7 40°
20 32 12 / WA
y =R / 50°
s < 1.1 0.6
o= .
Z8 10 60°
== M
1.0 Eg 0.9 / 70° 0.4 N
g 08 o g
07 80° : N
0 0.6 90°
0 5 0 15 20 0 10 20 30 40 50 60 b 200 40° 60° 80° 100°
I — Forward current — mA Ipeqk— Peak current —mA
® () (h)
FIG. 1.52
Continued.

Figure 1.52h is a graph of light intensity versus angle measured from 0° (head on)
to 90° (side view). Note that at 40° the intensity has already dropped to 50% of the
head-on intensity.

One of the major concerns when using an LED is the reverse-bias breakdown voltage,
which is typically between 3 V and 5V (an occasional device has a 10-V level).

This range of values is significantly less than that of a standard commercial diode,
where it can extend to thousands of volts. As a result one has to be acutely aware of this
severe limitation in the design process. In the next chapter one protective approach will be
introduced.

In the analysis and design of networks with LEDs it is helpful to have some idea of the
voltage and current levels to be expected.

For many years the only colors available were green, yellow, orange, and red, permitting
the use of the average values of Vi = 2 V and I, = 20 mA for obtaining an approximate
operating level.

However, with the introduction of blue in the early 1990s and white in the late 1990s the
magnitude of these two parameters has changed. For blue the average forward bias voltage
can be as high as 5 V, and for white about 4.1 V, although both have a typical operating
current of 20 mA or more. In general, therefore:

Assume an average forward-bias voltage of 5 V for blue and 4 V for white LEDs at
currents of 20 mA to initiate an analysis of networks with these types of LEDs.

Every once in a while a device is introduced that seems to open the door to a slue of
possibilities. Such is the case with the introduction of white LEDs. The slow start for white
LEDs is primarily due to the fact that it is not a primary color like green, blue, and red.
Every other color that one requires, such as on a TV screen, can be generated from these
three colors (as in virtually all monitors available today). Yes, the right combination of
these three colors can give white—hard to believe, but it works. The best evidence is the



human eye, which only has cones sensitive to red, green, and blue. The brain is responsible
for processing the input and perceiving the “white” light and color we see in our everyday
lives. The same reasoning was used to generate some of the first white LEDs, by combining
the right proportions of a red, a green, and a blue LED in a single package. Today, however,
most white LEDs are constructed of a blue gallium nitride LED below a film of yttrium-
aluminum garnet (Y AG) phosphor. When the blue light hits the phosphor, a yellow light is
generated. The mix of this yellow emission with that of the central blue LED forms a white
light—incredible, but true.

Since most of the lighting for homes and offices is white light, we now have another
option to consider versus incandescent and fluorescent lighting. The rugged characteristics
of LED white light along with lifetimes that exceed 25,000 hours, clearly suggest that
this will be a true competitor in the near future. Various companies are now providing
replacement LED bulbs for almost every possible application. Some have efficacy ratings
as high as 135.7 lumens per watt, far exceeding the 25 lumens per watt of a few years
ago. It is forecast that 7 W of power will soon be able to generate 1,000 Im of light, which
exceeds the illumination of a 60 W bulb and can run off four D cell batteries. Imagine
the same lighting with less than 1/8 the power requirement. At the present time entire of-
fices, malls, street lighting, sporting facilities, and so on are being designed using solely
LED lighting. Recently, LEDs are the common choice for flashlights and many high-end
automobiles due to the sharp intensity at lower dc power requirements. The tube light of
Fig. 1.53a replaces the standard fluorescent bulb typically found in the ceiling fixtures of
both the home and industry. Not only do they draw 20% less energy while providing 25%
additional light but they also last twice as long as a standard fluorescent bulb. The flood
light of Fig. 1.53b draws 1.7 watts for each 140 lumens of light resulting in an enormous
90% savings in energy compared to the incandescent variety. The chandelier bulbs of Fig.
1.53c have a lifetime of 50,000 hours and only draw 3 watts of power while generating
200 lumens of light.

-—

(@) (b) ©)

FIG. 1.53
LED residential and commercial lighting.

Before leaving the subject, let us look at a seven-segment digital display housed in a
typical dual in-line integrated circuit package as shown in Fig. 1.54. By energizing the
proper pins with a typical 5-V dc level, a number of the LEDs can be energized and the
desired numeral displayed. In Fig. 1.54a the pins are defined by looking at the face of
the display and counting counterclockwise from the top left pin. Most seven-segment
displays are either common-anode or common-cathode displays, with the term anode
referring to the defined positive side of each diode and the cathode referring to the nega-
tive side. For the common-cathode option the pins have the functions listed in Fig. 1.54b
and appear as in Fig. 1.54c. In the common-cathode configuration all the cathodes are
connected together to form a common point for the negative side of each LED. Any LED
with a positive 5 V applied to the anode or numerically numbered pin side will turn on
and produce light for that segment. In Fig. 1.54c, 5 V has been applied to the terminals
that generate the numeral 5. For this particular unit the average forward turn-on voltage
is 2.1 V at a current of 10 mA.

Various LED configurations are examined in the next chapter.

LIGHT-EMITTING DIODES
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FIG. 1.54

Seven-segment display: (a) face with pin idenfication; (b) pin function; (c) displaying the numeral 5.

1.17 SUMMARY

Important Conclusions and Concepts

1.

2.

10.

11.
12.

The characteristics of an ideal diode are a close match with those of a simple switch
except for the important fact that an ideal diode can conduct in only one direction.
The ideal diode is a short in the region of conduction and an open circuit in the
region of nonconduction.

. A semiconductor is a material that has a conductivity level somewhere between that

of a good conductor and that of an insulator.

. A bonding of atoms, strengthened by the sharing of electrons between neighboring

atoms, is called covalent bonding.

. Increasing temperatures can cause a significant increase in the number of free elec-

trons in a semiconductor material.
Most semiconductor materials used in the electronics industry have negative tem-
perature coefficients; that is, the resistance drops with an increase in temperature.

. Intrinsic materials are those semiconductors that have a very low level of impurities,

whereas extrinsic materials are semiconductors that have been exposed to a doping
process.

An n-type material is formed by adding donor atoms that have five valence electrons
to establish a high level of relatively free electrons. In an n-type material, the electron
is the majority carrier and the hole is the minority carrier.

A p-type material is formed by adding acceptor atoms with three valence electrons to
establish a high level of holes in the material. In a p-type material, the hole is the
majority carrier and the electron is the minority carrier.

The region near the junction of a diode that has very few carriers is called the deple-
tion region.

In the absence of any externally applied bias, the diode current is zero.

In the forward-bias region the diode current increases exponentially with increase in
voltage across the diode.



13. In the reverse-bias region the diode current is the very small reverse saturation cur-
rent until Zener breakdown is reached and current will flow in the opposite direction
through the diode.

14. The reverse saturation current /; will just about double in magnitude for every 10-fold
increase in temperature.

15. The dc resistance of a diode is determined by the ratio of the diode voltage and cur-
rent at the point of interest and is not sensitive to the shape of the curve. The dc resis-
tance decreases with increase in diode current or voltage.

16. The ac resistance of a diode is sensitive to the shape of the curve in the region of inter-
est and decreases for higher levels of diode current or voltage.

17. The threshold voltage is about 0.7 V for silicon diodes and 0.3 V for germanium diodes.

18. The maximum power dissipation level of a diode is equal to the product of the diode
voltage and current.

19. The capacitance of a diode increases exponentially with increase in the forward-bias
voltage. Its lowest levels are in the reverse-bias region.

20. The direction of conduction for a Zener diode is opposite to that of the arrow in the
symbol, and the Zener voltage has a polarity opposite to that of a forward-biased diode.

21. Light emitting diodes (LEDs) emit light under forward-bias conditions but require 2
V to 4 V for good emission.

Equations

kT

Ip = I, — 1)  Vp= " Tx = Tc +273° k=138 X 10 2J/K

Vi = 0.7V (Si)

Vg = 1.2V (GaAs)

Vk = 03V (Ge)

V
R D — 7D
Ip
r = — =
4T AL Ip
AV,
T = —
“ AId pt. to pt.
Pp,.. = Vplp

1.18 COMPUTER ANALYSIS

Two software packages designed to analyze electronic circuits will be introduced and applied
throughout the text. They include Cadence OrCAD, version 16.3 (Fig. 1.55), and Multi-
sim, version 11.0.1 (Fig. 1.56). The content was written with sufficient detail to ensure that
the reader will not need to reference any other computer literature to apply both programs.

FIG. 1.55 FIG. 1.56
Cadence OrCAD Design package version 16.3. Multisim 11.0.1.
(Photo by Dan Trudden/Pearson.) (Photo by Dan Trudden/Pearson.)
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Those of you who have used either program in the past will find that the changes are minor
and appear primarily in the front end and in the generation of specific data and plots.

The reason for including two programs stems from the fact that both are used throughout
the educational community. You will find that the OrCAD software has a broader area of
investigation but the Multisim software generates displays that are a better match to the
actual laboratory experience.

The demo version of OrCAD is free from Cadence Design Systems, Inc., and can be
downloaded directly from the EMA Design Automation, Inc., web site, info@emaeda.com.
Multisim must be purchased from the National Instruments Corporation using their web
site, ni.com/multisim.

In previous editions, the OrCAD package was referred to as a PSpice program primarily
because it is a subset of a more sophisticated version used extensively in industry called
SPICE. The result is the use of the term PSpice in the descriptions to follow when initiating
an analysis using the OrCAD software.

The downloading process for each software package will now be introduced along with
the general appearance of the resulting screen.

OrCAD

Installation:

Insert the OrCAD Release 16.3 DVD into the disk drive to open the Cadence OrCAD
16.3 software screen.

Select Demo Installation and the Preparing Setup dialog box will open, followed by
the message Welcome to the Installation Wizard for OrCAD 16.3 Demo. Select
Next, and the License Agreement dialog box opens. Choose I accept and select
Next, and the Choose Destination dialog box will open with Install OrCAD 16.3
Demo Accept C:\OrCAD\OrCAD_16.3 Demo.

Select Next, and the Start Copying Files dialog box opens. Choose Select again, and
the Ready to Install Program dialog box opens. Click Install, and the Installing
Crystal Report Xii box will appear. The Setup dialog box opens with the prompt:
Setup status installs program. The Install Wizard is now installing the OrCAD
16.3 Demo.

At completion, a message will appear: Searching for and adding programs to the
Windows firewall exception list. Generating indexes for Cadence Help. This
may take some time.

When the process has completed, select Finish and the Cadence OrCAD 16.3 screen
will appear. The software has been installed.

Screen lcon:  The screen icon can be established (if it does not appear automatically) by
applying the following sequence. START-AIl Programs-Cadence-OrCAD 16.3 Demo-
OrCAD Capture CIS Demo, followed by a right-click of the mouse to obtain a listing
where Send to is chosen, followed by Desktop (create shortcut). The OrCAD icon will
then appear on the screen and can be moved to the appropriate location.

Folder Creation: Starting with the OrCAD opening screen, right-click on the Start
option at the bottom left of the screen. Then choose Explore followed by Hard Drive
(C:). Then place the mouse on the folder listing, and a right-click will result in a listing in
which New is an option. Choose New followed by Folder, and then type in OrCAD 11.3
in the provided area of the screen, followed by a right-click of the mouse. A location for all
the files generated using OrCAD has now been established.

Multisim

Installation:
Insert the Multisim disk into the DVD disk drive to obtain the Autoplay dialog box.

Then select Always do this for software and games, followed by the selection of
Auto-run to open the NI Circuit Design Suite 11.0 dialog box.



Enter the full name to be used and provide the serial number. (The serial number
appears in the Certificate of Ownership document that came with the NI Circuit
Design Suite packet.)

Selecting Next will result in the Destination Directory dialog box from which one will
Accept the following: C:\Program Files(X86) National Instruments\. Select Next
to open the Features dialog box and then select NI Circuit Design Suite 11.0.1
Education.

Selecting Next will result in the Product Notification dialog box with a succeeding
Next resulting in the License Agreement dialog box. A left-click of the mouse on I
accept can then be followed by choosing Next to obtain the Start Installation dialog
box. Another left-click and the installation process begins, with the progress being
displayed. The process takes between 15 and 20 minutes.

At the conclusion of the installation, you will be asked to install the NI Elvismx driver
DVD. This time Cancel will be selected, and the NI Circuit Design Suite 11.0.1
dialog box will appear with the following message: NI Circuit Design Suite 11.0.1
has been installed. Click Finish, and the response will be to restart the computer to
complete the operation. Select Restart, and the computer will shut down and start up
again, followed by the appearance of the Multisim Screen dialog box.

Select Activate and then Activate through secure Internet connection, and the Acti-
vation Wizard dialog box will open. Enter the serial number followed by Next to
enter all the information into the NI Activation Wizard dialog box. Selecting Next
will result in the option of Send me an email confirmation of this activation. Select
this option and the message Product successfully activated will appear. Selecting
Finish will complete the process.

Screen lconm:  The process described for the OrCAD program will produce the same
results for Multisim.

Folder Creation: Following the procedure introduced above for the OrCAD program, a
folder labeled OrCAD 16.3 was established for the Multisim files.

The computer section of the next chapter will cover the details of opening both the
OrCAD and Multisim analysis packages, setting up a specific circuit, and generating a
variety of results.

PROBLEMS o

*Note: Asterisks indicate more difficult problems.

1.3 Covalent Bonding and Intrinsic Materials
1. Sketch the atomic structure of copper and discuss why it is a good conductor and how its struc-
ture is different from that of germanium, silicon, and gallium arsenide.

2. In your own words, define an intrinsic material, a negative temperature coefficient, and cova-
lent bonding.

3. Consult your reference library and list three materials that have a negative temperature coeffi-
cient and three that have a positive temperature coefficient.

1.4 Energy Levels

4. a. How much energy in joules is required to move a charge of 12 wC through a difference in
potential of 6 V?
b. For part (a), find the energy in electron-volts.

5. 1f 48 eV of energy is required to move a charge through a potential difference of 3.2 V, deter-
mine the charge involved.

6. Consult your reference library and determine the level of £, for GaP, ZnS, and GaAsP, three semi-
conductor materials of practical value. In addition, determine the written name for each material.

1.5 n-Type and p-Type Materials

7. Describe the difference between n-type and p-type semiconductor materials.
8. Describe the difference between donor and acceptor impurities.

9. Describe the difference between majority and minority carriers.
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32.

10.

Sketch the atomic structure of silicon and insert an impurity of arsenic as demonstrated for
silicon in Fig. 1.7.

Repeat Problem 10, but insert an impurity of indium.

Consult your reference library and find another explanation of hole versus electron flow. Using
both descriptions, describe in your own words the process of hole conduction.

Semiconductor Diode

Describe in your own words the conditions established by forward- and reverse-bias conditions
on a p—n junction diode and how the resulting current is affected.

Describe how you will remember the forward- and reverse-bias states of the p—n junction
diode. That is, how will you remember which potential (positive or negative) is applied to
which terminal?

a. Determine the thermal voltage for a diode at a temperature of 20°C.
b. For the same diode of part (a), find the diode current using Eq. 1.2 if I, = 40 nA, n = 2 (low
value of V), and the applied bias voltage is 0.5 V.

Repeat Problem 15 for 7= 100°C (boiling point of water). Assume that /; has increased to 5.0 nA.

a. Using Eq. (1.2), determine the diode current at 20°C for a silicon diode with n = 2, [; =
0.1 nA at a reverse-bias potential of —10 V.
b. Is the result expected? Why?

Given a diode current of 8 mA and n = 1, find /; if the applied voltage is 0.5 V and the tem-
perature is room temperature (25°C).

Given a diode current of 6 mA, V=26 mV, n = 1, and I; = 1 nA, find the applied voltage V).

a. Plot the function y = ¢ for x from 0 to 10. Why is it difficult to plot?
b. What is the value of y = ¢*atx = 0?
c. Based on the results of part (b), why is the factor —1 important in Eq. (1.2)?

In the reverse-bias region the saturation current of a silicon diode is about 0.1 A (7T = 20°C).
Determine its approximate value if the temperature is increased 40°C.

Compare the characteristics of a silicon and a germanium diode and determine which you would
prefer to use for most practical applications. Give some details. Refer to a manufacturer’s listing
and compare the characteristics of a germanium and a silicon diode of similar maximum ratings.

Determine the forward voltage drop across the diode whose characteristics appear in Fig. 1.19 at
temperatures of —75°C, 25°C, 125°C and a current of 10 mA. For each temperature, determine the
level of saturation current. Compare the extremes of each and comment on the ratio of the two.

Ideal versus Practical

Describe in your own words the meaning of the word ideal as applied to a device or a system.

Describe in your own words the characteristics of the ideal diode and how they determine the
on and off states of the device. That is, describe why the short-circuit and open-circuit equiva-
lents are appropriate.

What is the one important difference between the characteristics of a simple switch and those
of an ideal diode?

Resistance Levels

Determine the static or dc resistance of the commercially available diode of Fig. 1.15 at a for-
ward current of 4 mA.

Repeat Problem 27 at a forward current of 15 mA and compare results.

Determine the static or dc resistance of the commercially available diode of Fig. 1.15 at a reverse
voltage of —10 V. How does it compare to the value determined at a reverse voltage of —30 V?

Calculate the dc and ac resistances for the diode of Fig. 1.15 at a forward current of 10 mA and
compare their magnitudes.

a. Determine the dynamic (ac) resistance of the commercially available diode of Fig. 1.15 ata
forward current of 10 mA using Eq. (1.5).

b. Determine the dynamic (ac) resistance of the diode of Fig. 1.15 at a forward current of 10 mA
using Eq. (1.6).

c. Compare solutions of parts (a) and (b).

Using Eq. (1.5), determine the ac resistance at a current of 1 mA and 15 mA for the diode of

Fig. 1.15. Compare the solutions and develop a general conclusion regarding the ac resistance

and increasing levels of diode current.
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Using Eq. (1.6), determine the ac resistance at a current of 1 mA and 15 mA for the diode of
Fig. 1.15. Modify the equation as necessary for low levels of diode current. Compare to the
solutions obtained in Problem 32.

Determine the average ac resistance for the diode of Fig. 1.15 for the region between 0.6 V
and 0.9 V.

Determine the ac resistance for the diode of Fig. 1.15 at 0.75 V and compare it to the average
ac resistance obtained in Problem 34.

Diode Equivalent Circuits

Find the piecewise-linear equivalent circuit for the diode of Fig. 1.15. Use a straight-line seg-
ment that intersects the horizontal axis at 0.7 V and best approximates the curve for the region
greater than 0.7 V.

Repeat Problem 36 for the diode of Fig. 1.27.

Find the piecewise-linear equivalent circuit for the germanium and gallium arsenide diodes of
Fig. 1.18.

Transition and Diffusion Capacitance

a. Referring to Fig. 1.33, determine the transition capacitance at reverse-bias potentials of
—25 V and —10 V. What is the ratio of the change in capacitance to the change in voltage?

b. Repeat part (a) for reverse-bias potentials of —10 V and —1 V. Determine the ratio of the
change in capacitance to the change in voltage.

¢. How do the ratios determined in parts (a) and (b) compare? What does this tell you about
which range may have more areas of practical application?

Referring to Fig. 1.33, determine the diffusion capacitance at 0 V and 0.25 V.
Describe in your own words how diffusion and transition capacitances differ.

Determine the reactance offered by a diode described by the characteristics of Fig. 1.33 at a
forward potential of 0.2 V and a reverse potential of —20 V if the applied frequency is 6 MHz.

The no-bias transition capacitance of a silicon diode is 8 pF with Vg = 0.7 V and n = 1/2.
What is the transition capacitance if the applied reverse bias potential is 5 V?

Find the applied reverse bias potential if the transition capacitance of a silicon diode is 4 pF but
the no-bias level is 10 pF with n = 1/3 and Vi = 0.7 V.

Reverse Recovery Time

Sketch the waveform for i of the network of Fig. 1.57 if #, = 2t and the total reverse recovery
time is 9 ns.

Vl
10 .
-m- i N j,
f=5ns v; 10kQ
4}
5+
FIG. 1.57
Problem 45.

1.12 Diode Specification Sheets

*46.

47.

48.

Plot I versus Vp using linear scales for the diode of Fig. 1.37. Note that the provided graph
employs a log scale for the vertical axis (log scales are covered in Sections 9.2 and 9.3).

a. Comment on the change in capacitance level with increase in reverse-bias potential for the
diode of Fig. 1.37.

b. What is the level of C(0)?

c. Using Vg = 0.7 V, find the level of n in Eq. 1.9.

Does the reverse saturation current of the diode of Fig. 1.37 change significantly in magnitude
for reverse-bias potentials in the range —25 V to —100 V?
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For the diode of Fig. 1.37 determine the level of /I at room temperature (25°C) and the boiling
point of water (100°C). Is the change significant? Does the level just about double for every
10°C increase in temperature?

For the diode of Fig. 1.37, determine the maximum ac (dynamic) resistance at a forward cur-
rent of 0.1, 1.5, and 20 mA. Compare levels and comment on whether the results support con-
clusions derived in earlier sections of this chapter.

Using the characteristics of Fig. 1.37, determine the maximum power dissipation levels for the
diode at room temperature (25°C) and 100°C. Assuming that Vy remains fixed at 0.7 V, how
has the maximum level of /- changed between the two temperature levels?

Using the characteristics of Fig. 1.37, determine the temperature at which the diode current
will be 50% of its value at room temperature (25°C).

Zener Diodes

The following characteristics are specified for a particular Zener diode: V, =29V, Vp = 16.8 V,
Iz;7 = 10 mA, Ix = 20 pA, and Iz, = 40 mA. Sketch the characteristic curve in the manner
displayed in Fig. 1.47.

At what temperature will the 10-V Zener diode of Fig. 1.47 have a nominal voltage of 10.75 V?
(Hint: Note the data in Table 1.7.)

Determine the temperature coefficient of a 5-V Zener diode (rated 25°C value) if the nominal
voltage drops to 4.8 V at a temperature of 100°C.

Using the curves of Fig. 1.48a, what level of temperature coefficient would you expect for a
20-V diode? Repeat for a 5-V diode. Assume a linear scale between nominal voltage levels and
a current level of 0.1 mA.

Determine the dynamic impedance for the 24-V diode at I; = 10 mA for Fig. 1.48b. Note that
itis a log scale.

Compare the levels of dynamic impedance for the 24-V diode of Fig. 1.48b at current levels of
0.2, 1, and 10 mA. How do the results relate to the shape of the characteristics in this region?

Light-Emitting Diodes

Referring to Fig. 1.52e, what would appear to be an appropriate value of Vi for this device?
How does it compare to the value of Vi for silicon and germanium?

Given that E, = 0.67 eV for germanium, find the wavelength of peak solar response for the
material. Do the photons at this wavelength have a lower or higher energy level?

Using the information provided in Fig. 1.52, determine the forward voltage across the diode if
the relative luminous intensity is 1.5.

a. What is the percentage increase in relative efficiency of the device of Fig. 1.52 if the peak
current is increased from 5 mA to 10 mA?

b. Repeat part (a) for 30 mA to 35 mA (the same increase in current).

c. Compare the percentage increase from parts (a) and (b). At what point on the curve would
you say there is little to be gained by further increasing the peak current?

a. If the luminous intensity at 0° angular displacement is 3.0 mcd for the device of Fig. 1.52,
at what angle will it be 0.75 mcd?
b. At what angle does the loss of luminous intensity drop below the 50% level?

Sketch the current derating curve for the average forward current of the high-efficiency red
LED of Fig. 1.52 as determined by temperature. (Note the absolute maximum ratings.)
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CHAPTER OBJECTIVES

o Understand the concept of load-line analysis and how it is applied to diode networks.

e Become familiar with the use of equivalent circuits to analyze series, parallel, and
series-parallel diode networks.

e Understand the process of rectification to establish a dc level from a sinusoidal ac
input.

e Be able to predict the output response of a clipper and clamper diode configuration.

e Become familiar with the analysis of and the range of applications for Zener diodes.

2.1 INTRODUCTION

The construction, characteristics, and models of semiconductor diodes were introduced in
Chapter 1. This chapter will develop a working knowledge of the diode in a variety of
configurations using models appropriate for the area of application. By chapter’s end, the
fundamental behavior pattern of diodes in dc and ac networks should be clearly under-
stood. The concepts learned in this chapter will have significant carryover in the chapters
to follow. For instance, diodes are frequently employed in the description of the basic con-
struction of transistors and in the analysis of transistor networks in the dc and ac domains.

This chapter demonstrates an interesting and very useful aspect of the study of a field
such as electronic devices and systems:

Once the basic behavior of a device is understood, its function and response in an
infinite variety of configurations can be examined.

In other words, now that we have a basic knowledge of the characteristics of a diode
along with its response to applied voltages and currents, we can use this knowledge to ex-
amine a wide variety of networks. There is no need to reexamine the response of the device
for each application.

In general:

The analysis of electronic circuits can follow one of two paths: using the actual
characteristics or applying an approximate model for the device.

For the diode the initial discussion will include the actual characteristics to clearly dem-
onstrate how the characteristics of a device and the network parameters interact. Once there
is confidence in the results obtained, the approximate piecewise model will be employed to
verify the results found using the complete characteristics. It is important that the role and
the response of various elements of an electronic system be understood without continually
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having to resort to lengthy mathematical procedures. This is usually accomplished through
the approximation process, which can develop into an art itself. Although the results ob-
tained using the actual characteristics may be slightly different from those obtained using a
series of approximations, keep in mind that the characteristics obtained from a specification
sheet may be slightly different from those of the device in actual use. In other words, for
example, the characteristics of a IN4001 semiconductor diode may vary from one element
to the next in the same lot. The variation may be slight, but it will often be sufficient to
justify the approximations employed in the analysis. Also consider the other elements of the
network: Is the resistor labeled 100 () exactly 100 ? Is the applied voltage exactly 10 V or
perhaps 10.08 V? All these tolerances contribute to the general belief that a response deter-
mined through an appropriate set of approximations can often be “as accurate” as one that
employs the full characteristics. In this book the emphasis is toward developing a working
knowledge of a device through the use of appropriate approximations, thereby avoiding an
unnecessary level of mathematical complexity. Sufficient detail will normally be provided,
however, to permit a detailed mathematical analysis if desired.

2.2 LOAD-LINE ANALYSIS

The circuit of Fig. 2.1 is the simplest of diode configurations. It will be used to describe the
analysis of a diode circuit using its actual characteristics. In the next section we will replace
the characteristics by an approximate model for the diode and compare solutions. Solving
the circuit of Fig. 2.1 is all about finding the current and voltage levels that will satisfy
both the characteristics of the diode and the chosen network parameters at the same time.

A Ip(mA)
Ip
e
* Vb -
+ | +
E= R§VR
0 Vp (V)

(a) (b)

FIG. 2.1
Series diode configuration: (a) circuit; (b) characteristics.

In Fig. 2.2 the diode characteristics are placed on the same set of axes as a straight line
defined by the parameters of the network. The straight line is called a load line because the
intersection on the vertical axis is defined by the applied load R. The analysis to follow is
therefore called load-line analysis. The intersection of the two curves will define the solu-
tion for the network and define the current and voltage levels for the network.

Before reviewing the details of drawing the load line on the characteristics, we need to
determine the expected response of the simple circuit of Fig. 2.1. Note in Fig. 2.1 that the
effect of the “pressure” established by the dc supply is to establish a conventional current
in the direction indicated by the clockwise arrow. The fact that the direction of this current
has the same direction as the arrow in the diode symbol reveals that the diode is in the
“on” state and will conduct a high level of current. The polarity of the applied voltage has
resulted in a forward-bias situation. With the current direction established, the polarities
for the voltage across the diode and resistor can be superimposed. The polarity of Vj, and
the direction of I clearly reveal that the diode is indeed in the forward-bias state, result-
ing in a voltage across the diode in the neighborhood of 0.7 V and a current on the order
of 10 mA or more.
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FIG. 2.2
Drawing the load line and finding the point of operation.

The intersections of the load line on the characteristics of Fig. 2.2 can be determined by
first applying Kirchhoff’s voltage law in the clockwise direction, which results in

+E_VD_VR:0

or E=Vp+ IpR (2.1)

The two variables of Eq. (2.1), Vp and I, are the same as the diode axis variables of
Fig. 2.2. This similarity permits plotting Eq. (2.1) on the same characteristics of Fig. 2.2.

The intersections of the load line on the characteristics can easily be determined if one
simply employs the fact that anywhere on the horizontal axis I, = 0 A and anywhere on
the vertical axis Vp =0 V.

If we set V, = 0 V in Eq. (2.1) and solve for I, we have the magnitude of I, on the
vertical axis. Therefore, with Vj, = 0 V, Eq. (2.1) becomes

E = VD + IDR
E
and Ip = 2.2)
Rly,=ov

as shown in Fig. 2.2. If we set Ip = 0 A in Eq. (2.1) and solve for Vp, we have the magni-
tude of Vp on the horizontal axis. Therefore, with I, = 0 A, Eq. (2.1) becomes

E = VD + IDR
= Vp + (0AR

and VD = E’ID=0A (2.3)

as shown in Fig. 2.2. A straight line drawn between the two points will define the load line
as depicted in Fig. 2.2. Change the level of R (the load) and the intersection on the vertical
axis will change. The result will be a change in the slope of the load line and a different
point of intersection between the load line and the device characteristics.

We now have a load line defined by the network and a characteristic curve defined by the
device. The point of intersection between the two is the point of operation for this circuit.
By simply drawing a line down to the horizontal axis, we can determine the diode voltage
Vg whereas a horizontal line from the point of intersection to the vertical axis will provide
the level of Ipp o The current Ip is actually the current through the entire series configuration
of Fig. 2.1a. The point of operation is usually called the quiescent point (abbreviated “Q-
point”) to reflect its “still, unmoving” qualities as defined by a dc network.

LOAD-LINE ANALYSIS
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The solution obtained at the intersection of the two curves is the same as would be ob-
tained by a simultaneous mathematical solution of

Ip = E_" [ derived from Eq. (2.1) ]
and Ip = I(e"P/"Vr — 1)

Since the curve for a diode has nonlinear characteristics, the mathematics involved would
require the use of nonlinear techniques that are beyond the needs and scope of this book.
The load-line analysis described above provides a solution with a minimum of effort and a
“pictorial” description of why the levels of solution for V, o and Ip, were obtained. The
next example demonstrates the techniques introduced above and reveals the relative ease
with which the load line can be drawn using Egs. (2.2) and (2.3).

EXAMPLE 2.1 For the series diode configuration of Fig. 2.3a, employing the diode char-
acteristics of Fig. 2.3b, determine:

a. Vp, andIDQ.
b. Vg.

A Ip (mA)

Im+
i1

)
<
=
AMN
=

W

s

=)
=~ +
AN 0
—

T
0 05 0.8 Vp (V)
(a) (b)

FIG. 2.3
(a) Circuit; (b) characteristics.

Solution:

Eq. (2.2) I E 10V 20 mA

a. Eq. (2.2): = - = =20m

q P Rly—ov  05kQ
Eq.(23):  Vp = E|jy—oa = 10V
The resulting load line appears in Fig. 2.4. The intersection between the load line and
the characteristic curve defines the Q-point as

Vp, = 0.78V

Ip, = 18.5mA

The level of Vp, is certainly an estimate, and the accuracy of I is limited by the chosen
scale. A higher degree of accuracy would require a plot that would be much larger and
perhaps unwieldy.

b. Vg =E—Vp =10V — 078V = 9.22V

As noted in the example above,

the load line is determined solely by the applied network, whereas the characteristics
are defined by the chosen device.

Changing the model we use for the diode will not disturb the network so the load line to
be drawn will be exactly the same as appearing in the example above.

Since the network of Example 2.1 is a dc network the Q-point of Fig.2.4 will remain
fixed with Vp, = 0.78 V and Ip, = 18.5 mA. In Chapter 1 a dc resistance was defined at
any point on the characteristics by Rpc = Vp/Ip.
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FIG. 2.4
Solution to Example 2.1.
Using the Q-point values, the dc resistance for Example 2.1 is
Vo, 078V
Rp=—2=—""""=42160Q
Ip, 18.5 mA
An equivalent network (for these operating conditions only) can then be drawn as shown
in Fig. 2.5.
+ VvV, -
Rp
NN
42.16 Q) I
o i
+ +
E—=10V Rgsoonvk
FIG. 2.5
Network quivalent to Fig. 2.4.
The current
E 10V 10V
Ip = = = = 18.5mA
DT Rp+ R 42160 +500Q  542.16 Q
RE 500 Q)(10V
and Vg - ¢ X ) =922V

T Rp+ R 42160 + 500 Q

matching the results of Example 2.1.

In essence, therefore, once a dc Q-point has been determined the diode can be replaced
by its dc resistance equivalent. This concept of replacing a characteristic by an equivalent
model is an important one and will be used when we consider ac inputs and equivalent models
for transistors in the chapters to follow. Let us now see what effect different equivalent
models for the diode will have on the response in Example 2.1

EXAMPLE 2.2 Repeat Example 2.1 using the approximate equivalent model for the sili-
con semiconductor diode.

Solution: The load line is redrawn as shown in Fig. 2.6 with the same intersections as
defined in Example 2.1. The characteristics of the approximate equivalent circuit for the
diode have also been sketched on the same graph. The resulting Q-point is

Vp, = 0.7V
Ip, = 18.5mA
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Ip (mA)

20¢ ;
- t
[DQE 18.5 mA 18"—S 2-poin

|
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VDQ =07V

FIG. 2.6
Solution to Example 2.1 using the diode approximate model.

The results obtained in Example 2.2 are quite interesting. The level of I, is exactly the
same as obtained in Example 2.1 using a characteristic curve that is a great deal easier to
draw than that appearing in Fig. 2.4. The Vj, = 0.7 V here and the 0.78 V from Example
2.1 are of a different magnitude to the hundredths place, but they are certainly in the same
neighborhood if we compare their magnitudes to the magnitudes of the other voltages of
the network.

For this situation the dc resistance of the Q-point is

Yoy 07V
Ip, 18.5 mA
which is still relatively close to that obtained for the full characteristics.

In the next example we go a step further and substitute the ideal model. The results will
reveal the conditions that must be satisfied to apply the ideal equivalent properly.

Rp =37.84 0

EXAMPLE 2.3 Repeat Example 2.1 using the ideal diode model.

Solution: As shown in Fig. 2.7, the load line is the same, but the ideal characteristics
now intersect the load line on the vertical axis. The Q-point is therefore defined by

VDQ =0V
Ip, = 20mA

10V, (V)

o
/
()
w
~
)
=)
<
[
o

VDQ:()V

FIG. 2.7
Solution to Example 2.1 using the ideal diode model.




The results are sufficiently different from the solutions of Example 2.1 to cause some con-
cern about their accuracy. Certainly, they do provide some indication of the level of voltage
and current to be expected relative to the other voltage levels of the network, but the addi-
tional effort of simply including the 0.7-V offset suggests that the approach of Example 2.2
is more appropriate.

Use of the ideal diode model therefore should be reserved for those occasions when
the role of a diode is more important than voltage levels that differ by tenths of a volt and
in those situations where the applied voltages are considerably larger than the threshold
voltage V. In the next few sections the approximate model will be employed exclusively
since the voltage levels obtained will be sensitive to variations that approach V. In later
sections the ideal model will be employed more frequently since the applied voltages will
frequently be quite a bit larger than Vi and the authors want to ensure that the role of the
diode is correctly and clearly understood.

In this case,

R—@— ov =0Q( hort-circuit equivalent)
D = IDQ = 20 mA = Or a short-Circuit equivalen
2.3  SERIES DIODE CONFIGURATIONS .

In the last section we found that the results obtained using the approximate piecewise-linear
equivalent model were quite close, if not equal, to the response obtained using the full
characteristics. In fact, if one considers all the variations possible due to tolerances, tem-
perature, and so on, one could certainly consider one solution to be “as accurate” as the
other. Since the use of the approximate model normally results in a reduced expenditure of
time and effort to obtain the desired results, it is the approach that will be employed in this
book unless otherwise specified. Recall the following:

The primary purpose of this text is to develop a general knowledge of the behavior,
capabilities, and possible areas of application of a device in a manner that will
minimize the need for extensive mathematical developments.

For all the analysis to follow in this chapter it is assumed that

The forward resistance of the diode is usually so small compared to the other series
elements of the network that it can be ignored.

This is a valid approximation for the vast majority of applications that employ diodes.
Using this fact will result in the approximate equivalents for a silicon diode and an ideal
diode that appear in Table 2.1. For the conduction region the only difference between
the silicon diode and the ideal diode is the vertical shift in the characteristics, which is
accounted for in the equivalent model by a dc supply of 0.7 V opposing the direction of
forward current through the device. For voltages less than 0.7 V for a silicon diode and 0 V
for the ideal diode the resistance is so high compared to other elements of the network that
its equivalent is the open circuit.

For a Ge diode the offset voltage is 0.3 V and for a GaAs diode it is 1.2 V. Otherwise
the equivalent networks are the same. For each diode the label Si, Ge, or GaAs will appear
along with the diode symbol. For networks with ideal diodes the diode symbol will appear
as shown in Table 2.1 without any labels.

The approximate models will now be used to investigate a number of series diode con-
figurations with dc inputs. This will establish a foundation in diode analysis that will carry
over into the sections and chapters to follow. The procedure described can, in fact, be ap-
plied to networks with any number of diodes in a variety of configurations.

For each configuration the state of each diode must first be determined. Which diodes are
“on” and which are “off”’? Once determined, the appropriate equivalent can be substituted
and the remaining parameters of the network determined.

In general, a diode is in the “on” state if the current established by the applied sources
is such that its direction matches that of the arrow in the diode symbol, and V), = 0.7V
for silicon, V) = 0.3V for germanium, and Vi, = 1.2V for gallium arsenide.

For each configuration, mentally replace the diodes with resistive elements and note the
resulting current direction as established by the applied voltages (“pressure”). If the resulting

SERIES DIODE
CONFIGURATIONS
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FIG. 2.8
Series diode configuration.

TABLE 2.1
Approximate and Ideal Semiconductor Diode Models.

Silicon:
Alp +0.7V— +07V—
—— == —o—||||—o—
ID Si ID
0[~07V v,
—>|— —_—> —o0 o—
—_— —
20 A I,=0A
Si
Ideal:
Alp +0V-— +Vp=0V-—

20A I,=0A

direction is a “match” with the arrow in the diode symbol, conduction through the diode will
occur and the device is in the “on” state. The description above is, of course, contingent on
the supply having a voltage greater than the “turn-on” voltage (Vi) of each diode.

If a diode is in the “on” state, one can either place a 0.7-V drop across the element or
redraw the network with the Vi equivalent circuit as defined in Table 2.1. In time the prefer-
ence will probably simply be to include the 0.7-V drop across each “on” diode and to draw a
diagonal line through each diode in the “off” or open state. Initially, however, the substitu-
tion method will be used to ensure that the proper voltage and current levels are determined.

The series circuit of Fig. 2.8 described in some detail in Section 2.2 will be used to
demonstrate the approach described in the above paragraphs. The state of the diode is first
determined by mentally replacing the diode with a resistive element as shown in Fig. 2.9a.
The resulting direction of / is a match with the arrow in the diode symbol, and since E > Vi,
the diode is in the “on” state. The network is then redrawn as shown in Fig. 2.9b with the
appropriate equivalent model for the forward-biased silicon diode. Note for future refer-
ence that the polarity of Vp, is the same as would result if in fact the diode were a resistive
element. The resulting voltage and current levels are the following:

VD = VK (2.4)
I + Vp—
——O0—"\,/\,/\—O0—
===,
1 Ip 0.7V
+__ /—V . . X
E—= R § Vi E= RQ Vq
= @ = ®)
FIG. 2.9

(a) Determining the state of the diode of Fig. 2.8; (b) substituting the
equivalent model for the “on” diode of Fig. 2.9a.
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v,
ID = IR = ?R (2.6)

In Fig. 2.10 the diode of Fig. 2.7 has been reversed. Mentally replacing the diode with
a resistive element as shown in Fig. 2.11 will reveal that the resulting current direction
does not match the arrow in the diode symbol. The diode is in the “off” state, resulting in
the equivalent circuit of Fig. 2.12. Due to the open circuit, the diode current is 0 A and the
voltage across the resistor R is the following:

I + Vp=E _
—O—’\/\/\ ° ° w
) Ig
Si Ji Ip=0A
+ + + r» + + | -
E= ROV, E= RS Ve E= R§ Vk
+ - <
FIG. 2.10 FIG. 2.11 FIG. 2.12
Reversing the diode of Fig. 2.8. Determining the state of the diode Substituting the equivalent model
of Fig. 2.10. for the “off” diode of Fig. 2.10.

The fact that Vi = 0 V will establish E volts across the open circuit as defined by Kirchhoff’s
voltage law. Always keep in mind that under any circumstances—dc, ac instantaneous
values, pulses, and so on—Kirchhoff’s voltage law must be satisfied!

EXAMPLE 2.4 For the series diode configuration of Fig. 2.13, determine V), Vg, and Ip,.

+ Vo =
——
. I
Ip Si R
+ +
E= 238V R§2.2kQ Vi
FIG. 2.13

Circuit for Example 2.4.

Solution: Since the applied voltage establishes a current in the clockwise direction to
match the arrow of the symbol and the diode is in the “on” state,

Vp =07V

Vi=E—Vp=8V —07V =13V
V73V

Ip=1Ip=-2=_"""_=332mA

R 22kQ
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+0.5V

In¢
+

siVW v,

+
RQ12KQ v,

FIG. 2.16
Series diode circuit for
Example 2.6.

EXAMPLE 2.5 Repeat Example 2.4 with the diode reversed.

Solution: Removing the diode, we find that the direction of I is opposite to the arrow in
the diode symbol and the diode equivalent is the open circuit no matter which model is
employed. The result is the network of Fig. 2.14, where I, = 0 A due to the open circuit.
Since Vg = IR, we have Vp = (0)R = 0 V. Applying Kirchhoff’s voltage law around
the closed loop yields

E — VD - VR =0
and Vp=E—-Vg=E—-0=E=8V

Ip=0A
3., 2 _}I—OA
+ Vp R=

+ +
E =38V Rgzzkg\@

FIG. 2.14
Determining the unknown quantities for
Example 2.5.

In particular, note in Example 2.5 the high voltage across the diode even though it is an
“off” state. The current is zero, but the voltage is significant. For review purposes, keep the
following in mind for the analysis to follow:

An open circuit can have any voltage across its terminals, but the current is always 0 A.
A short circuit has a 0-V drop across its terminals, but the current is limited only by the
surrounding network.

In the next example the notation of Fig. 2.15 will be employed for the applied voltage. It
is a common industry notation and one with which the reader should become very familiar.
Such notation and other defined voltage levels are treated further in Chapter 4.

E=+10VO —» +10V E=-5V0O —» -5V
+ -
E—10V E— 5V
FIG. 2.15

Source notation.

EXAMPLE 2.6 For the series diode configuration of Fig. 2.16, determine Vp, Vg, and Ip,.

Solution: Although the “pressure” establishes a current with the same direction as the
arrow symbol, the level of applied voltage is insufficient to turn the silicon diode “on.”
The point of operation on the characteristics is shown in Fig. 2.17, establishing the open-
circuit equivalent as the appropriate approximation, as shown in Fig. 2.18. The resulting
voltage and current levels are therefore the following:

ID =0A
VR = IgR = IpR = (0A)1.2kQ =0V
and Vp=E=05V



Ip
+05V
IVD =0mA
+
Vp=05V
+
RQ Vy=0V
of o7V Vp _
VD = 05 \'
FIG. 2.17 FIG. 2.18
Operating point with E = 0.5 V. Determining Ip, Vg, and Vp, for

the circuit of Fig. 2.16.

EXAMPLE 2.7 Determine V,, and I, for the series circuit of Fig. 2.19.

Solution: An attack similar to that applied in Example 2.4 will reveal that the resulting
current has the same direction as the arrowheads of the symbols of both diodes, and the
network of Fig. 2.20 results because £E = 12V > (0.7 V + 1.8 V [Table 1.8]) = 2.5 V.
Note the redrawn supply of 12 V and the polarity of V, across the 680-() resistor. The
resulting voltage is

V,=E— Vg, — Vg, =12V —25V =95V

Vg V, 95V
and Ip=Ig=—=—=—""7"-=1397mA
PR R TR 680Q
Si ” I 1 2
& + 00— F =
+12V v, | I—°—|I
—>  red (1 | | I
I + [P 07V 18V +
630 Q E =12V 680Q V,
FIG. 2.19 FIG. 2.20
Circuit for Example 2.7. Determining the unknown quantities for
Example 2.7.

EXAMPLE 2.8 Determine Ip, Vp,, and V,, for the circuit of Fig. 2.21.

Solufion: Removing the diodes and determining the direction of the resulting current /
result in the circuit of Fig. 2.22. There is a match in current direction for one silicon diode
but not for the other silicon diode. The combination of a short circuit in series with an open
circuit always results in an open circuit and I, = 0 A, as shown in Fig. 2.23.

SERIES DIODE 65
CONFIGURATIONS

I1=0
- - 5
\\//\\//\\/_,\\/I\\//\\

+| /1 + + i +
ET RQ56kQ v, 20V — 56kQ v,

FIG. 2.21 FIG. 2.22 FIG. 2.23

Circuit for Example 2.8. Determining the state of the diodes Substituting the equivalent state for
of Fig. 2.21. the open diode.
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Vp,=0
I=0A
+ - —
—_ 4+ —_
i Ip=0A  Vp, +
20V = 56 kQ V
FIG. 2.24

Determining the unknown quantities for the
circuit of Example 2.8.

The question remains as to what to substitute for the silicon diode. For the analysis to
follow in this and succeeding chapters, simply recall for the actual practical diode that when
Ip =0A, Vp =0V (and vice versa), as described for the no-bias situation in Chapter 1.
The conditions described by Ip = 0 A and Vp, = 0V are indicated in Fig. 2.24. We have

Vo =IgkR=IpR=0OAR=0V
and VD2 = Vopen cireit = E =20V
Applying Kirchhoff’s voltage law in a clockwise direction gives

E_VDI_VDZ_V():O

and VDZZE_VDI_VOZZOV_O_O
=20V
with V, =0V

T
EXAMPLE 2.9 Determine /, V|, V5, and V,, for the series dc configuration of Fig. 2.25.

E,=-5V

FIG. 2.25
Circuit for Example 2.9.

Solution: The sources are drawn and the current direction indicated as shown in Fig. 2.26.
The diode is in the “on” state and the notation appearing in Fig. 2.27 is included to indicate
this state. Note that the “on” state is noted simply by the additional V;, = 0.7 V on the
figure. This eliminates the need to redraw the network and avoids any confusion that may

L
i

Determining the state of the diode for the
network of Fig. 2.25.

—F + 07V -
w A —oV, °
kQ -
+
! R, S22ka 22kQ R, V, @ v,
E, =5V S5V— E o
+ 1 + l
FIG. 2.26

FIG. 2.27
Determining the unknown quantities for the network
of Fig. 2.25. KVL, Kirchhoff voltage loop.



result from the appearance of another source. As indicated in the introduction to this sec-
tion, this is probably the path and notation that one will take when a level of confidence
has been established in the analysis of diode configurations. In time the entire analysis will
be performed simply by referring to the original network. Recall that a reverse-biased
diode can simply be indicated by a line through the device.

The resulting current through the circuit is

Bt E-Vy 10V+5V-07V _ 143V
R + R, 47kQ +22kQ  69kQ
= 2.07mA

and the voltages are

Vi = IR; = 2.07mA)(4.7kQ) = 9.73V
V, = IR, = (207 mA)(2.2kQ) = 4.55V
Applying Kirchhoff’s voltage law to the output section in the clockwise direction results in
—-E,+V,—V,=0
and V,=V, —E, =455V =5V = —-045V
The minus sign indicates that V, has a polarity opposite to that appearing in Fig. 2.25.

2.4 PARALLEL AND SERIES-PARALLEL
CONFIGURATIONS

The methods applied in Section 2.3 can be extended to the analysis of parallel and series—
parallel configurations. For each area of application, simply match the sequential series of
steps applied to series diode configurations.

EXAMPLE 2.10  Determine V,, I, Ip,, and Ip, for the parallel diode configuration of Fig. 2.28.

Lt -
i, 033kQ > 033kQ
ANN : 3 o+ AN +
R Ip, Ip, R ‘101 ‘IDz
+ + +
E= 10V D, ¥si D, si v, E=10V 07V= =07VYV,
O — i o O =
FIG. 2.28 FIG. 2.29
Network for Example 2.10. Determining the unknown quantities for

the network of Example 2.10.

Solution: For the applied voltage the “pressure” of the source acts to establish a current
through each diode in the same direction as shown in Fig. 2.29. Since the resulting current
direction matches that of the arrow in each diode symbol and the applied voltage is greater
than 0.7 V, both diodes are in the “on” state. The voltage across parallel elements is always
the same and

V,=07V
The current is
E_E—VD_ 10V -07V

I = = 28.18 mA
TR R 0.33kQ "
Assuming diodes of similar characteristics, we have
_ 5 28.18mA

Ip, = Ip, =5 == = 1409mA

PARALLEL AND
SERIES—-PARALLEL
CONFIGURATIONS
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+8V

G
Red ) 7 reen

Y
N

FIG. 2.30
Network for Example 2.11.

+8V
*20 mA

|||—

FIG. 2.31
Operating conditions for the
network of Fig. 2.30.

This example demonstrates one reason for placing diodes in parallel. If the current rat-
ing of the diodes of Fig. 2.28 is only 20 mA, a current of 28.18 mA would damage the
device if it appeared alone in Fig. 2.28. By placing two in parallel, we limit the current to
a safe value of 14.09 mA with the same terminal voltage.

EXAMPLE 2.11 In this example there are two LEDs that can be used as a polarity detec-
tor. Apply a positive source voltage and a green light results. Negative supplies result in a
red light. Packages of such combinations are commercially available.

Find the resistor R to ensure a current of 20 mA through the “on” diode for the configu-
ration of Fig. 2.30. Both diodes have a reverse breakdown voltage of 3 V and an average
turn-on voltage of 2 V.

Solution: The application of a positive supply voltage results in a conventional current
that matches the arrow of the green diode and turns it on.

The polarity of the voltage across the green diode is such that it reverse biases the red
diode by the same amount. The result is the equivalent network of Fig. 2.31.

Applying Ohm’s law, we obtain
E—Vigp 8V -2V

R R
6V
R =
20 mA

Note that the reverse breakdown voltage across the red diode is 2 V, which is fine for an
LED with a reverse breakdown voltage of 3 V.

However, if the green diode were to be replaced by a blue diode, problems would
develop, as shown in Fig. 2.32. Recall that the forward bias required to turn on a blue diode
is about 5 V. The result would appear to require a smaller resistor R to establish the current
of 20 mA. However, note that the reverse bias voltage of the red LED is 5 V, but the
reverse breakdown voltage of the diode is only 3 V. The result is the voltage across the red
LED would lock in at 3 V as shown in Fig. 2.33. The voltage across R would be 5 V and
the current limited to 20 mA with a 250 () resistor but neither LED would be on.

=20mA =

and = 300 Q

+8V +8V

0|V, vy

|||—

FIG. 2.32
Network of Fig. 2.31
with a blue diode.

FIG. 2.33
Demonstrating damage to the red LED if the
reverse breakdown voltage is exceeded.

A simple solution to the above is to add the appropriate resistance level in series with
each diode to establish the desired 20 mA and to include another diode to add to the
reverse-bias total reverse breakdown voltage rating, as shown in Fig. 2.34. When the blue
LED is on, the diode in series with the blue LED will also be on, causing a total voltage
drop of 5.7 V across the two series diodes and a voltage of 2.3 V across the resistor Rj,
establishing a high emission current of 19.17 mA. At the same time the red LED diode and



8V

VR. =8Y=5TV ~ 1917 mA

R, 2120 Q R, & 120 Q (standard value)

+ +
Si Si 07V
N 57V
Blue T+
Red 3. e 5V
FIG. 2.34

Protective measure for the red LED of Fig. 2.33.

its series diode will also be reverse biased, but now the standard diode with a reverse
breakdown voltage of 20 V will prevent the full reverse-bias voltage of 8 V from appear-
ing across the red LED. When forward biased, the resistor R, will establish a current of
19.63 mA to ensure a high level of intensity for the red LED.

EXAMPLE 2.12 Determine the voltage V,, for the network of Fig. 2.35.

Solution: TInitially, it might appear that the applied voltage will turn both diodes “on”
because the applied voltage (“pressure”) is trying to establish a conventional current
through each diode that would suggest the “on” state. However, if both were on, there
would be more than one voltage across the parallel diodes, violating one of the basic rules
of network analysis: The voltage must be the same across parallel elements.

The resulting action can best be explained by remembering that there is a period of
build-up of the supply voltage from 0 V to 12 V even though it may take milliseconds or
microseconds. At the instant the increasing supply voltage reaches 0.7 V the silicon diode will
turn “on” and maintain the level of 0.7 V since the characteristic is vertical at this voltage—the
current of the silicon diode will simply rise to the defined level. The result is that the volt-
age across the green LED will never rise above 0.7 V and will remain in the equivalent
open-circuit state as shown in Fig. 2.36.

The result is

V, =12V =07V = 11.3V

12V
A green LED

07V=1y 07V

L_j T 22V

f S

0
32,2 kQ

FIG. 2.36
Determining V,, for the network of
Fig. 2.35.

PARALLEL AND
SERIES—-PARALLEL
CONFIGURATIONS

12V

Si X green

FIG. 2.35
Network for Example 2.12.
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Si
(1) E=10 Vo—Pp}——
1 D,

0
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Si
O Vc N ° V()
2 p,
R §1 kQ
FIG. 2.39

Positive logic OR gate.

EXAMPLE 2.13  Determine the currents /;, I, and Ip, for the network of Fig. 2.37.

+ +
EEz()VC\’Y%2 07V ng 33kQ
t: g

" MW—————————a
= 56kQ
-V, +
FIG. 2.37 FIG. 2.38
Network for Example 2.13. Determining the unknown quantities for

Example 2.13.

Solution: The applied voltage (pressure) is such as to turn both diodes on, as indicated
by the resulting current directions in the network of Fig. 2.38. Note the use of the abbrevi-
ated notation for “on” diodes and that the solution is obtained through an application of
techniques applied to dc series—parallel networks. We have

Vg, 07V
R 33kQ

Applying Kirchhoff’s voltage law around the indicated loop in the clockwise direction
yields

I = = 0.212mA

—V2+E_V[(1_VK2:0

and Vo =E— Vg, — Vg, =20V =07V =07V =186V
V, 18.6 V
ith L =—= = 3.32mA
W 27 R, 56KQ m
At the bottom node a,
ID2 + Il = 12
and Ip,=05L — I =332mA — 0212mA = 3.11 mA
2.5 AND/OR GATES o

The tools of analysis are now at our disposal, and the opportunity to investigate a computer
configuration is one that will demonstrate the range of applications of this relatively sim-
ple device. Our analysis will be limited to determining the voltage levels and will not
include a detailed discussion of Boolean algebra or positive and negative logic.

The network to be analyzed in Example 2.14 is an OR gate for positive logic. That is, the
10-V level of Fig. 2.39 is assigned a “1” for Boolean algebra and the 0-V input is assigned
a“0.” An OR gate is such that the output voltage level will be a 1 if either or both inputs is
a 1. The output is a 0 if both inputs are at the O level.

The analysis of AND/OR gates is made easier by using the approximate equivalent for
a diode rather than the ideal because we can stipulate that the voltage across the diode must
be 0.7 V positive for the silicon diode to switch to the “on” state.

In general, the best approach is simply to establish a “gut” feeling for the state of the
diodes by noting the direction and the “pressure” established by the applied potentials. The
analysis will then verify or negate your initial assumptions.

EXAMPLE 2.14 Determine V,, for the network of Fig. 2.39.

Solution: First note that there is only one applied potential; 10 V at terminal 1. Terminal 2
with a 0-V input is essentially at ground potential, as shown in the redrawn network of



Fig. 2.40. Figure 2.40 “suggests” that D is probably in the “on” state due to the applied 10 V,
whereas D, with its “positive” side at O V is probably “off.” Assuming these states will
result in the configuration of Fig. 2.41.

Vi
+ || -
+ > - 0.7V——
D,

V,=E—-Vrg=93V(allevel)
)

E=10V T |

Rgle 1,,R§1m

1 0V 1 L =
FIG. 2.40 FIG. 2.41
Redrawn network of Fig. 2.39. Assumed diode states for Fig. 2.40.

The next step is simply to check that there is no contradiction in our assumptions. That is,
note that the polarity across D is such as to turn it on and the polarity across D, is such as to
turn it off. For Dy the “on” state establishes V,atV, = E — Vp =10V — 0.7V = 9.3 V.
With 9.3 V at the cathode (—) side of D, and 0 V at the anode (+) side, D, is definitely in the
“off” state. The current direction and the resulting continuous path for conduction further
confirm our assumption that D; is conducting. Our assumptions seem confirmed by the
resulting voltages and current, and our initial analysis can be assumed to be correct. The out-
put voltage level is not 10 V as defined for an input of 1, but the 9.3 V is sufficiently large to
be considered a 1 level. The output is therefore at a 1 level with only one input, which suggests
that the gate is an OR gate. An analysis of the same network with two 10-V inputs will result
in both diodes being in the “on” state and an output of 9.3 V. A 0-V input at both inputs will
not provide the 0.7 V required to turn the diodes on, and the output will be a 0 due to the 0-V
output level. For the network of Fig. 2.41 the current level is determined by

_E-Vp 10V -07V
R 1kQ

EXAMPLE 2.15 Determine the output level for the positive logic AND gate of Fig. 2.42.
An AND gate is one where a 1 output is only obtained when a 1 input appears at each and
every input.

I = 93mA

Solution: Note in this case that an independent source appears in the grounded leg of the
network. For reasons soon to become obvious, it is chosen at the same level as the input
logic level. The network is redrawn in Fig. 2.43 with our initial assumptions regarding the
state of the diodes. With 10 V at the cathode side of D it is assumed that D is in the “off”
state even though there is a 10-V source connected to the anode of D; through the resistor.

e Y Y o SS—

VK
(1) - +
+ [IF————V,= =07V @olevel)

E, =10V 0.7V
- RQ1kQ

+
1 E=10V

FIG. 2.43
Substituting the assumed states for the diodes of Fig. 2.42.

AND/OR GATES 71

© i
E,=0V o—j————v,
2 D,
R21KkQ
+
E=10V
FIG. 2.42

Positive logic AND gate.
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However, recall that we mentioned in the introduction to this section that the use of the
approximate model will be an aid to the analysis. For D, where will the 0.7 V come from
if the input and source voltages are at the same level and creating opposing “pressures”?
D, is assumed to be in the “on” state due to the low voltage at the cathode side and the
availability of the 10-V source through the 1-k() resistor.

For the network of Fig. 2.43 the voltage at V,, is 0.7 V due to the forward-biased diode
D,. With 0.7 V at the anode of D; and 10 V at the cathode, D, is definitely in the “off”
state. The current / will have the direction indicated in Fig. 2.43 and a magnitude equal to

_E—Vg 10V —07V
R 1kQ

I = 9.3mA

The state of the diodes is therefore confirmed and our earlier analysis was correct. Al-
though not 0 V as earlier defined for the O level, the output voltage is sufficiently small to
be considered a 0 level. For the AND gate, therefore, a single input will result in a O-level
output. The remaining states of the diodes for the possibilities of two inputs and no inputs
will be examined in the problems at the end of the chapter.

2.6 SINUSOIDAL INPUTS; HALF-WAVE
RECTIFICATION Py

The diode analysis will now be expanded to include time-varying functions such as the
sinusoidal waveform and the square wave. There is no question that the degree of diffi-
culty will increase, but once a few fundamental maneuvers are understood, the analysis
will be fairly direct and follow a common thread.

The simplest of networks to examine with a time-varying signal appears in Fig. 2.44. For
the moment we will use the ideal model (note the absence of the Si, Ge, or GaAs label) to
ensure that the approach is not clouded by additional mathematical complexity.

1 + —

i

=
+ o
+ 0

|
—>» lcycle +e— - —

v; =V, sin ot

FIG. 2.44
Half-wave rectifier.

Over one full cycle, defined by the period T of Fig. 2.44, the average value (the algebraic
sum of the areas above and below the axis) is zero. The circuit of Fig. 2.44, called a half-wave
rectifier, will generate a waveform v,, that will have an average value of particular use in the
ac-to-dc conversion process. When employed in the rectification process, a diode is typically
referred to as a rectifier. Its power and current ratings are typically much higher than those
of diodes employed in other applications, such as computers and communication systems.

During the interval # = 0 — T/2 in Fig. 2.44 the polarity of the applied voltage v; is such
as to establish “pressure” in the direction indicated and turn on the diode with the polarity
appearing above the diode. Substituting the short-circuit equivalence for the ideal diode will
result in the equivalent circuit of Fig. 2.45, where it is fairly obvious that the output signal
is an exact replica of the applied signal. The two terminals defining the output voltage are
connected directly to the applied signal via the short-circuit equivalence of the diode.

For the period 7/2 — T, the polarity of the input v; is as shown in Fig. 2.46, and the
resulting polarity across the ideal diode produces an “off” state with an open-circuit equiva-
lent. The result is the absence of a path for charge to flow, and v, = iR = (0)R = 0V for
the period 7/2 — T. The input v; and the output v, are sketched together in Fig. 2.47 for
comparison purposes. The output signal v, now has a net positive area above the axis over



+
HEN S T g 3
Vi J R Vo ==V R Vo =Vi
t
FIG. 2.45
Conduction region (0 —T/2).
- +
o2 ° O o0—0
= . )
v; R Vo =3 Vi oz 0V
/)
+ — + %" T t
FIG. 2.46
Nonconduction region (T/2 — T).
Vi
Vin
/\ V=0V
TV v
[ [ [ [
[ [ [ [
[ [ [ [
[ [ [ [
[ [ [ [
[ [ [ [
Vo o [ [ [
\ \ \ \
\ \ \ \
| \ \ \
\ \ \ \
—=\ ---A---} V. =0318V,
0 t
T
FIG. 2.47
Half-wave rectified signal.
a full period and an average value determined by
Vdc = 0.318 Vm half-wave (2'7)

The process of removing one-half the input signal to establish a dc level is called half-
wave rectification.

The effect of using a silicon diode with Vi = 0.7 V is demonstrated in Fig. 2.48 for the
forward-bias region. The applied signal must now be at least 0.7 V before the diode can turn
“on.” For levels of v; less than 0.7 V, the diode is still in an open-circuit state and v, = 0 V,
as shown in the same figure. When conducting, the difference between v, and v; is a fixed

Vi Vo
Vm Vm VK
1 1 1
”””””” . :
0] I \\l‘ (N n T !
I 1\ '3 I 100
Offset due to Vi

FIG. 2.48
Effect of Vg on half-wave rectified signal.

SINUSOIDAL INPUTS;
HALF-WAVE
RECTIFICATION
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S
~
~

(3]

'\\/'T '\/'

20V-07V=193V

FIG. 2.51
Effect of Vg on output of
Fig. 2.50.

level of Vg = 0.7 Vand v, = v; — Vk, as shown in the figure. The net effect is a reduction
in area above the axis, which reduces the resulting dc voltage level. For situations where
Vi => Vg, the following equation can be applied to determine the average value with a

relatively high level of accuracy.

Vie = 0.318(V,, — Vg)

(2.8)

In fact, if V,, is sufficiently greater than Vg, Eq. (2.7) is often applied as a first approxi-

mation for V.

EXAMPLE 2.16

a. Sketch the output v, and determine the dc level of the output for the network of Fig. 2.49.

b. Repeat part (a) if the ideal diode is replaced by a silicon diode.

c. Repeat parts (a) and (b) if V,, is increased to 200 V, and compare solutions using Egs.

(2.7) and (2.8).

FIG. 2.49
Network for Example 2.16.

Solution:

a. In this situation the diode will conduct during the negative part of the input as shown in
Fig. 2.50, and v, will appear as shown in the same figure. For the full period, the dc level is

Vi = —0.318V,, = —0.31820 V) = —6.36 V

The negative sign indicates that the polarity of the output is opposite to the defined

polarity of Fig. 2.49.

| o
+o0

o |

FIG. 2.50
Resulting v,, for the circuit of Example 2.16.

b. For a silicon diode, the output has the appearance of Fig. 2.51, and
Vge = —0.318(V,, — 0.7V) = —0.318(19.3V) = —6.14V
The resulting drop in dc level is 0.22 V, or about 3.5%.
c. Eq. (2.7): Ve = —0.318V,, = —0.318(200 V) = —63.6 V
Eq. (2.8): Ve = —0.318(V,, — Vg) = —0.318(200V — 0.7 V)
= —(0.318)(199.3 V) = —63.38V

which is a difference that can certainly be ignored for most applications. For part (c) the
offset and drop in amplitude due to Vi would not be discernible on a typical oscillo-

scope if the full pattern is displayed.




PIV (PRV)

The peak inverse voltage (PIV) [or PRV (peak reverse voltage)] rating of the diode is of
primary importance in the design of rectification systems. Recall that it is the voltage rat-
ing that must not be exceeded in the reverse-bias region or the diode will enter the Zener
avalanche region. The required PIV rating for the half-wave rectifier can be determined
from Fig. 2.52, which displays the reverse-biased diode of Fig. 2.44 with maximum applied
voltage. Applying Kirchhoff’s voltage law, it is fairly obvious that the PIV rating of the
diode must equal or exceed the peak value of the applied voltage. Therefore,

PIV rating = Vm half-wave rectifier (2'9)
_  V(PIV) +
o—o
2 7 T 2
Vin D R V,=IR=(0)R=0V
+ +
o o
FIG. 2.52

Determining the required PIV rating for the
half-wave rectifier.

2.7 FULL-WAVE RECTIFICATION PY
Bridge Network

The dc level obtained from a sinusoidal input can be improved 100% using a process
called full-wave rectification. The most familiar network for performing such a function
appears in Fig. 2.53 with its four diodes in a bridge configuration. During the period r = 0
to T/2 the polarity of the input is as shown in Fig. 2.54. The resulting polarities across the
ideal diodes are also shown in Fig. 2.54 to reveal that D, and D5 are conducting, whereas
Dy and Dy are in the “off” state. The net result is the configuration of Fig. 2.55, with its
indicated current and polarity across R. Since the diodes are ideal, the load voltage is
v, = Vv;, as shown in the same figure.

FULL-WAVE
RECTIFICATION

FIG. 2.53

FIG. 2.54

Full-wave bridge rectifier. Network of Fig. 2.53 for the period
0—> T/2 of the input voltage v;.

FIG. 2.55
Conduction path for the positive region of v;.
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For the negative region of the input the conducting diodes are D and Dy, resulting in the
configuration of Fig. 2.56. The important result is that the polarity across the load resistor R
is the same as in Fig. 2.54, establishing a second positive pulse, as shown in Fig. 2.56. Over
one full cycle the input and output voltages will appear as shown in Fig. 2.57.

Vi

vO
~ 72N N
/4 / \
Il / \
0 0 T T t
2

FIG. 2.56
Conduction path for the negative region of v;.

—-A- v,

dc

=0.636V,,

FIG. 2.57
Input and output waveforms for a full-wave rectifier.

Since the area above the axis for one full cycle is now twice that obtained for a half-wave
system, the dc level has also been doubled and

Vie = 2[Eq. (2.7)] = 2(0.318V,)

or Vdc = 0.636 Vm

(2.10)

full-wave

If silicon rather than ideal diodes are employed as shown in Fig. 2.58, the application of
Kirchhoff’s voltage law around the conduction path results in

vi_vK_v()_VK:O
and

FIG. 2.58
Determining V, for silicon diodes in the bridge configuration.

The peak value of the output voltage v, is therefore
omax = Vm - 2VK

For situations where V,, => 2V, the following equation can be applied for the average
value with a relatively high level of accuracy:

Ve = 0.636(V,, — 2Vy) (2.11)

Then again, if V,, is sufficiently greater than 2V, then Eq. (2.10) is often applied as a first
approximation for Vje.



PIV  The required PIV of each diode (ideal) can be determined from Fig. 2.59 obtained at
the peak of the positive region of the input signal. For the indicated loop the maximum
voltage across R is V,,, and the PIV rating is defined by

PIV = V, 2.12)

full-wave bridge rectifier

Center-Tapped Transformer

A second popular full-wave rectifier appears in Fig. 2.60 with only two diodes but requir-
ing a center-tapped (CT) transformer to establish the input signal across each section of the
secondary of the transformer. During the positive portion of v; applied to the primary of the
transformer, the network will appear as shown in Fig. 2.61 with a positive pulse across
each section of the secondary coil. D assumes the short-circuit equivalent and D, the
open-circuit equivalent, as determined by the secondary voltages and the resulting current
directions. The output voltage appears as shown in Fig. 2.61.

1:2

" T b

Vi, Vi
+ R

| Vi ET AN\
0 ! - %
- < +

Vi

D,
FIG. 2.60

Center-tapped transformer full-wave rectifier.

VU
L
o] T '
2

+
[

FIG. 2.61
Network conditions for the positive region of v;.

During the negative portion of the input the network appears as shown in Fig. 2.62, revers-
ing the roles of the diodes but maintaining the same polarity for the voltage across the load re-
sistor R. The net effect is the same output as that appearing in Fig. 2.57 with the same dc levels.

(=]

FIG. 2.62
Network conditions for the negative region of v;.

FULL-WAVE
RECTIFICATION
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FIG. 2.59

Determining the required PIV for

the bridge configuration.
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FIG. 2.63
Determining the PIV level for
the diodes of the CT transformer
full-wave rectifier.

PIV  The network of Fig. 2.63 will help us determine the net PIV for each diode for this
full-wave rectifier. Inserting the maximum voltage for the secondary voltage and V,, as
established by the adjoining loop results in

PIV = Vsecondary + Vg

Vo + Vi

and PIV = 2Vm CT transformer, full-wave rectifier (2'13)

EXAMPLE 2.17 Determine the output waveform for the network of Fig. 2.64 and calcu-
late the output dc level and the required PIV of each diode.

FIG. 2.64
Bridge network for Example 2.17.

FIG. 2.65 FIG. 2.66
Network of Fig. 2.64 for the positive region of v;. Redrawn network of Fig. 2.65.

o
I
ﬂ
-

FIG. 2.67
Resulting output for Example 2.17.

Solution: The network appears as shown in Fig. 2.65 for the positive region of the input
voltage. Redrawing the network results in the configuration of Fig. 2.66, where v, = %vi or
Vo = %Vimax = %(10 V) = 5V, as shown in Fig. 2.66. For the negative part of the input,
the roles of the diodes are interchanged and v, appears as shown in Fig. 2.67.

The effect of removing two diodes from the bridge configuration is therefore to reduce

the available dc level to the following:
Vae = 0.636(5V) = 3.18V
or that available from a half-wave rectifier with the same input. However, the PIV as deter-

mined from Fig. 2.59 is equal to the maximum voltage across R, which is 5 V, or half of
that required for a half-wave rectifier with the same input.

2.8 CLIPPERS

The previous section on rectification gives clear evidence that diodes can be used to change
the appearance of an applied waveform. This section on clippers and the next on clampers
will expand on the wave-shaping abilities of diodes.

Clippers are networks that employ diodes to “clip” away a portion of an input signal
without distorting the remaining part of the applied waveform.



The half-wave rectifier of Section 2.6 is an example of the simplest form of diode clipper—
one resistor and a diode. Depending on the orientation of the diode, the positive or negative
region of the applied signal is “clipped” off.

There are two general categories of clippers: series and parallel. The series configura-
tion is defined as one where the diode is in series with the load, whereas the parallel variety
has the diode in a branch parallel to the load.

Series

The response of the series configuration of Fig. 2.68a to a variety of alternating waveforms
is provided in Fig. 2.68b. Although first introduced as a half-wave rectifier (for sinusoidal
waveforms), there are no boundaries on the type of signals that can be applied to a clipper.

() (b)

FIG. 2.68
Series clipper.

Vi
1]
Vi 0 | ' °
+ +l- +
Vv
0 T T ! Vi R v,
2
FIG. 2.69

Series clipper with a dc supply.

The addition of a dc supply to the network as shown in Fig. 2.69 can have a pronounced
effect on the analysis of the series clipper configuration. The response is not as obvious
because the dc supply can aid or work against the source voltage, and the dc supply can be
in the leg between the supply and output or in the branch parallel to the output.

There is no general procedure for analyzing networks such as the type in Fig. 2.69, but
there are some things one can do to give the analysis some direction.

First and most important:

1. Take careful note of where the output voltage is defined.

In Fig. 2.69 it is directly across the resistor R. In some cases it may be across a combi-
nation of series elements.

Next:

2. Try to develop an overall sense of the response by simply noting the “pressure”
established by each supply and the effect it will have on the conventional current
direction through the diode.

In Fig. 2.69, for instance, any positive voltage of the supply will try to turn the diode on
by establishing a conventional current through the diode that matches the arrow in the
diode symbol. However, the added dc supply V will oppose that applied voltage and try to
keep the diode in the “off” state. The result is that any supply voltage greater than V volts
will turn the diode on and conduction can be established through the load resistor. Keep in
mind that we are dealing with an ideal diode for the moment, so the turn-on voltage is
simply O V. In general, therefore, for the network of Fig. 2.69 we can conclude that the

CLIPPERS
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Vi
Vin
Yon
VI N of
0 T VE
2
FIG. 2.71

Using the transition voltage to
define the “on” and “off” regions.

|4
i_+|l|=_ o0—0
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=

FIG. 2.72
Determining v, for the diode
in the “on” state.

Vm -V

| |
0 T T t
2

v; = V (diodes change state)

FIG. 2.73
Sketching the waveform of v,, using
the results obtained for v, above
and below the transition level.

diode will be on for any voltage v; that is greater than V volts and off for any lesser voltage.
For the “off” condition, the output would be 0 V due to the lack of current, and for the “on”
condition it would simply be v, = v; — V as determined by Kirchhoff’s voltage law.

3. Determine the applied voltage (transition voltage) that will result in a change of
state for the diode from the “off’’ to the ‘“‘on’ state.

This step will help to define a region of the applied voltage when the diode is on and
when it is off. On the characteristics of an ideal diode this will occur when Vp = 0 V and
Ip = 0 mA. For the approximate equivalent this is determined by finding the applied volt-
age when the diode has a drop of 0.7 V across it (for silicon) and Ip, = 0 mA.

This exercise was applied to the network of Fig. 2.69 as shown in Fig. 2.70. Note the
substitution of the short-circuit equivalent for the diode and the fact that the voltage across
the resistor is 0 V because the diode current is O mA. The resultis v; — V = 0, and so

=V (2.14)

is the transition voltage.

v, =igR=i;R= (O)R=0V

N\
=

FIG. 2.70
Determining the transition level for the circuit of Fig. 2.69.

This permits drawing a line on the sinusoidal supply voltage as shown in Fig. 2.71 to
define the regions where the diode is on and off.

For the “on” region, as shown in Fig. 2.72, the diode is replaced by a short-circuit
equivalent, and the output voltage is defined by

v, =v;, — V (2.15)

For the “off” region, the diode is an open circuit, I, = 0 mA, and the output voltage is

v, =0V

4. It is often helpful to draw the output waveform directly below the applied voltage
using the same scales for the horizontal axis and the vertical axis.

Using this last piece of information, we can establish the 0-V level on the plot of Fig. 2.73
for the region indicated. For the “on” condition, Eq. (2.15) can be used to find the output
voltage when the applied voltage has its peak value:

Voeak — Vo —V
and this can be added to the plot of Fig. 2.73. It is then simple to fill in the missing section
of the output curve.

EXAMPLE 2.18 Determine the output waveform for the sinusoidal input of Fig. 2.74.

Solution:

Step 1: The output is again directly across the resistor R.

Step 2: The positive region of v; and the dc supply are both applying “pressure” to turn the
diode on. The result is that we can safely assume the diode is in the “on” state for the entire
range of positive voltages for v;. Once the supply goes negative, it would have to exceed
the dc supply voltage of 5 V before it could turn the diode off.



20V +
Vi
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FIG. 2.74

Series clipper for Example 2.18.

Step 3: The transition model is substituted in Fig. 2.75, and we find that the transition
from one state to the other will occur when

Vl+5V:OV

or v, =-5V

= 1,1+
+ ) +
SV id=0A
§R V,=vg=igR=i;R=(0)R=0V

o

FIG. 2.75
Determining the transition level for the clipper of Fig. 2.74.

Step 4: In Fig. 2.76 a horizontal line is drawn through the applied voltage at the transition
level. For voltages less than —5 V the diode is in the open-circuit state and the output is 0
V, as shown in the sketch of v,,. Using Fig. 2.76, we find that for conditions when the diode
is on and the diode current is established the output voltage will be the following, as deter-
mined using Kirchhoff’s voltage law:

v, =v; +5V

Yo

20 v;+5V=20V+5V=25V
5}//\1 v,=0V+5V=5V
-5Vl -1\ - JT_ 1t 0 r ot
2 \
Transition

voltage

N

v,=-5V+5V=0V

FIG. 2.76
Sketching v,, for Example 2.18.

The analysis of clipper networks with square-wave inputs is actually easier than with si-
nusoidal inputs because only two levels have to be considered. In other words, the network
can be analyzed as if it had two dc level inputs with the resulting v, plotted in the proper
time frame. The next example demonstrates the procedure.

EXAMPLE 2.19 Find the output voltage for the network examined in Example 2.18 if the
applied signal is the square wave of Fig. 2.77.

Solution: For v; = 20V (0 — T/2) the network of Fig. 2.78 results. The diode is in the
short-circuit state, and v, = 20V + 5V = 25 V. Forv; = —10V the network of Fig. 2.79
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FIG. 2.77
Applied signal for Example 2.19.
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results, placing the diode in the “off” state, and v, = ixR = (0)R = 0 V. The resulting
output voltage appears in Fig. 2.80.

R
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FIG. 2.78
voatv; = +20 V.

-V

|||——+|

FIG. 2.79
voatv, = —10V.

25V

0V
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FIG. 2.80
Sketching v, for Example 2.19.

Note in Example 2.19 that the clipper not only clipped off 5 V from the total swing, but
also raised the dc level of the signal by 5 V.

Parallel

The network of Fig. 2.81 is the simplest of parallel diode configurations with the output for
the same inputs of Fig. 2.68. The analysis of parallel configurations is very similar to that
applied to series configurations, as demonstrated in the next example.

O
+

0

o

—A MV
+ R
Vi %
o

Vo Vi

vI-
0 t
-Vi-—- -V
FIG. 2.81

Response to a parallel clipper.

EXAMPLE 2.20 Determine v, for the network of Fig. 2.82.

Solution:

Step 1: In this example the output is defined across the series combination of the 4-V sup-
ply and the diode, not across the resistor R.

16

[—

~16

_____ v

o AN N ©
+ +
; Vi + (7
y=4V
el T
FIG. 2.82

Example 2.20.



Step 2: The polarity of the dc supply and the direction of the diode strongly suggest that
the diode will be in the “on” state for a good portion of the negative region of the input
signal. In fact, it is interesting to note that since the output is directly across the series com-
bination, when the diode is in its short-circuit state the output voltage will be directly
across the 4-V dc supply, requiring that the output be fixed at 4 V. In other words, when
the diode is on the output will be 4 V. Other than that, when the diode is an open circuit,
the current through the series network will be 0 mA and the voltage drop across the resistor
will be O V. That will result in v, = v; whenever the diode is off.

Step 3: The transition level of the input voltage can be found from Fig. 2.83 by substitut-
ing the short-circuit equivalent and remembering the diode current is 0 mA at the instant of
transition. The result is a change in state when

v, = 4V
Step 4: In Fig. 2.84 the transition level is drawn along with v, = 4 V when the diode is
on. Forv; = 4V, v, = 4V, and the waveform is simply repeated on the output plot.

Vi
16 -
_______ 4 V transition level
ofy 7 T ‘
] 2
| I
i I
t i
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i !
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16V H-A
i/ \
4V I
0 T T t
2

FIG. 2.84
Sketching v, for Example 2.20.

To examine the effects of the knee voltage Vi of a silicon diode on the output response,
the next example will specify a silicon diode rather than the ideal diode equivalent.

EXAMPLE 2.21 Repeat Example 2.20 using a silicon diode with Vx = 0.7 V.

Solution: The transition voltage can first be determined by applying the condition iy = 0 A
atvg = Vp = 0.7 V and obtaining the network of Fig. 2.85. Applying Kirchhoff’s voltage
law around the output loop in the clockwise direction, we find that
v+ Vg =V =20

and vi=V—=Vg=4V —-07V =33V

For input voltages greater than 3.3 V, the diode will be an open circuit and v, = v;. For
input voltages less than 3.3 V, the diode will be in the “on” state and the network of Fig. 2.86
results, where

Vo =4V — 07V =33V

The resulting output waveform appears in Fig. 2.87. Note that the only effect of Vg was to
drop the transition level to 3.3 from 4 V.

There is no question that including the effects of Vi will complicate the analysis some-
what, but once the analysis is understood with the ideal diode, the procedure, including the
effects of Vg, will not be that difficult.
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FIG. 2.83
Determining the transition level
for Example 2.20.
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FIG. 2.85
Determining the transition level for
the network of Fig. 2.82.
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FIG. 2.86
Determining v,, for the diode of
Fig. 2.82 in the “on” state.
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FIG. 2.87
Sketching v, for Example 2.21.
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Simple Series Clippers (Ideal Diodes)
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FIG. 2.88
Clipping circuits.



Summary

A variety of series and parallel clippers with the resulting output for the sinusoidal input
are provided in Fig. 2.88. In particular, note the response of the last configuration, with its
ability to clip off a positive and a negative section as determined by the magnitude of the
dc supplies.

2.9 CLAMPERS

The previous section investigated a number of diode configurations that clipped off a por-
tion of the applied signal without changing the remaining part of the waveform. This sec-
tion will examine a variety of diode configurations that shift the applied signal to a
different level.

A clamper is a network constructed of a diode, a resistor, and a capacitor that shifts a
waveform to a different dc level without changing the appearance of the applied signal.

Additional shifts can also be obtained by introducing a dc supply to the basic structure.
The chosen resistor and capacitor of the network must be chosen such that the time constant
determined by 7 = RC is sufficiently large to ensure that the voltage across the capacitor
does not discharge significantly during the interval the diode is nonconducting. Through-
out the analysis we assume that for all practical purposes the capacitor fully charges or
discharges in five time constants.

The simplest of clamper networks is provided in Fig. 2.89. It is important to note that
the capacitor is connected directly between input and output signals and the resistor and the
diode are connected in parallel with the output signal.

Clamping networks have a capacitor connected directly from input to output with a
resistive element in parallel with the output signal. The diode is also in parallel with the
output signal but may or may not have a series dc supply as an added element.

! C
1
\%4 o o
+ " +
0 T T 7 Vi R Yo
2
-V o >
FIG. 2.89
Clamper.

There is a sequence of steps that can be applied to help make the analysis straightfor-
ward. It is not the only approach to examining clampers, but it does offer an option if dif-
ficulties surface.

Step 1: Start the analysis by examining the response of the portion of the input signal
that will forward bias the diode.

Step 2: During the period that the diode is in the “on” state, assume that the capac-
itor will charge up instantaneously to a voltage level determined by the surrounding
network.

For the network of Fig. 2.89 the diode will be forward biased for the positive portion of
the applied signal. For the interval O to 7/2 the network will appear as shown in Fig. 2.90.
The short-circuit equivalent for the diode will result in v, = 0 V for this time interval, as
shown in the sketch of v, in Fig. 2.92. During this same interval of time, the time constant
determined by 7 = RC is very small because the resistor R has been effectively “shorted
out” by the conducting diode and the only resistance present is the inherent (contact, wire)
resistance of the network. The result is that the capacitor will quickly charge to the peak
value of V volts as shown in Fig. 2.90 with the polarity indicated.

Step 3: Assume that during the period when the diode is in the “off”’ state the capac-
itor holds on to its established voltage level.
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FIG. 2.91

Determining v, with the diode “off.”
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FIG. 2.92
Sketching v, for the network of
Fig. 2.91.
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FIG. 2.94
Determining v, and V¢ with the
diode in the “on” state.
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FIG. 2.95

Determining v, with the diode
in the “off” state.

Step 4: Throughout the analysis, maintain a continual awareness of the location and
defined polarity for v, to ensure that the proper levels are obtained.

When the input switches to the —V state, the network will appear as shown in Fig. 2.91,
with the open-circuit equivalent for the diode determined by the applied signal and stored
voltage across the capacitor—both “pressuring” current through the diode from cathode to
anode. Now that R is back in the network the time constant determined by the RC product
is sufficiently large to establish a discharge period 57, much greater than the period
T/2 — T, and it can be assumed on an approximate basis that the capacitor holds onto all
its charge and, therefore, voltage (since V = Q/C) during this period.

Since v, is in parallel with the diode and resistor, it can also be drawn in the alternative
position shown in Fig. 2.91. Applying Kirchhoff’s voltage law around the input loop results in
-V=-V-=y,=0

-2V

The negative sign results from the fact that the polarity of 2V is opposite to the polarity
defined for v,. The resulting output waveform appears in Fig. 2.92 with the input signal.
The output signal is clamped to 0 V for the interval 0 to 7/2 but maintains the same total
swing (2V) as the input.

Step 5: Check that the total swing of the output matches that of the input.

This is a property that applies for all clamping networks, giving an excellent check on
the results obtained.

and V, =

EXAMPLE 2.22 Determine v,, for the network of Fig. 2.93 for the input indicated.
v; f=1000 Hz
10 C =1pF
O——"I’ 2]
+ ! +
0 t t, ty 4 !
Vi R&100kQ v,
+
v=—_sv
20—~ -—T o - ©

FIG. 2.93
Applied signal and network for Example 2.22.

Solution: Note that the frequency is 1000 Hz, resulting in a period of 1 ms and an inter-
val of 0.5 ms between levels. The analysis will begin with the period #; — #, of the input
signal since the diode is in its short-circuit state. For this interval the network will appear
as shown in Fig. 2.94. The output is across R, but it is also directly across the 5-V battery
if one follows the direct connection between the defined terminals for v, and the battery
terminals. The resultis v, = 5 V for this interval. Applying Kirchhoff’s voltage law around
the input loop results in
—20V+Ve—=5V=0
VC =25V

The capacitor will therefore charge up to 25 V. In this case the resistor R is not shorted
out by the diode, but a Thévenin equivalent circuit of that portion of the network that
includes the battery and the resistor will result in Ry, = 0 Q with Ey,, = V = 5 V. For
the period #, — t3 the network will appear as shown in Fig. 2.95.

The open-circuit equivalent for the diode removes the 5-V battery from having any

effect on v,, and applying Kirchhoff’s voltage law around the outside loop of the network
results in

and

+10V + 25V — v,
v, =35V

=0

and



The time constant of the discharging network of Fig. 2.95 is determined by the product

RC and has the magnitude
T = RC = (100kQ)(0.1 uF) = 0.0l s = 10 ms
The total discharge time is therefore 57 = 5(10 ms) = 50 ms.

Since the interval t, — 3 will only last for 0.5 ms, it is certainly a good approximation
that the capacitor will hold its voltage during the discharge period between pulses of the
input signal. The resulting output appears in Fig. 2.96 with the input signal. Note that the
output swing of 30 V matches the input swing as noted in step 5.

v; Vo
35 — —
10 B
0 1 [ 13 A t 30V
30V
5 —X
20 I | l |
0 1 1y ty ty t
FIG. 2.96

v; and v, for the clamper of Fig. 2.93.

EXAMPLE 2.23 Repeat Example 2.22 using a silicon diode with Vg = 0.7 V.
Solution: For the short-circuit state the network now takes on the appearance of Fig.
2.97, and v, can be determined by Kirchhoff’s voltage law in the output section:
+5V =07V —v,=0
and v, =5V —-07V =43V
For the input section Kirchhoff’s voltage law results in
—20V+Vc+07V-5V=0
and Ve=25V — 07V =243V

For the period t, — 5 the network will now appear as in Fig. 2.98, with the only change
being the voltage across the capacitor. Applying Kirchhoff’s voltage law yields

+10V + 243V — v, =0
and v, =343V

The resulting output appears in Fig. 2.99, verifying the statement that the input and output
swings are the same.

343V —

30V~

FIG. 2.99
Sketching v, for the clamper of Fig. 2.93
with a silicon diode.
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FIG. 2.97
Determining v, and V with the
diode in the “on” state.
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FIG. 2.98

Determining v, with the diode
in the open state.
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FIG. 2.100
Clamping circuits with ideal diodes (51 = 5RC >> T/2).

A number of clamping circuits and their effect on the input signal are shown in
Fig. 2.100. Although all the waveforms appearing in Fig. 2.100 are square waves, clamp-
ing networks work equally well for sinusoidal signals. In fact, one approach to the analysis
of clamping networks with sinusoidal inputs is to replace the sinusoidal signal by a square
wave of the same peak values. The resulting output will then form an envelope for the
sinusoidal response as shown in Fig. 2.101 for a network appearing in the bottom right of
Fig. 2.100.

v, (V)

i +30 -~
20V '

+ o
a=
+0

ry Vi - §R Y
0 ! =10V VARV A

20V

ol
n
ol

FIG. 2.101
Clamping network with a sinusoidal input.

2.10 NETWORKS WITH A DC AND AC SOURCE o

The analysis thus far has been limited to circuits with a single dc, ac, or square wave input.
This section will expand that analysis to include both an ac and a dc source in the same
configuration. In Fig. 2.102 the simplest of two-source networks has been constructed.




For such a system it is especially important that the Superposition Theorem can be applied.
That is,

The response of any network with both an ac and a dc source can be found by finding
the response to each source independently and then combining the results.

DC Source

The network is redrawn as shown in Fig. 2.103 for the dc source. Note that the ac source was
removed by simply replacing it with a short-circuit equivalent to the condition vy = 0 V.
Using the approximate equivalent circuit for the diode, the output voltage is
VR=E—-Vp=10V—-07V =93V
93V

Ip=1Ig = —o— = 4.65mA

and the currents are =
B2k

AC Source

The dc source is also replaced by a short-circuit equivalent, as shown in Fig. 2.104. The
diode will be replaced by the ac resistance, as determined by Eq. 1.5 in Chapter 1—the
current in the equation being the quiescent or dc value. For this case,

_26mV _ 26mV

=5590
T T T 465mA

+ Yo —
(|

|

+H—
D

Y +

B R§2kQ -

il

FIG. 2.104
Determing the response of v to the applied ac source.

Replacing the diode by this resistance will result in the circuit of Fig. 2.105. For the peak
value of the applied voltage, the peak values of vg and vp, will be
2kQ(2V)

==Y - 99V
YRok ~ 2K + 5.59 O

and VD = Vs — VR = 2V = 199V = 001V = 10mV
+ Yp —
Td

+ 559 Q
vpcakzzv_’\l +
R § 2kQ vy

=
FIG. 2.105

Replacing the diode of Fig. 2.104 by its
equivalent ac resistance.

Combining the results of the dc and ac analysis will result in the waveforms of Fig. 2.106
for vg and vp.

NETWORKS WITH A DC 89
AND AC SOURCE

+Vp —
1
. =¥
i N2V, +
- R Q2 2kQ vy
+ —
E= 10V
-
FIG. 2.102

Network with a dc and ac supply.

+ 07V =
2 ,
( lk
m
R§ 2kQ
+
E? 10V
_=
FIG. 2.103

Applying superposition to determine
effects of the dc source.
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FIG. 2.106
(a) vg and (b) vp for the network of Fig. 2.102.

Note that the diode has an important impact on the resulting output voltage vg but very
little impact on the ac swing.

For comparison purposes the same system will now be analyzed using the actual charac-
teristics and a load-line analysis. In Fig. 2.107 the dc load line has been drawn as described
in Section 2.2. The resulting dc current is now slightly less due to a voltage drop across the
diode that is slightly more than the approximate value of 0.7 V. For the peak value of the
input voltage the load line will have intersectionsof E =12V and/ = I% = % = 6 mA. For
the negative peak the intersections are at 8 V and 4 mA. Take particular note of the region
of the diode characteristics traversed by the ac swing. It defines the region for which the
diode resistance was determined in the analysis above. In this case, however, the quiescent
value of dc current is =4.6 mA so the new ac resistance is

26 mV
rg=——-=>5650Q
7 46mA
which is very close to the above value.
I, (mA)
ac range — change in i,
TN
< / 2V,
/ vy=+2V
i 2V
: dc/ [
i O,
: i
} Vhy=075 V v=2V
|
1 2 3 4 5 6 7 8 9 10 11 2 v,
——| |<—change invp
FIG. 2.107

Shifting load line due to v, source.



In any event, it is now clear that the change in diode voltage for this region is very small,
resulting in minimum impact on the output voltage. In general, the diode had a strong im-
pact on the dc level of the output voltage but very little impact on the ac swing of the output.
The diode was clearly close to ideal for the ac voltage and 0.7 V off for the dc level. This is
all due primarily to the almost vertical rise of the diode once conduction is fully established
through the diode. In most cases, diodes in the “on” state that are in series with loads will
have some effect on the dc level but very little effect on the ac swing if the diode is fully
conducting for the full cycle.

For the future, when dealing with diodes and an ac signal the dc level through the diode
is first determined and the ac resistance level determined by Eq. 1.3. This ac resistance can
then be substituted in place of the diode for the required analysis.

2.11 ZENER DIODES

The analysis of networks employing Zener diodes is quite similar to the analysis of semi-
conductor diodes in previous sections. First the state of the diode must be determined,
followed by a substitution of the appropriate model and a determination of the other
unknown quantities of the network. Figure 2.108 reviews the approximate equivalent cir-
cuits for each region of a Zener diode assuming the straight-line approximations at each
break point. Note that the forward-bias region is included because occasionally an applica-
tion will skip into this region also.

- + 0.7V

R

ov

Vz

e IES

FIG. 2.108
Approximate equivalent circuits for the Zener diode in the three possible
regions of application.

The first two examples will demonstrate how a Zener diode can be used to establish
reference voltage levels and act as a protection device. The use of a Zener diode as a regu-
lator will then be described in detail because it is one of its major areas of application. A
regulator is a combination of elements designed to ensure that the output voltage of a supply
remains fairly constant.

EXAMPLE 2.24 Determine the reference voltages provided by the network of Fig. 2.109,
which uses a white LED to indicate that the power is on. What is the level of current
through the LED and the power delivered by the supply? How does the power absorbed by
the LED compare to that of the 6-V Zener diode?

Solution: First we have to check that there is sufficient applied voltage to turn on all the
series diode elements. The white LED will have a drop of about 4 V across it, the 6-V and
3.3-V Zener diodes have a total of 9.3 V, and the forward-biased silicon diode has 0.7 V,
for a total of 14 V. The applied 40 V is then sufficient to turn on all the elements and, one
hopes, establish a proper operating current.

ZENER DIODES

40V

FIG. 2.109
Reference setting circuit for
Example 2.24.
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Note that the silicon diode was used to create a reference voltage of 4 V because
Vo, =Vz, + Vg =33V +07V =40V
Combining the voltage of the 6-V Zener diode with the 4 V results in
Vo, = Vo + V7, =4V +6V =10V

Finally, the 4 V across the white LED will leave a voltage of 40 V — 14 V = 26 V across
the resistor, and
I = ILap = Ve _ 40V =V, — Vigp _ 40V -10V -4V _ 26V

R 1.3kQ 1.3kQ 1.3kQ

which should establish the proper brightness for the LED.
The power delivered by the supply is simply the product of the supply voltage and cur-
rent drain as follows:

P, = EI, = Elz = (40 V)(20 mA) = 800 mW
The power absorbed by the LED is
PLep = VieplLep = (4 V)20 mA) = 80 mW
and the power absorbed by the 6-V Zener diode is
P; = VzI; = (6 V)(20 mA) = 120 mW
The power absorbed by the Zener diode exceeds that of the LED by 40 mW.

= 20 mA

EXAMPLE 2.25 The network of Fig. 2.110 is designed to limit the voltage to 20 V during
the positive portion of the applied voltage and to 0 V for a negative excursion of the
applied voltage. Check its operation and plot the waveform of the voltage across the sys-
tem for the applied signal. Assume the system has a very high input resistance so it will not
affect the behavior of the network.

60 V

\/ - v, A0y [Spem]
_ Si

-0V o I‘

FIG. 2.110
Controlling network for Example 2.25.

Solution: For positive applied voltages less than the Zener potential of 20 V the Zener
diode will be in its approximate open-circuit state, and the input signal will simply distrib-
ute itself across the elements, with the majority going to the system because it has such a
high resistance level.

Once the voltage across the Zener diode reaches 20 V the Zener diode will turn on as
shown in Fig. 2.111a and the voltage across the system will lock in at 20 V. Further
increases in the applied voltage will simply appear across the series resistor with the volt-
age across the system and the forward-biased diode remaining fixed at 20 V and 0.7 V,
respectively. The voltage across the system is fixed at 20 V, as shown in Fig. 2.111a,
because the 0.7 V of the diode is not between the defined output terminals. The system is
therefore safe from any further increases in applied voltage.

For the negative region of the applied signal the silicon diode is reverse biased and
presents an open circuit to the series combination of elements. The result is that the full
negatively applied signal will appear across the open-circuited diode and the negative volt-
age across the system locked in at 0 V, as shown in Fig. 2.111b.

The voltage across the system will therefore appear as shown in Fig. 2.111c.
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FIG. 2.111
Response of the network of Fig. 2.110 to the application of a 60-V sinusoidal signal.

The use of the Zener diode as a regulator is so common that three conditions surrounding
the analysis of the basic Zener regulator are considered. The analysis provides an excellent
opportunity to become better acquainted with the response of the Zener diode to different
operating conditions. The basic configuration appears in Fig. 2.112. The analysis is first
for fixed quantities, followed by a fixed supply voltage and a variable load, and finally a
fixed load and a variable supply.

V; and R Fixed

The simplest of Zener diode regulator networks appears in Fig. 2.112. The applied dc volt-
age is fixed, as is the load resistor. The analysis can fundamentally be broken down into

two steps.
1. Determine the state of the Zener diode by removing it from the network and
calculating the voltage across the resulting open circuit.

Applying step 1 to the network of Fig. 2.112 results in the network of Fig. 2.113, where
an application of the voltage divider rule results in

R, V;

~R+R, (2.16)

V:VL

If V = Vg, the Zener diode is on, and the appropriate equivalent model can be substituted.
If V < Vg, the diode is off, and the open-circuit equivalence is substituted.

2. Substitute the appropriate equivalent circuit and solve for the desired unknowns.

For the network of Fig. 2.112, the “on” state will result in the equivalent network of
Fig. 2.114. Since voltages across parallel elements must be the same, we find that

(2.17)

VL =Vz
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FIG. 2.112
Basic Zener regulator.
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FIG. 2.113
Determining the state of the

Zener diode.
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Ig
2L R
AN I
}2 4
+ + |t +
V,i—_ = Vz R,V
Pry B
4
FIG. 2.114

Substituting the Zener equivalent for the
“on” situation.

The Zener diode current must be determined by an application of Kirchhoff’s current law.
That is,

Ig=1;+1
and I =1 — I (2.18)
where
IL:XE and IR:%:¥

The power dissipated by the Zener diode is determined by

Pz = Vzlz (2.19)

that must be less than the P, specified for the device.

Before continuing, it is particularly important to realize that the first step was employed
only to determine the state of the Zener diode. If the Zener diode is in the “on” state, the
voltage across the diode is not V volts. When the system is turned on, the Zener diode will
turn on as soon as the voltage across the Zener diode is V volts. It will then “lock in” at
this level and never reach the higher level of V volts.

E————
EXAMPLE 2.26

a. For the Zener diode network of Fig. 2.115, determine V;, Vi, I, and Py.
b. Repeat part (a) with R; = 3 k().

+ W

+
y =16V V=10V RL§1.2kQ v

Py =30 mW -

FIG. 2.115
Zener diode regulator for Example 2.26.

Solution:
a. Following the suggested procedure, we redraw the network as shown in Fig. 2.116.
Applying Eq. (2.16) gives
V= R/ V; _ 1.2kQ(16 V)
R+ R, 1kQ + 1.2kQ

=873V
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R
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1kQ J}lfz
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v,--T- 16 V
=

+
v R @ 12kQ V,

]

FIG. 2.116
Determining V for the regulator of Fig. 2.115.

Since V = 8.73 Vis less than V; = 10V, the diode is in the “off” state, as shown on
the characteristics of Fig. 2.117. Substituting the open-circuit equivalent results in the
same network as in Fig. 2.116, where we find that

V, = V=873V
VR = Vi - VL= 16V —-873V =727V

IZ =0A
and PZ= Vzlzz Vz(OA) =0W
b. Applying Eq. (2.16) results in
R V; 3kQ(I6V
V=l = oY) _ppy

R+ R, 1kQ +3kQ
Since V = 12 V is greater than V; = 10 V, the diode is in the “on” state and the net-
work of Fig. 2.118 results. Applying Eq. (2.17) yields

VL: VZ: 10V

and VR:VI_VL:16V_1OV:6V
vV, 10V
ith I, =—=-—-=333mA
e L7 R, 3kQ m
Vi 6V
d Ig=—=—">—=6mA
an R= R 1k °
so that I, = Iz — I [Eq. (2.18)]
= 6mA — 3.33mA
= 2.67 mA
+ Y% -
R
AN -
1kQ
+ +
V=16V V, =10V RL§3kQ v,

FIG. 2.118
Network of Fig. 2.115 in the “on” state.
The power dissipated is
P; = V1 = (10 V)(2.67 mA) = 26.7 mW
which is less than the specified Pz, = 30 mW.

Fixed V;, Variable R,

Due to the offset voltage V, there is a specific range of resistor values (and therefore load cur-
rent) that will ensure that the Zener is in the “on” state. Too small a load resistance R; will result
in a voltage V; across the load resistor less than V, and the Zener device will be in the “off™ state.
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FIG. 2.117
Resulting operating point for the
network of Fig. 2.115.
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To determine the minimum load resistance of Fig. 2.112 that will turn the Zener diode
on, simply calculate the value of R; that will result in a load voltage V; = V. That is,

RV,
Vp=Vz=
R, + R
Solving for R;, we have
RV,
= — 2.20
= (2.20)

Any load resistance value greater than the R; obtained from Eq. (2.20) will ensure that the
Zener diode is in the “on” state and the diode can be replaced by its V7 source equivalent.

The condition defined by Eq. (2.20) establishes the minimum R;, but in turn specifies
the maximum /; as

_ ZZ - R‘: (2.21)
Once the diode is in the “on” state, the voltage across R remains fixed at
VR=Vi—= Vg (2.22)
and /I remains fixed at
=2 (2.23)
The Zener current
L=Ig—1I (2.24)

resulting in a minimum /; when /; is a maximum and a maximum /; when /; is a minimum
value, since Iy is constant.

Since I is limited to I, as provided on the data sheet, it does affect the range of R; and
therefore /;. Substituting I, for I, establishes the minimum /; as

IL - IR - IZM (2.25)

min

and the maximum load resistance as

== (2.26)

EXAMPLE 2.27

a. For the network of Fig. 2.119, determine the range of R; and /; that will result in Vg,
being maintained at 10 V.
b. Determine the maximum wattage rating of the diode.

Ig

FIG. 2.119
Voltage regulator for Example 2.27.
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a. To determine the value of R; that will turn the Zener diode on, apply Eq. (2.20):

e RV AKO)A0V) _ 10kO
Lain =™y, — v, 50V — 10V 40

=250 Q

The voltage across the resistor R is then determined by Eq. (2.22):
and Eq. (2.23) provides the magnitude of /:

VR 40V
Ig = —=—""—=40mA
TR Tk M

The minimum level of /; is then determined by Eq. (2.25):
Iy, = Ig = Izy = 40mA — 32mA = 8mA
with Eq. (2.26) determining the maximum value of R;:

V 10V
RLmax = 172 == 87 = 1.25 kQ
L mA

‘min

A plot of V; versus R; appears in Fig. 2.120a and for V; versus I; in Fig. 2.120b.

Vi Vi

10V 10V

=) S —

Q 125 kQ R, 0] 8
() (b)

FIG. 2.120
Vi versus Ry and I for the regulator of Fig. 2.119.

= (10 V)(32mA) = 320 mW

Fixed R;, Variable V;

For fixed values of R; in Fig. 2.112, the voltage V; must be sufficiently large to turn the
Zener diode on. The minimum turn-on voltage V; = V; _is determined by

RV,
V=V, =
R+ R
R, + R)V.
and Rt BV (2.27)
min RL

The maximum value of V; is limited by the maximum Zener current I,y,. Since Iy, =
Ig — 11,

IRmax = IZM arF IL (2.28)

Since I; is fixed at Vz/R; and I is the maximum value of I, the maximum V; is
defined by

imax = VRuox T V2

Vi = IRmaxR + VZ (2.29)

max
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EXAMPLE 2.28 Determine the range of values of V; that will maintain the Zener diode of
Fig. 2.121 in the “on” state.

Ig
R
—_—
o AN , I
+ 220Q ilz
+
Vi Vz=20V RQL2kQ V.
Ly = 60 mA
o
FIG. 2.121

Regulator for Example 2.28.

Solution:
(R, + RV, (1200 Q + 220 Q)(20 V)
Eq. (2.27): L= = = 23.67
q- (2:27) Fin R, 1200 Q 367V
V., V; 20V
[ =—=="~%= = 16.67 mA
L= R, R, 12kQ m
Eq.(228): Iz = Iz + I, = 60mA + 16.67 mA
= 76.67 mA
Eq (229) imax IRmaxR + VZ
= (76.67 mA)(0.22kQ) + 20V
=1687V + 20V
= 3687V

A plot of V; versus V; is provided in Fig. 2.122.

0V[|—===——= T~

1 | | l
0 10 20| | 40 v,

23.67V 3687V

FIG. 2.122
Vy versus V; for the regulator of Fig. 2.121.

The results of Example 2.28 reveal that for the network of Fig. 2.121 with a fixed Ry,
the output voltage will remain fixed at 20 V for a range of input voltage that extends from
23.67 V10 36.87 V.

2.12 VOLTAGE-MULTIPLIER CIRCUITS

Voltage-multiplier circuits are employed to maintain a relatively low transformer peak
voltage while stepping up the peak output voltage to two, three, four, or more times the
peak rectified voltage.




Voltage Doubler

The network of Fig. 2.123 is a half-wave voltage doubler. During the positive voltage half-
cycle across the transformer, secondary diode Dy conducts (and diode D, is cut off), charg-
ing capacitor C; up to the peak rectified voltage (V,,). Diode D is ideally a short during
this half-cycle, and the input voltage charges capacitor C; to V,, with the polarity shown in
Fig. 2.124a. During the negative half-cycle of the secondary voltage, diode D; is cut off
and diode D, conducts charging capacitor C,. Since diode D, acts as a short during the
negative half-cycle (and diode D; is open), we can sum the voltages around the outside
loop (see Fig. 2.124b):

“Vu—Ve, + Ve, =0
“Vu=Vyt+ Ve, =0
from which we obtain

VC - 2Vm

2

. o
D,
\ 42 W=, 2,
+
+
— o
FIG. 2.123

Half-wave voltage doubler.

Diode D,

Diode D,
nonconducting /

conducting

/

Diode D, Diode D,

conducting nonconducting
(a) (b)
FIG. 2.124
Double operation, showing each half-cycle of operation: (a) positive half-cycle;
(b) negative half-cycle.

On the next positive half-cycle, diode D, is nonconducting and capacitor C, will discharge
through the load. If no load is connected across capacitor C,, both capacitors stay
charged—Cj to V,, and C, to 2V,,. If, as would be expected, there is a load connected to
the output of the voltage doubler, the voltage across capacitor C, drops during the positive
half-cycle (at the input) and the capacitor is recharged up to 2V,, during the negative half-
cycle. The output waveform across capacitor C, is that of a half-wave signal filtered by a
capacitor filter. The peak inverse voltage across each diode is 2V/,,.

Another doubler circuit is the full-wave doubler of Fig. 2.125. During the positive
half-cycle of transformer secondary voltage (see Fig. 2.126a) diode D, conducts, charging
capacitor Cy to a peak voltage V,,. Diode D, is nonconducting at this time.

During the negative half-cycle (see Fig. 2.126b) diode D, conducts, charging capacitor
C,, while diode D; is nonconducting. If no load current is drawn from the circuit, the volt-
age across capacitors Cy and C, is 2V,,. If load current is drawn from the circuit, the voltage
across capacitors C; and C;, is the same as that across a capacitor fed by a full-wave rectifier
circuit. One difference is that the effective capacitance is that of C; and C, in series, which
is less than the capacitance of either C; or C, alone. The lower capacitor value will provide
poorer filtering action than the single-capacitor filter circuit.

VOLTAGE-MULTIPLIER
CIRCUITS

99
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+ o
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2V,

FIG. 2.125
Full-wave voltage doubler.
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FIG. 2.126
Alternate half-cycles of operation for full-wave voltage doubler.

The peak inverse voltage across each diode is 2V,,, as it is for the filter capacitor circuit.
In summary, the half-wave or full-wave voltage-doubler circuits provide twice the peak
voltage of the transformer secondary while requiring no center-tapped transformer and only
2V,, PIV rating for the diodes.

Voltage Tripler and Quadrupler

Figure 2.127 shows an extension of the half-wave voltage doubler, which develops three
and four times the peak input voltage. It should be obvious from the pattern of the circuit

| Tripler (3V,,)
\ v, 2V,
+ - . . + 1=
H "
+ Cl C3
é“ v, D, Dy Dy Dy
Gy Cy
— I 1
i | g
2V, 2y,
Doubler (2V,)
Quadrupler (4V,)
FIG. 2.127

Voltage tripler and quadrupler.



connection how additional diodes and capacitors may be connected so that the output volt-
age may also be five, six, seven, and so on, times the basic peak voltage (V,,,).

In operation, capacitor C; charges through diode D to a peak voltage V,, during the posi-
tive half-cycle of the transformer secondary voltage. Capacitor C; charges to twice the peak
voltage, 2V,,, developed by the sum of the voltages across capacitor C; and the transformer
during the negative half-cycle of the transformer secondary voltage.

During the positive half-cycle, diode D5 conducts and the voltage across capacitor C,
charges capacitor Cj3 to the same 2V, peak voltage. On the negative half-cycle, diodes D,
and D, conduct with capacitor C3, charging Cy to 2V,,,.

The voltage across capacitor C, is 2V, across Cy and Cz itis 3V,,, and across C, and Cy it
is 4V,,,. If additional sections of diode and capacitor are used, each capacitor will be charged
to 2V,,. Measuring from the top of the transformer winding (Fig. 2.127) will provide odd
multiples of V,, at the output, whereas measuring the output voltage from the bottom of the
transformer will provide even multiples of the peak voltage V,,,.

The transformer rating is only V,,, maximum, and each diode in the circuit must be rated
at 2V, PIV. If the load is small and the capacitors have little leakage, extremely high dc
voltages may be developed by this type of circuit, using many sections to step up the dc
voltage.

2.13 PRACTICAL APPLICATIONS

The range of practical applications for diodes is so broad that it would be virtually impos-
sible to consider all the options in one section. However, to develop some sense for the use
of the device in everyday networks, a number of common areas of application are intro-
duced below. In particular, note that the use of diodes extends well beyond the important
switching characteristic that was introduced earlier in this chapter.

Rectification

Battery chargers are a common household piece of equipment used to charge everything
from small flashlight batteries to heavy-duty, marine, lead-acid batteries. Since all are
plugged into a 120-V ac outlet such as found in the home, the basic construction of each is
quite similar. In every charging system a transformer must be included to cut the ac volt-
age to a level appropriate for the dc level to be established. A diode (also called rectifier)
arrangement must be included to convert the ac voltage, which varies with time, to a fixed
dc level such as described in this chapter. Some dc chargers also include a regulator to
provide an improved dc level (one that varies less with time or load). Since the car battery
charger is one of the most common, it will be described in the next few paragraphs.

The outside appearance and the internal construction of a Sears 6/2 AMP Manual Bat-
tery Charger are provided in Fig. 2.128. Note in Fig. 2.128b that the transformer (as in most
chargers) takes up most of the internal space. The additional air space and the holes in the
casing are there to ensure an outlet for the heat that develops due to the resulting current
levels.

The schematic of Fig. 2.129 includes all the basic components of the charger. Note first
that the 120 V from the outlet are applied directly across the primary of the transformer.
The charging rate of 6 A or 2 A is determined by the switch, which simply controls how
many windings of the primary will be in the circuit for the chosen charging rate. If the
battery is charging at the 2-A level, the full primary will be in the circuit, and the ratio of
the turns in the primary to the turns in the secondary will be a maximum. If it is charging
at the 6-A level, fewer turns of the primary are in the circuit, and the ratio drops. When
you study transformers, you will find that the voltage at the primary and secondary is
directly related to the furns ratio. If the ratio from primary to secondary drops, then the
voltage drops also. The reverse effect occurs if the turns on the secondary exceed those
on the primary.

The general appearance of the waveforms appears in Fig. 2.129 for the 6-A charging
level. Note that so far, the ac voltage has the same wave shape across the primary and the
secondary. The only difference is in the peak value of the waveforms. Now the diodes take
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Battery charger: (a) external appearance; (b) internal construction.
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Electrical schematic for the battery charger of Fig. 2.128.

over and convert the ac waveform, which has zero average value (the waveform above
equals the waveform below), to one that has an average value (all above the axis) as shown
in the same figure. For the moment simply recognize that diodes are semiconductor elec-
tronic devices that permit only conventional current to flow through them in the direction
indicated by the arrow in the symbol. Even though the waveform resulting from the diode
action has a pulsing appearance with a peak value of about 18 V, it will charge the 12-V

102 battery whenever its voltage is greater than that of the battery, as shown by the shaded area.



Below the 12-V level the battery cannot discharge back into the charging network because
the diodes permit current flow in only one direction.

In particular, note in Fig. 2.128b the large plate that carries the current from the rectifier
(diode) configuration to the positive terminal of the battery. Its primary purpose is to pro-
vide a heat sink (a place for the heat to be distributed to the surrounding air) for the diode
configuration. Otherwise the diodes would eventually melt down and self-destruct due to
the resulting current levels. Each component of Fig. 2.129 has been carefully labeled in
Fig. 2.128Db for reference.

When current is first applied to a battery at the 6-A charge rate, the current demand, as
indicated by the meter on the face of the instrument, may rise to 7 A or almost 8 A. However,
the level of current will decrease as the battery charges until it drops to a level of 2 A or 3 A.
For units such as this that do not have an automatic shutoff, it is important to disconnect
the charger when the current drops to the fully charged level; otherwise, the battery will
become overcharged and may be damaged. A battery that is at its 50% level can take as long
as 10 hours to charge, so one should not expect it to be a 10-minute operation. In addition, if
a battery is in very bad shape, with a lower than normal voltage, the initial charging current
may be too high for the design. To protect against such situations, the circuit breaker will
open and stop the charging process. Because of the high current levels, it is important that
the directions provided with the charger be carefully read and applied.

In an effort to compare the theoretical world with the real world, a load (in the form of
a headlight) was applied to the charger to permit a viewing of the actual output waveform.
It is important to note and remember that a diode with zero current through it will not
display its rectifying capabilities. In other words, the output from the charger of Fig. 2.129
will not be a rectified signal unless a load is applied to the system to draw current through
the diode. Recall from the diode characteristics that when I, = 0 A, Vp =0 V.

By applying the headlamp as a load, however, sufficient current is drawn through the
diode for it to behave like a switch and convert the ac waveform to a pulsating one as
shown in Fig. 2.130 for the 6-A setting. First note that the waveform is slightly distorted
by the nonlinear characteristics of the transformer and the nonlinear characteristics of the
diode at low currents. The waveform, however, is certainly close to what is expected when
we compare it to the theoretical patterns of Fig. 2.129. The peak value is determined from
the vertical sensitivity as

Vpeak = (3.3 divisions)(5 V/division) = 16.5 V vs. the 18 V of Fig. 1.129

}5 V/div

\\ /\\j/ de level
\/ L
/ \/

v

——
2 ms/div
FIG. 2.130
Pulsating response of the charger of Fig. 2.129
to the application of a headlamp as a load.

with a dc level of
Vie = 0.636Veqc = 0.636(16.5V) = 1049V

A dc meter connected across the load registered 10.41 V, which is very close to the theo-
retical average (dc) level of 10.49 V.

One may wonder how a charger having a dc level of 10.49 V can charge a 12-V battery
to a typical level of 14 V. It is simply a matter of realizing that (as shown in Fig. 2.130) for
a good deal of each pulse, the voltage across the battery will be greater than 12 V and the
battery will be charging—a process referred to as trickle charging. In other words, charg-
ing does not occur during the entire cycle, but only when the charging voltage is more than
the voltage of the battery.
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Protective Configurations

Diodes are used in a variety of ways to protect elements and systems from excessive volt-
ages or currents, polarity reversals, arcing, and shorting, to name a few. In Fig. 2.131a, the
switch on a simple RL circuit has been closed, and the current will rise to a level deter-
mined by the applied voltage and series resistor R as shown on the plot. Problems arise
when the switch is quickly opened as in Fig. 2.131b to essentially tell the circuit that the
current must drop to zero almost instantaneously. You will remember from your basic
circuits courses, however, that the inductor will not permit an instantaneous change in cur-
rent through the coil. A conflict results, which will establish arcing across the contacts of
the switch as the coil tries to find a path for discharge. Recall also that the voltage across
an inductor is directly related to the rate of change in current through the coil (v; = L diy /dr).
When the switch is opened, it is trying to dictate that the current change almost instanta-
neously, causing a very high voltage to develop across the coil that will then appear across
the contacts to establish this arcing current. Levels in the thousands of volts will develop
across the contacts, which will soon, if not immediately, damage the contacts and thereby
the switch. The effect is referred to as an “inductive kick.” Note also that the polarity of the
voltage across the coil during the “build-up” phase is opposite to that during the “release”
phase. This is due to the fact that the current must maintain the same direction before and
after the switch is opened. During the “build-up” phase, the coil appears as a load, whereas
during the release phase, it has the characteristics of a source. In general, therefore, always
keep in mind that

Trying to change the current through an inductive element too quickly may result in an
inductive kick that could damage surrounding elements or the system itself.

VCOnti\Ct

+ v,

(a) (b)

FIG. 2.131

(a) Transient phase of a simple RL circuit; (b) arcing that results across a switch when opened in series with an RL circuit.

In Fig. 2.132a the simple network above may be controlling the action of a relay.
When the switch is closed, the coil will be energized, and steady-state current levels will
be established. However, when the switch is opened to deenergize the network, we have
the problem introduced above because the electromagnet controlling the relay action will
appear as a coil to the energizing network. One of the cheapest but most effective ways to
protect the switching system is to place a capacitor (called a “snubber”) across the terminals
of the coil as shown in Fig. 2.132b. When the switch is opened, the capacitor will initially
appear as a short to the coil and will provide a current path that will bypass the dc supply
and switch. The capacitor has the characteristics of a short (very low resistance) because of
the high-frequency characteristics of the surge voltage, as shown in Fig. 2.131b. Recall that
the reactance of a capacitor is determined by X = 1/27fC, so the higher the frequency, the
less is the resistance. Normally, because of the high surge voltages and relatively low cost, ce-
ramic capacitors of about 0.01 uF are used. You don’t want to use large capacitors because
the voltage across the capacitor will build up too slowly and will essentially slow down the
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(a) Inductive characteristics of a relay; (b) snubber protection for the configuration of part (a);

(c) capacitive protection for a switch.

performance of the system. The resistor of 100 () in series with the capacitor is introduced
solely to limit the surge current that will result when a change in state is called for. Often,
the resistor does not appear because of the internal resistance of the coil as established by
many turns of fine wire. On occasion, you may find the capacitor across the switch as shown
in Fig. 2.132c. In this case, the shorting characteristics of the capacitor at high frequencies
will bypass the contacts with the switch and extend its life. Recall that the voltage across a
capacitor cannot change instantaneously. In general, therefore,

Capacitors in parallel with inductive elements or across switches are often there to act
as protective elements, not as typical network capacitive elements.

Finally, the diode is often used as a protective device for situations such as above. In
Fig. 2.133, a diode has been placed in parallel with the inductive element of the relay con-
figuration. When the switch is opened or the voltage source quickly disengaged, the polarity
of the voltage across the coil is such as to turn the diode on and conduct in the direction
indicated. The inductor now has a conduction path through the diode rather than through
the supply and switch, thereby saving both. Since the current established through the coil
must now switch directly to the diode, the diode must be able to carry the same level of
current that was passing through the coil before the switch was opened. The rate at which
the current collapses will be controlled by the resistance of the coil and the diode. It can
be reduced by placing an additional resistor in series with the diode. The advantage of the
diode configuration over that of the snubber is that the diode reaction and behavior are not
frequency dependent. However, the protection offered by the diode will not work if the ap-
plied voltage is an alternating one such as ac or a square wave since the diode will conduct
for one of the applied polarities. For such alternating systems, the “snubber” arrangement
would be the best option.

In the next chapter we will find that the base-to-emitter junction of a transistor is
forward-biased. That is, the voltage Vg of Fig. 2.134a will be about 0.7 V positive. To
prevent a situation where the emitter terminal would be made more positive than the base
terminal by a voltage that could damage the transistor, the diode shown in Fig. 2.134a
is added. The diode will prevent the reverse-bias voltage Vg from exceeding 0.7 V. On

b

et

npn B

transistor

(b)

FIG. 2.134
(a) Diode protection to limit the emitter-to-base voltage of a
transistor; (b) diode protection to prevent a reversal in
collector current.

Protective
diode

FIG. 2.133
Diode protection for an RL circuit.
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106 DIODE APPLICATIONS occasion, you may also find a diode in series with the collector terminal of a transistor as
shown in Fig. 2.134b. Normal transistor action requires that the collector be more positive
than the base or emitter terminal to establish a collector current in the direction shown.
However, if a situation arises where the emitter or base terminal is at a higher potential
than the collector terminal, the diode will prevent conduction in the opposite direction. In
general, therefore,

Diodes are often used to prevent the voltage between two points from exceeding 0.7 V
or to prevent conduction in a particular direction.

As shown in Fig. 2.135, diodes are often used at the input terminals of systems such
as op-amps to limit the swing of the applied voltage. For the 400-mV level the signal
will pass undisturbed to the input terminals of the op-amp. However, if the voltage
jumps to a level of 1 V, the top and bottom peaks will be clipped off before appearing at
the input terminals of the op-amp. Any clipped-off voltage will appear across the series
resistor Rj.

400 mV -

Vi
400 mV -
V;
o AN\, —
R, +
0 7 + D 1 ~ | D, Y Op-amp
el or
0.7V 0.7V high-input-
- + impedance
-400mVp—————— network
= = R,
|’
=700 mV
v;
1V
1V Fa= 1000 mV
700 mV
R 0 t
0 t
-700mV [-—————
-200mV ——————
FIG. 2.135

Diode control of the input swing to an op-amp or a high-input-impedance network.

The controlling diodes of Fig. 2.135 may also be drawn as shown in Fig. 2.136 to control
the signal appearing at the input terminals of the op-amp. In this example, the diodes are act-
ing more like shaping elements than as limiters as in Fig. 2.135. However, the point is that

The placement of elements may change, but their function may still be the same. Do
not expect every network to appear exactly as you studied it for the first time.

In general, therefore, don’t always assume that diodes are used simply as switches. There
is a wide variety of uses for diodes as protective and limiting devices.
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(a) Alternate appearances for the network of Fig. 2.135; (b) establishing random levels of control
with separate dc supplies.

Polarity Insurance

There are numerous systems that are very sensitive to the polarity of the applied voltage.
For instance, in Fig. 2.137a, assume for the moment that there is a very expensive piece of
equipment that would be damaged by an incorrectly applied bias. In Fig. 2.137b the correct
applied bias is shown on the left. As a result, the diode is reverse-biased, but the system
works just fine—the diode has no effect. However, if the wrong polarity is applied as
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(a) Polarity protection for an expensive, sensitive piece of equipment; (b) correctly applied polarity;
(c) application of the wrong polarity.
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Defined polarity
for sensitive
movement

L Protective diode

FIG. 2.138
Protection for a sensitive meter
movement.

shown in Fig. 2.137¢c, the diode will conduct and ensure that no more than 0.7 V will
appear across the terminals of the system, protecting it from excessive voltages of the
wrong polarity. For either polarity, the difference between the applied voltage and the load
or diode voltage will appear across the series source or network resistance.

In Fig. 2.138 a sensitive measuring movement cannot withstand voltages greater than
1V of the wrong polarity. With this simple design the sensitive movement is protected from
voltages of the wrong polarity of more than 0.7 V.

Controlled Battery-Powered Backup

In numerous situations a system should have a backup power source to ensure that the
system will still be operational in case of a loss of power. This is especially true of security
systems and lighting systems that must turn on during a power failure. It is also important
when a system such as a computer or a radio is disconnected from its ac-to-dc power con-
version source to a portable mode for traveling. In Fig. 2.139 the 12-V car radio operating
off the 12-V dc power source has a 9-V battery backup system in a small compartment in
the back of the radio ready to take over the role of saving the clock mode and the channels
stored in memory when the radio is removed from the car. With the full 12 V available
from the car, D; is conducting, and the voltage at the radio is about 11.3 V. D, is reverse-
biased (an open circuit), and the reserve 9-V battery inside the radio is disengaged.
However, when the radio is removed from the car, D; will no longer be conducting because
the 12-V source is no longer available to forward-bias the diode. However, D, will be
forward-biased by the 9-V battery, and the radio will continue to receive about 8.3 V to
maintain the memory that has been set for components such as the clock and the channel
selections.

Internal
electronics

Automobile |t
electrical Vv
system

2v |- _T_I|
=

—_—

Car radio

FIG. 2.139
Backup system designed to prevent the loss of memory in a
car radio when the radio is removed from the car.

Polarity Detector

Through the use of LEDs of different colors, the simple network of Fig. 2.140 can be used
to check the polarity at any point in a dc network. When the polarity is as indicated for the
applied 6 V, the top terminal is positive, D; will conduct along with LED1, and a green
light will result. Both D, and LED2 will be back-biased for the above polarity. However,
if the polarity at the input is reversed, D, and LED2 will conduct, and a red light will
appear, defining the top lead as the lead at the negative potential. It would appear that the

Green (+)
D, 4{
R
+ €«— AN \N—
R ———

D,

FIG. 2.140
Polarity detector using diodes and LEDs.



network would work without diodes D; and D,. However, in general, LEDs do not like to
be reverse-biased because of sensitivity built in during the doping process. Diodes D and
D, offer a series open-circuit condition that provides some protection to the LEDs. In the
forward-bias state, the additional diodes D; and D, reduce the voltage across the LEDs to
more common operating levels.

Displays

Some of the primary concerns of using electric light bulbs in exit signs are their limited
lifetime (requiring frequent replacement); their sensitivity to heat, fire, and so on; their
durability factor when catastrophic accidents occur; and their high voltage and power
requirements. For this reason LEDs are often used to provide the longer life span, higher
durability levels, and lower demand voltage and power levels (especially when the reserve
dc battery system has to take over).

In Fig. 2.141 a control network determines when the EXIT light should be on. When it
is on, all the LEDs in series will be on, and the EXIT sign will be fully lit. Obviously, if
one of the LEDs should burn out and open up, the entire section will turn off. However,
this situation can be improved by simply placing parallel LEDs between every two points.
Lose one, and you will still have the other parallel path. Parallel diodes will, of course, reduce
the current through each LED, but two at a lower level of current can have a luminescence
similar to one at twice the current. Even though the applied voltage is ac, which means that
the diodes will turn on and off as the 60-Hz voltage swings positive and negative, the per-
sistence of the LEDs will provide a steady light for the sign.

20 mA Limit to low mA
=20 m
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= SN

_ | " 2

All red LEDs

FIG. 2.141
EXIT sign using LED:s.

Setting Voltage Reference Levels

Diodes and Zeners can be used to set reference levels as shown in Fig. 2.142. The net-
work, through the use of two diodes and one Zener diode, is providing three different
voltage levels.

Establishing a Voltage Level Insensitive to the Load Current

As an example that clearly demonstrates the difference between a resistor and a diode in a
voltage-divider network, consider the situation of Fig. 2.143a, where a load requires about
6 V to operate properly but a 9-V battery is all that is available. For the moment let us
assume that operating conditions are such that the load has an internal resistance of 1 k().
Using the voltage-divider rule, we can easily determine that the series resistor should be
470 Q) (commercially available value) as shown in Fig. 2.143b. The result is a voltage
across the load of 6.1 V, an acceptable situation for most 6-V loads. However, if the operat-
ing conditions of the load change and the load now has an internal resistance of only 600 (),
the load voltage will drop to about 4.9 V, and the system will not operate correctly. This
sensitivity to the load resistance can be eliminated by connecting four diodes in series with
the load as shown in Fig. 2.143c. When all four diodes conduct, the load voltage will be
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FIG. 2.143
(a) How to drive a 6-V load with a 9-V supply (b) using a fixed resistor value.
(c) Using a series combination of diodes.

about 6.2 V, irrespective of the load impedance (within device limits, of course)—the sen-
sitivity to the changing load characteristics has been removed.

AC Regulator and Square-Wave Generator

Two back-to-back Zeners can also be used as an ac regulator as shown in Fig. 2.144a. For
the sinusoidal signal v; the circuit will appear as shown in Fig. 2.144b at the instant
v; = 10 V. The region of operation for each diode is indicated in the adjoining figure.
Note that Z; is in a low-impedance region, whereas the impedance of Z, is quite large, cor-
responding to the open-circuit representation. The result is that v, = v; when v; = 10 V.
The input and the output will continue to duplicate each other until v; reaches 20 V. Then
Z, will “turn on” (as a Zener diode), whereas Z; will be in a region of conduction with a
resistance level sufficiently small compared to the series 5-k() resistor to be considered a

i [ AN\N ) V)
+ 5kQ +
22V z,
v; 20-V < v, 20V i
0 ot Zeners 0 T 20V [0Y3
Z
2V - -
O O
(a)
AAN o 1
5kQ + /\
+ 4 20V "
v=10V = |

(b)

FIG. 2.144
Sinusoidal ac regulation: (a) 40-V peak-to-peak sinusoidal ac regulator;
(b) circuit operation at v; = 10 V.



short circuit. The resulting output for the full range of v; is provided in Fig. 2.144a. Note
that the waveform is not purely sinusoidal, but its root mean square (rms) value is lower
than that associated with a full 22-V peak signal. The network is effectively limiting the
rms value of the available voltage. The network of Fig. 2.144b can be extended to that of a
simple square-wave generator (due to the clipping action) if the signal v; is increased to
perhaps a 50-V peak with 10-V Zeners as shown in Fig. 2.145 with the resulting output

waveform.
Vi
o AN o v,
50V + 5k + +
Z
v; 10-v < v, 10V =
0 ' ©f Zeners ;-2 —IOV—***J—I
s B
FIG. 2.145
Simple square-wave generator.
2.14 SUMMARY ®

Important Conclusions and Concepts

1.

2.

10.

The characteristics of a diode are unaltered by the network in which it is employed.
The network simply determines the point of operation of the device.

The operating point of a network is determined by the intersection of the network
equation and an equation defining the characteristics of the device.

. For most applications, the characteristics of a diode can be defined simply by the

threshold voltage in the forward-bias region and an open circuit for applied volt-
ages less than the threshold value.

To determine the state of a diode, simply think of it initially as a resistor, and find
the polarity of the voltage across it and the direction of conventional current through
it. If the voltage across it has a forward-bias polarity and the current has a direction
that matches the arrow in the symbol, the diode is conducting.

. To determine the state of diodes used in a logic gate, first make an educated guess

about the state of the diodes, and then test your assumptions. If your estimate is
incorrect, refine your guess and try again until the analysis verifies the conclusions.
Rectification is a process whereby an applied waveform of zero average value is
changed to one that has a dc level. For applied signals of more than a few volts, the
ideal diode approximations can normally be applied.

It is very important that the PIV rating of a diode be checked when choosing a diode
for a particular application. Simply determine the maximum voltage across the diode
under reverse-bias conditions, and compare it to the nameplate rating. For the typical
half-wave and full-wave bridge rectifiers, it is the peak value of the applied signal. For
the CT transformer full-wave rectifier, it is twice the peak value (which can get quite
high).

Clippers are networks that “clip” away part of the applied signal either to create a
specific type of signal or to limit the voltage that can be applied to a network.
Clampers are networks that “clamp” the input signal to a different dc level. In any
event, the peak-to-peak swing of the applied signal will remain the same.

Zener diodes are diodes that make effective use of the Zener breakdown potential of
an ordinary p—n junction characteristic to provide a device of wide importance and
application. For Zener conduction, the direction of conventional flow is opposite to
the arrow in the symbol. The polarity under conduction is also opposite to that of
the conventional diode.

SUMMARY
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11. To determine the state of a Zener diode in a dc network, simply remove the Zener
from the network, and determine the open-circuit voltage between the two points
where the Zener diode was originally connected. If it is more than the Zener poten-
tial and has the correct polarity, the Zener diode is in the “on” state.

12. A half-wave or full-wave voltage doubler employs two capacitors; a tripler, three
capacitors; and a quadrupler, four capacitors. In fact, for each, the number of diodes
equals the number of capacitors.

Equations

Approximate:
Silicon: Vg = 0.7V;
Germanium: Vk =03V,

Gallium arsenide: Vg = 1.2'V;

Ipis determined by network.
Ip is determined by network.

Ip is determined by network.

Ideal:
Vk =0YV; Ip is determined by network.
For conduction:
Vp = Vg

Half-wave rectifier:

Vie = 0318V,
Full-wave rectifier:

Vie = 0.636V,,
2.15 COMPUTER ANALYSIS o

Cadence OrCAD

Series Diode Configuration In the previous chapter the OrCAD 16.3 folder was estab-
lished as the location for our projects. This section will define the name of our project, set
up the software for the analysis to be performed, describe how to build a simple circuit,
and, finally, perform the analysis. The coverage will be quite extensive since this will be
the first true exposure to the mechanics associated with using the software package. In the
chapters to follow you will find the analysis can be performed quite rapidly to obtain
results that confirm the long-hand solutions.

Our first project can now be initiated by double-clicking on the OrCAD Capture CIS
Demo icon on the screen, or you can use the sequence Start—All Programs—Cadence—
OrCAD 16.3 Demo. The resulting screen has only a few active keys on the top toolbar.
The first at the top left is the Create document key (or you can use the sequence File-New-
Project). Selecting the key will result in a New Project dialog box, in which the Name of
the project must be entered. For our purposes we will choose OrCAD 2-1 as shown in the
heading of Fig. 2.146, and select Analog or Mixed A/D (to be used for all the analyses of
this text). Note at the bottom of the dialog box that the Location appears as C:\OrCAD
16.3 as set earlier. Click OK, and another dialog box will appear titled Create PSpice
Project. Select Create a blank project (again, for all the analyses to be performed in this
text). Click OK, and additional keys will be turned on along with additional toolbars. A
Project Manager Window will appear with OrCAD 2-1 as its heading. The new project
listing will appear with an icon and an associated + sign in a small square. Clicking on
the + sign will take the listing a step further to SCHEMATIC1. Click + again (to the left
of SCHEMATICI1), and PAGE1 will appear; clicking on a — sign will reverse the pro-
cess. Double-clicking on PAGE1 will create a working window titled SCHEMATIC1:
PAGE], revealing that a project can have more than one schematic file and more than one
associated page. The width and the height of the window can be adjusted by grabbing an
edge to obtain a double-headed arrow and dragging the border to the desired location. Either
window on the screen can be moved by clicking on the top heading to make it dark blue
and then dragging it to any location.
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FIG. 2.146
Cadence OrCAD analysis of a series diode configuration.

Now we are ready to build the simple circuit of Fig. 2.146. Select the Place part key (the
top key on the far right vertical toolbar that looks like an integrated circuit with a positive
sign in the bottom right corner) to obtain the Place Part dialog box. Since this is the first
circuit to be constructed, we must ensure that the parts appear in the list of active libraries.
Go to Libraries and select the Add Library key (looks like a dashed rectangular box with
a yellow star in the top left corner). The result is a Browse File in which analog.olb can
be selected, followed by Open to place it in the active list of Libraries. Repeat the process
to add the eval.olb and source.olb libraries. All three libraries will be required to build the
networks appearing in this text. However, it is important to realize that:

Once the library files have been selected, they will appear in the active listing for each
new project without having to add them each time—a step, such as the Folder step
above, that does not have to be repeated with each similar project.

Click the small x in the top right corner of the dialog box to remove the Place Part dialog
box. We can now place components on the screen. For the dc voltage source, first select the
Place Part key and then select SOURCE in the library listing. Under Part List, a list of
available sources will appear; select VDC for this project. Once VDC has been selected, its
symbol, label, and value will appear on the picture window at the bottom left of the dialog
box. Click the Place Part key on the top of the dialog box, and the VDC source will follow
the cursor across the screen. Move it to a convenient location, left-click the mouse, and it
will be set in place as shown in Fig. 2.146.

Since a second source is present in Fig. 2.146, move the cursor to the general area of the
second source and click it in place. Since this is the last source to appear in the network,
execute a right click of the mouse and select End Mode. Choosing this option will end the
procedure, leaving the last source in a red dashed box. The fact that it is red indicates that
it is still in the active mode and can be operated on. One more click of the mouse, and the
second source will be in place and the red active status removed. The second source can
be rotated 180° to match Fig. 2.146 by first clicking the source to make it red (active) to
obtain a long list of options and select Rotate. Since each rotation only turns it 90° coun-
terclockwise, two rotations will be required. The rotations can also be accomplished using
the sequence Ctrl-R.

One of the most important steps in the procedure is to ensure that a 0-V ground poten-
tial is defined for the network so that voltages at any point in the network have a reference
point. The result is a requirement that every network must have a ground defined. For our
purposes, the 0/SOURCE option will be our choice when the GND key is selected. It is
obtained by selecting the ground symbol in the middle of the far right toolbar to obtain the
Place Ground dialog box. Scroll down until 0/SOURCE is selected and click OK. The
result is a ground that can be placed anywhere on the screen. As with the voltage source,
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multiple grounds can be added by simply going from one point to another. The process is
ended with a right click and the End Mode option.

The next step will be to place the resistors of the network of Fig. 2.146. This is accom-
plished by selecting the Place Part key again and then selecting the ANALOG library.
Scrolling the options, note that R will appear and should be selected. Click the Place Part
key, and the resistor will appear next to the cursor on the screen. Move it to the desired
location and click it in place. The second resistor can be placed by simply moving to the
general area of its location in Fig. 2.146 and clicking it in place. Since there are only two
resistors, the process can be ended by making a right click of the mouse and selecting End
Mode. The second resistor will have to be rotated to the vertical position using the same
procedure described for the second voltage source.

The last element to be placed is the diode. Selecting the Place Part keypad will again
result in the Place Part dialog box, in which the EVAL library is chosen from the Libraries
listing. Then type D under Part heading and select D14148 under Part List followed by
the Place Part command to place on the screen in the same manner described for the source
and resistors.

Now that all the components are on the screen you may want to move them to positions
corresponding directly with Fig. 2.146. This is accomplished by simply clicking on the
element and holding the left-click down as you move the element.

All the required elements are on the screen, but they need to be connected. This is ac-
complished by selecting the Place wire key, which looks like a step, near the top of the
toolbar to the left of the toolbar with the Place Part key. The result is a crosshair with a
center that should be placed at the point to be connected. Place the crosshair at the top of the
voltage source, and left-click it once to connect it to that point. Then draw a line to the end
of the next element, and click the mouse again when the crosshair is at the correct point. A
red line will result with a square at each end to confirm that the connection has been made.
Then move the crosshair to the other elements, and build the circuit. Once everything is
connected, a right click will provide the End Mode option. Don’t forget to connect the
source to ground as shown in Fig. 2.146.

Now we have all the elements in place, but their labels and values are wrong. To change
any parameter, simply double-click on the parameter (the label or the value) to obtain the
Display Properties dialog box. Type in the correct label or value, click OK, and the quan-
tity is changed on the screen. The labels and values can be moved by simply clicking on
the center of the parameter until it is closely surrounded by the four small squares and then
dragging it to the new location. Another left click, and it is deposited in its new location.

Finally, we can initiate the analysis process, called Simulation, by selecting the New
Simulation Profile key near the top left of the display—it resembles a data page with a
star in the top right corner. A New Simulation dialog box will result that first asks for
the Name of the simulation. OrCAD 2-1 is entered, and none is left in the Inherit From
request. Then select Create, and a Simulation Setting dialog box will appear in which
Analysis-Analysis Type-Bias Point is sequentially selected. Click OK, and select the Run
key (which looks like an isolated arrowhead in a green background) or choose PSpice-Run
from the menu bar. An Output Window will result that appears to be somewhat inactive.
It will not be used in the current analysis, so close (X) the window, and the circuit of Fig.
2.146 will appear with the voltage and current levels of the network. The voltage, current,
or power levels can be removed (or replaced) from the display by simply selecting the
V., I, or W in the third toolbar from the top. Individual values can be removed by simply
selecting the value and pressing the Delete key. Resulting values can be moved by simply
left-clicking the value and dragging it to the desired location.

The results of Fig. 2.146 show that the current through the series configuration is
2.081 mA through each element, compared to the 2.072 mA of Example 2.9. The voltage
across the diode is 218.8 mV — (—421.6 mV) = 0.64 V, compared to the 0.7 V applied
in the long-hand solution of Example 2.9. The voltage across Ry is 10 V — 218.8 mV =
9.78 V, compared to 9.74 V in the long-hand solution. The voltage across the resistor R,
is5V —421.6 mV = 4.58 V, compared to 4.56 V in Example 2.9.

To understand the differences between the two solutions, one must be aware that the diode
has internal characteristics that affect its behavior such as the reverse saturation current and
its resistance levels at different current levels. Those characteristics can be viewed through
the sequence Edit-PSpice Model resulting in the PSpice Model Editor Demo dialog box.



You will find that the default value of the reverse saturation current is 2.682 nA—a quantity
that can have an important effect on the characteristics of the device. If we choose I; =
3.5E-15A (a value determined by trial and error) and delete the other parameters for the
device, a new simulation of the network will result in the response of Fig. 2.147. Now the
current through the circuit is 2.072 mA, which is an exact match with the result of Example
2.9. The voltage across the diode is 260.2 mV + 440.9 mV = 0.701 V, or essentially
0.7 V, and the voltage across each resistor is exactly as obtained in the long-hand solution.
In other words, by choosing this value of reverse saturation current, we created a diode with
characteristics that permitted the approximation that V, = 0.7 V when in the “on” state.
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The circuit of Fig. 2.146 reexamined with I set at 3.5E-15A.

The results can also be viewed in tabulated form by selecting PSpice at the head of the
screen followed by View Output File. The result is the listing of Fig. 2.148 (modified to
conserve space), which includes the CIRCUIT DESCRIPTION with all the components
of the network, the Diode MODEL PARAMETERS with the chosen Is value, and the
INITTAL TRANSIENT SOLUTION with the dc voltage levels, current levels, and total
power dissipation.

The analysis is now complete for the diode circuit of interest. Granted, there was a wealth
of information provided to establish and investigate this rather simple network. However,
the vast majority of this material will not be repeated in the PSpice examples to follow,
which will have a dramatic effect on the length of the descriptions. For practice purposes,
it is suggested that other examples in this chapter be checked using PSpice and that the
exercises at the end of the chapter be investigated to develop confidence in applying the
software package.

Diode Characteristics The characteristics of the DIN4148 diode used in the above analysis
will now be obtained using a few maneuvers somewhat more sophisticated than those
employed in the first example. The process begins by first building the network of Fig.
2.149 using the procedures just described. Note in particular that the source is labeled E and
set at OV (its initial value). Next the New Simulation Profile icon is selected from the tool-
bar to obtain the New Simulation dialog box. For the Name, Fig. 2-150 is entered since it
is the location of the graph to be obtained. Create is then selected and the Simulation Set-
tings dialog box will appear. Under Analysis Type, DC Sweep is chosen because we want
to sweep through a range of values for the source voltage. When DC Sweep is selected a list
of options will simultaneously appear in the right-hand region of the dialog box, requiring
that some choices be made. Since we plan to sweep through a range of voltages, the Sweep
variable is a Voltage source. Its name must be entered as E as appearing in Fig. 2.149. The
sweep will be Linear (equal space between data points) with a Start value of 0 V, End
Value of 10 V, and an Increment of 0.01 V. After making all the entries, click OK and the

COMPUTER ANALYSIS

115



116 DIODE APPLICATIONS

###k CIRCUIT DESCRIPTION

*Analysis directives:

.TRAN 0 1000ns 0

PROBE V((alias(*)) I(alias(*))
W(alias(*)) D(alias(*)) NOISE(alias(*))
INC ".\SCHEMATICI .net"

#iik INCLUDING SCHEMATIC .net 3%
* source ORCAD2-2

V_EI N00103 0 10Vde

V_E2 0 N00099 5Vdc

R_R1 N00103 N00204 4.7k TC=0,0
R_R2 N00099 N00185 2.2k TC=0,0
D_Dl N00204 N00185 DIN4148

##k%k Diode MODEL PARAMETERS

DIN4148
IS 2.000000E-15

##kk INITIAL TRANSIENT SOLUTION ~ TEMPERATURE = 27.000 DEG C

NODE  VOLTAGE
(N00099) -5.0000
(N00103) 10.0000
(NOO185) -.4455
(N00204) .2700

VOLTAGE SOURCE CURRENTS

NAME CURRENT
V_El -2.070E-03
V_E2 -2.070E-03

TOTAL POWER DISSIPATION 3.11E-02 WATTS

FIG. 2.148
Output file for PSpice Windows analysis of the circuit of Fig. 2.147.

RUN PSpice option can be selected. The analysis will be performed with the source voltage
changing from 0 V to 10 V in 1000 steps (as resulting from the division of 10 V/0.01 V).
The result, however, is simply a graph with a horizontal scale from O V to 10 V.

Since the plot we want is of I, versus V, we must change the horizontal (x-axis) to V.
This is accomplished by selecting Plot and then Axis Settings. An Axis Settings dialog
box will appear, in which choices have to be made. If Axis Variables is selected, an X-Axis
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Network for obtaining the characteristics of the DIN4148 diode.



Variable dialog box will appear with a list of variables that can be chosen for the x-axis.
V1(D1) will be selected since it represents the voltage across the diode. If we then select
OK, the Axis Settings dialog box will return, where User Defined is selected under the
Data Range heading. User Defined is chosen because it will allow us to limit the graph
to arange of 0 V to 1 V since the “on” voltage of the diode should be around 0.7 V. After
entering the 0—1 V range, selecting OK will result in a graph with V1(D1) as the x variable
with a range of 0 V to 1 V. The horizontal axis now seems to be set for the desired plot.

‘We must now turn our attention to the vertical axis, which should be the diode current.
Choosing Trace followed by Add Trace will result in an Add Trace dialog box in which
I(D1) will appear as one of the possibilities. Selecting I(D1) will also cause it to appear as
the Trace Expression at the bottom of the dialog box. Selecting OK will then result in the
diode characteristics of Fig. 2.150, clearly showing a steep rise around 0.7 V.
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FIG. 2.150
Characteristics of the DIN4148 diode.

If we turn back to the PSpice Model Editor for the diode and change I to 3.5E-15A as
in the previous example, the curve will shift to the right. Similar procedures will be used to
obtain the characteristic curves for a variety of elements to be introduced in later chapters.

Multisim

Fortunately, there are a number of similarities between Cadence OrCAD and Multisim.
Then again, there are a number of differences also, but the saving point is that once you
become proficient in the use of one software package, the other will be much easier to learn.
For those users familiar with the earlier versions of Multisim, you will find that the new
version has a minimum of changes, permitting an easy transition to the new procedures.

Once the Multisim icon is chosen, a screen will appear with a vast array of toolbars. The
content of each and the name of each can be found through the sequence View-toolbars.
The result is a long vertical list of available toolbars. The content and location of each can
be found by simply selecting or deleting a toolbar and noting the effect on the full screen.
For our purposes the Standard, View, Main, Components, Simulation Switch, Simula-
tion and Instruments will be used.

When using Multisim you have a choice between using “virtual” or “real” components.
Virtual components are those that can be given any value when you build the network. The
term real comes from the fact that the resulting list is a list of standard component values
that can be purchased from a supplier. Finding a component is initiated by first selecting
the second keypad (from the left) on the component toolbar that looks like a resistor. As
you approach the key, the label Place Basic will appear. Once it is chosen, the Select a
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Component dialog box will appear that contains a subset titled Family. Third down on
that list is a RATED_VIRTUAL option with a resistor symbol. When this is selected a list
of components including RESISTOR_RATED, CAPACITOR_RATED, INDUCTOR _
RATED, and a variety of others will appear. If RESISTOR-RATED is selected, a resistor
symbol will appear under the Symbol heading. Note that the resistor docs not have a specific
value. If we now select OK and place it on the screen in much the same way we did for
the OrCAD introduction, you will find that the value was automatically labeled R1 with
a value of 1 kQ. In order to place another resistor the same sequence must be followed,
but this time the resistor will automatically be called R2 but with the same value of 1 k().
This labeling process will continue in the same manner with the same 1-k{) value for as
many resistors as you place. As was done with OrCAD, the resistor labels and values can
be changed quite easily. Of course, if the chosen resistor is a standard value then it can be
found directly under the RESISTOR listing of “real” components.

We are now ready to build the diode network of Example 2.13 so we can compare
results. The diodes chosen will be commercially available under the “real” listing. In this
case two 1N4009 diodes were found by first selecting the keypad Place Diode to the
right of the Place Basic keypad to obtain the Select a Component dialog box. Then the
sequence Family-DIODE-1N4009-OK will result in a diode on the screen labeled D1
with 1N4009 below the symbol, as shown in Fig. 2.151. Next we can place the resistors
on the screen by going to the RESISTOR option and typing in the value of one of the
resistors, in this case, the 3.3-k() resistor in the area provided at the top of the resistor
listing. This certainly removes the need to scroll through the list looking for a particular
resistor. Once found and placed, it will appear as R1 with a value of 3.3 k(). The same
procedure will result in a second resistor called R2 with a value of 5.6 k(). In each case the
elements are initially placed closest to where they will end up. The dc voltage source is
found by going to the Place Source keypad, which is the first keypad in the Component
toolbar. Under Family, POWER SOURCES is selected, followed by DC_POWER.
Click OK and a voltage source will appear on the screen with the label V1 at a level of
12 V. The last circuit element to be set on the screen is the ground, which is accomplished
by going back to the Place Source option and, after selecting POWER SOURCES,
choosing “ground” under the Component listing. Click OK and the ground can be placed
anywhere on the screen.
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FIG. 2.151
Verifying the results of Example 2.13 using Multisim.

Now that all the components are on the screen, they must be placed and labeled properly.
For each component, simply selecting the device will create a blue dashed box around it to
indicate it is in the active mode. When clicked to establish this condition, it can be moved
to any location on the screen. To rotate an element, establish the active mode and apply
Crtl-R to rotate it 90 degrees. Each application of this process will rotate it an additional
90 degrees. Changing a label simply requires double-clicking the label of interest to create



a small blue box around it and produce a dialog box for the change. For the source, a dia-
log box labeled DC_POWER will result, in which the heading Label is selected and the
refDEs retyped as E. Click OK and the label E will appear. The same procedure can change
the value to 20 V, although in this case the Value heading is chosen and the units are chosen
using the scroll at the right of the entered value.

The next step is to determine what quantities are to be measured and how to measure
them. For this network a multimeter will be used to measure the current through the resistor
R1. The multimeter is found at the top of the Instrument toolbar. After selection it can be
placed on the screen in the same manner as the other elements. Double-clicking the meter
will then result in the Multimeter-XXM1 dialog box, in which A is selected to set the mul-
timeter as an ammeter. In addition, the DC box (a straight line) must be selected because
we are dealing with dc voltages. The current through the diode D1 and the voltage across
the resistor R2 will be found using Indicators, which are found as the tenth option to the
right on the Component toolbar. The software symbol looks like an LED with a red dashed
figure eight inside. Click on this option and a Select a Component dialog box will appear.
Under Family, select AMMETER and then take note of the Component listing and the
four options for the orientation of the indicator. For our analysis the AMMETER_H will
be chosen since the plus sign or entering point for the current is on the left for the diode
D1. Click OK and the indicator can be placed to the left of the diode D1. For the voltage
across the resistor R2, the option VOLTMETER_HR is chosen so the polarity matches
that across the resistor.

Finally, all the components and meters must be connected. This is accomplished by
simply placing the cursor at the end of an element until a small circle and a set of crosshairs
appear to designate the starting point. Once these are in place, click the location and an x
will appear at the terminal. Then move to the end of the other element and left-click the
mouse again—a red connecting wire will automatically appear with the most direct route
between the two elements. The process is called Automatic Wiring.

Now that all the components are in place it is time to initiate the analysis of the circuit,
an operation that can be performed in one of three ways. One option is to select Simulate
at the head of the screen followed by Run. The next is the green arrow in the Simulation
toolbar. The last is to simply toggle the switch at the head of the screen to the 1 position. In
each case a solution appears in the indicators after a few seconds that seems to flicker over
time. This flickering simply indicates the software package is repeating the analysis over
time. To accept the solution and stop the continuing simulation, either toggle the switch to
the 0 position or select the lightning bolt keypad again.

The current through the diode is 3.349 mA, which compares well with the 3.32 mA in
Example 2.13. The voltage across the resistor R, is 18.722 V, which is close to the 18.6 V
of the same example. After the simulation, the multimeter can be displayed as shown in
Fig. 2.151 by double-clicking on the meter symbol. By clicking anywhere on the meter, the
top portion is dark blue, and the meter can be moved to any location by simply clicking on
the blue region and dragging it to the desired location. The current of 193.285 nA is very
close to the 212 A of Example 2.13. The differences are primarily due to the fact that each
diode voltage is assumed to be 0.7 V, whereas in fact it is different for each diode of Fig.
2.151 since the current through each is different. In all, however, the Multisim solution is
a very close match with the approximate solution of Example 2.13.

PROBLEMS o

*Note: Asterisks indicate more difficult problems.
2.2 Load-Line Analysis

1. Using the characteristics of Fig. 2.152b, determine Ip, Vp, and Vj for the circuit of Fig. 2.152a.
Repeat part (a) using the approximate model for the diode, and compare results.

Repeat part (a) using the ideal model for the diode, and compare results.

Using the characteristics of Fig. 2.152b, determine I, and V, for the circuit of Fig. 2.153.
Repeat part (a) with R = 0.47 k().

Repeat part (a) with R = 0.68 k().

d. Is the level of Vp, relatively close to 0.7 V in each case?

P oTE

How do the resulting levels of I, compare? Comment accordingly.
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Problems I and 2.

3. Determine the value of R for the circuit of Fig. 2.153 that will result in a diode current of
10 mA if E = 7 V. Use the characteristics of Fig. 2.152b for the diode.

4. a. Using the approximate characteristics for the Si diode, determine V), I, and Vj for the
circuit of Fig. 2.154.
b. Perform the same analysis as part (a) using the ideal model for the diode.
c. Do the results obtained in parts (a) and (b) suggest that the ideal model can provide a good
approximation for the actual response under some conditions?
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Problems 2 and 3. Problem 4.




2.3 Series Diode Configurations

5. Determine the current / for each of the configurations of Fig. 2.155 using the approximate
equivalent model for the diode.
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FIG. 2.155
Problem 5.

6. Determine V, and I, for the networks of Fig. 2.156.
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Problems 6 and 49.
*7. Determine the level of V, for each network of Fig. 2.157.
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Problem 7.
*8. Determine V, and I, for the networks of Fig. 2.158.
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Problem 8.




APPLICATIONS *9. Determine V,,, and V,,, for the networks of Fig. 2.159.
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Problem 9.

2.4 Parallel and Series-Parallel Configurations

10. Determine V, and I, for the networks of Fig. 2.160.

20V
Ip
—P
1
12v Si ‘ .
o——9¢ <oV, Ge Si
Gals § 47kQ ) Yo
2.2k&)
-‘?_ 4V
(a) (b)
FIG. 2.160
Problems 10 and 50.

*11. Determine V,, and [ for the networks of Fig. 2.161.
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FIG. 2.161
Problem 11.

12. Determine V,, V,,, and I for the network of Fig. 2.162.
*13. Determine V,, and I for the network of Fig. 2.163.
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Problem 12. Problems 13 and 51.

2.5 AND/OR Gates

14. Determine V,, for the network of Fig. 2.39 with 0 V on both inputs.
15. Determine V,, for the network of Fig. 2.39 with 10 V on both inputs.
16. Determine V, for the network of Fig. 2.42 with 0 V on both inputs.
17. Determine V, for the network of Fig. 2.42 with 10 V on both inputs.
18. Determine V,, for the negative logic OR gate of Fig. 2.164.

19. Determine V, for the negative logic AND gate of Fig. 2.165.
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Problem 18. Problem 19.

20. Determine the level of V,, for the gate of Fig. 2.166.
21. Determine V, for the configuration of Fig. 2.167.
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Problem 20. Problem 21.

2.6 Sinusoidal Inputs; Half-Wave Rectification

22. Assuming an ideal diode, sketch v;, v, and i, for the half-wave rectifier of Fig. 2.168. The
input is a sinusoidal waveform with a frequency of 60 Hz. Determine the profit value of v; from
the given dc level.

23. Repeat Problem 22 with a silicon diode (Vg = 0.7 V).
24. Repeat Problem 22 with a 10 k{2 load applied as shown in Fig. 2.169. Sketch v; and i;.
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SR oVye=2V vio D1 "L
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FIG. 2.168 FIG. 2.169
Problems 22 through 24. Problem 24.
25. For the network of Fig. 2.170, sketch v, and determine V..
#26. For the network of Fig. 2.171, sketch v, and ig.
v ir
2kQ —
o AN o v o MWV
+ + 1kQ
+ +
V=120V (rms) AR Ideal v, (V0 0 \/ [ Si 1kQ v,
= - -10V - -
G O o o
FIG. 2.170 FIG. 2.171
Problem 25. Problem 26.

*27. a. Given Pp,x = 14 mW for each diode at Fig. 2.172, determine the maximum current rating
of each diode (using the approximate equivalent model).
b. Determine /y,,, for the parallel diodes.
Determine the current through each diode at V; using the results of part (b).
d. If only one diode were present, which would be the expected result?

Y Si
160 V o—o

_N_

\/ t v; Si 47kQ Q@ 68kQ

FIG. 2.172
Problem 27.

o

~

max

f

2.7 Full-Wave Rectification

28. A full-wave bridge rectifier with a 120-V rms sinusoidal input has a load resistor of 1 k().
a. If silicon diodes are employed, what is the dc voltage available at the load?
b. Determine the required PIV rating of each diode.
c. Find the maximum current through each diode during conduction.
d. What is the required power rating of each diode?

29. Determine v, and the required PIV rating of each diode for the configuration of Fig. 2.173. In
addition, determine the maximum current through each diode.

100 V

v
—100 V

Ideal diodes

FIG. 2.173
Problem 29.




*#30. Sketch v, for the network of Fig. 2.174 and determine the dc voltage available. P

+o0

Ideal diodes

FIG. 2.174
Problem 30.

*31. Sketch v, for the network of Fig. 2.175 and determine the dc voltage available.

FIG. 2.175
Problem 31.

2.8 Clippers

32. Determine v, for each network of Fig. 2.176 for the input shown.

! Si 8V Ideal

=20V

FIG. 2.176
Problem 32.

33. Determine v, for each network of Fig. 2.177 for the input shown.

v‘ . .
12V Si 22k0Q Si 4V
v Vo Vi O—N——l_ || ;
- 1.8kQ 10 kQ
-12V = =
(@ (b)
FIG. 2.177

Problem 33.




APPLICATIONS *34. Determine v, for each network of Fig. 2.178 for the input shown.

vl
20V
[ _4 V. 1deal Ideal
I e
+ +
v; 1 k9§ v, 22kQ
0 t - -
5V o o +5V
(a) (b)
FIG. 2.178
Problem 34.

*35. Determine v, for each network of Fig. 2.179 for the input shown.

+8V

Si

(a) (b)
FIG. 2.179
Problem 35.

36. Sketch ig and v, for the network of Fig. 2.180 for the input shown.

v, 10kQ

o—A N
10V + —
ir
Vi

\/ ! 53V— 73V—
10V - T -
O

FIG. 2.180
Problem 36.

2.9 Clampers
37. Sketch v, for each network of Fig. 2.181 for the input shown.

V’- C C
20V —\ o vi o—f— oV,
+ +
Ideal
v Ideal R % - R
0 o =5V
— . T
o- ) =
20V
(a) (b)
FIG. 2.181

Problem 37.




38. Sketch v, for each network of Fig. 2.182 for the input shown.

vl C C
L
o—-—]f o o—f o
120V + + + +
Ideal
v; Ideal x R v, v, + Yo
\/ t E_=— 20V
o o o _ o
@ (b)
FIG. 2.182
Problem 38.
*39. For the network of Fig. 2.183:
a. Calculate 57.
b. Compare 57 to half the period of the applied signal.
c. Sketch v,,.
Vi C
{
12V o—I‘ o}
+ 0.1pF +
Si
v; _ RQS6kQ
—= 2V
-12v. = + -
f=1kHz o . o
FIG. 2.183
Problem 39.
*40. Design a clamper to perform the function indicated in Fig. 2.184.
v; v,
+30V -
Ideal diodes
20V -
+ +
v; Design v,
! 0 t
— S— -10V
20V
FIG. 2.184
Problem 40.
*41. Design a clamper to perform the function indicated in Fig. 2.185.
v; Silicon diodes v,
10V - I 27V
+ +
t
Vi Design Vo 0
0 t
1oV -17.3V
FIG. 2.185

Problem 41.




2.10
*42.

*43,

*44,

45.

46.

2.11
47.

48.

2.14

49.
50.
51.
52.
53.
54.
55.
56.

Zener Diodes

a. Determine Vy, I}, I;, and I, for the network of Fig. 2.186 if R; = 180 ().

b. Repeat part (a) if R, = 470 .

¢. Determine the value of R; that will establish maximum power conditions for the Zener diode.
d. Determine the minimum value of R; to ensure that the Zener diode is in the “on” state.

Rg
o AN : “IL
+ — 200 I +
Ip
V,=10V
20V z R
P, =400 mW g
; —
FIG. 2.186
Problem 42.

a. Design the network of Fig. 2.187 to maintain V at 12 V for a load variation (I;) from 0 mA
to 200 mA. That is, determine Rg and V.
b. Determine Py, for the Zener diode of part (a).

For the network of Fig. 2.188, determine the range of V; that will maintain V; at 8 V and not
exceed the maximum power rating of the Zener diode.

R

16V ‘VL

Vz l R, 0.22 kQ
FIG. 2.187 FIG. 2.188
Problem 43. Problems 44 and 52.

Design a voltage regulator that will maintain an output voltage of 20 V across a 1-k{) load with
an input that will vary between 30 V and 50 V. That is, determine the proper value of Ry and
the maximum current I,.

Sketch the output of the network of Fig. 2.145 if the input is a 50-V square wave. Repeat for a
5-V square wave.

Voltage-Multiplier Circuits
Determine the voltage available from the voltage doubler of Fig. 2.123 if the secondary voltage
of the transformer is 120 V (rms).
Determine the required PIV ratings of the diodes of Fig. 2.123 in terms of the peak secondary
voltage V,,,.

Computer Analysis

Perform an analysis of the network of Fig. 2.156b using PSpice Windows.

Perform an analysis of the network of Fig. 2.161b using PSpice Windows.

Perform an analysis of the network of Fig. 2.162 using PSpice Windows.

Perform a general analysis of the Zener network of Fig. 2.188 using PSpice Windows.
Repeat Problem 49 using Multisim.

Repeat Problem 50 using Multisim.

Repeat Problem 51 using Multisim.

Repeat Problem 52 using Multisim.



Bipolar Junction Transistors

CHAPTER OBJECTIVES Py

e Become familiar with the basic construction and operation of the Bipolar
Junction Transistor.
e Be able to apply the proper biasing to insure operation in the active region.
e Recognize and be able to explain the characteristics of an npn or pnp transistor.
e Become familiar with the important parameters that define the
response of a transistor.
e Be able to test a transistor and identify the three terminals.

3.1  INTRODUCTION

During the period 1904 t01947, the vacuum tube was the electronic device of interest and
development. In 1904, the vacuum-tube diode was introduced by J. A. Fleming. Shortly
thereafter, in 1906, Lee De Forest added a third element, called the control grid, to the
vacuum diode, resulting in the first amplifier, the friode. In the following years, radio
and television provided great stimulation to the tube industry. Production rose from
about 1 million tubes in 1922 to about 100 million in 1937. In the early 1930s the four-
element tetrode and the five-element pentode gained prominence in the electron-tube
industry. In the years to follow, the industry became one of primary importance, and rapid
advances were made in design, manufacturing techniques, high-power and high-frequency
applications, and miniaturization.

On December 23, 1947, however, the electronics industry was to experience the advent
of a completely new direction of interest and development. It was on the afternoon of this
day that Dr. S. William Shockley, Walter H. Brattain, and John Bardeen demonstrated the
amplifying action of the first transistor at the Bell Telephone Laboratories as shown in
Fig. 3.1. The original transistor (a point-contact transistor) is shown in Fig. 3.2. The ad-
vantages of this three-terminal solid-state device over the tube were immediately obvious:
It was smaller and lightweight; it had no heater requirement or heater loss; it had a rugged
construction; it was more efficient since less power was absorbed by the device itself; it
was instantly available for use, requiring no warm-up period; and lower operating voltages
were possible. Note that this chapter is our first discussion of devices with three or more
terminals. You will find that all amplifiers (devices that increase the voltage, current, or
power level) have at least three terminals, with one controlling the flow or potential between
the other two.
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Dr. William Shockley (seated);
Dr. John Bardeen (left); Dr. Walter
H. Brattain. (Courtesy of AT&T
Archives and History Center.)

Dr. Shockley

Dr. Bardeen

Dr. Brattain

Born: London,
England, 1910
PhD Harvard,
1936

Born: Madison,
Wisconsin, 1908
PhD Princeton,
1936

Born: Amoy,
China, 1902
PhD University
of Minnesota,
1928

All shared the Nobel Prize in 1956
for this contribution.

FIG. 3.1
Coinventors of the first transistor
at Bell Laboratories.
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The transistor is a three-layer semiconductor device consisting of either two n- and one
p-type layers of material or two p- and one n-type layers of material. The former is called
an npn transistor, and the latter is called a pnp transistor. Both are shown in Fig. 3.3 with
the proper dc biasing. We will find in Chapter 4 that the dc biasing is necessary to establish
the proper region of operation for ac amplification. The emitter layer is heavily doped,
with the base and collector only lightly doped. The outer layers have widths much greater
than the sandwiched p- or n-type material. For the transistors shown in Fig. 3.2 the ratio of
the total width to that of the center layer is 0.150/0.001 = 150:1. The doping of the sand-
wiched layer is also considerably less than that of the outer layers (typically, 1:10 or less).

FIG. 3.2 This lower doping level decreases the conductivity (increases the resistance) of this mate-
The first transistor. (Courtesy of rial by limiting the number of “free” carriers.
AT&T Archives and History Center.) For the biasing shown in Fig. 3.3 the terminals have been indicated by the capital letters

E for emitter, C for collector, and B for base. An appreciation for this choice of notation will

0,150 in—» develop when we discuss the basic operation of the transistor. The abbreviation BJT, from

0.001 in. bipolar junction transistor, is often applied to this three-terminal device. The term bipolar

— = reflects the fact that holes and electrons participate in the injection process into the oppo-

sitely polarized material. If only one carrier is employed (electron or hole), it is considered
p |n| p a unipolar device. The Schottky diode of Chapter 16 is such a device.

3.3 TRANSISTOR OPERATION

W + - The basic operation of the transistor will now be described using the pnp transistor of Fig. 3.3a.

|||= ||||_ The operation of the npn transistor is exactly the same if the roles played by the electron and

Ver Vee hole are interchanged. In Fig. 3.4a the pnp transistor has been redrawn without the base-to-

@) collector bias. Note the similarities between this situation and that of the forward-biased diode

in Chapter 1. The depletion region has been reduced in width due to the applied bias, resulting
in a heavy flow of majority carriers from the p- to the n-type material.

Let us now remove the base-to-emitter bias of the pnp transistor of Fig. 3.3a as shown

in Fig. 3.4b. Consider the similarities between this situation and that of the reverse-biased

diode of Section 1.6. Recall that the flow of majority carriers is zero, resulting in only a

[+—0.150 in.—

0.001 in.

— |

EL o Ipl n i€ minority-carrier flow, as indicated in Fig. 3.4b. In summary, therefore:
One p—n junction of a transistor is reverse-biased, whereas the other is forward-biased.
B
“ahl + “hl + + Majority carriers + Minority carriers
—|I 1)1 Majority c4 e
Vee Vee 2 = N [BSaS
E & b 9 £l < +++ c
(b) OFEL n Ess
SR S ol o
FIG. 3.3 t/-|B BI+\~
Types of transistors: (a) pnp; Depletion region Depletion region
(b) npn.
+00 +0-
[t [y
Veg Vee
(a) (b
FIG. 3.4

Biasing a transistor: (a) forward-bias; (b) reverse-bias.

In Fig. 3.5 both biasing potentials have been applied to a pnp transistor, with the resulting
majority- and minority-carrier flows indicated. Note in Fig. 3.5 the widths of the depletion
regions, indicating clearly which junction is forward-biased and which is reverse-biased.
As indicated in Fig. 3.5, a large number of majority carriers will diffuse across the forward-
biased p—n junction into the n-type material. The question then is whether these carriers will
contribute directly to the base current / or pass directly into the p-type material. Since the
sandwiched n-type material is very thin and has a low conductivity, a very small number of



+ Minority carriers

+ Majority carriers
)4 P

n

I I~
E E C —(>
Depletion regionsp

Iy
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Ve Vee
FIG. 3.5

Majority and minority carrier flow of a pnp

transistor.

these carriers will take this path of high resistance to the base terminal. The magnitude of the
base current is typically on the order of microamperes, as compared to milliamperes for the
emitter and collector currents. The larger number of these majority carriers will diffuse across
the reverse-biased junction into the p-type material connected to the collector terminal as indi-
cated in Fig. 3.5. The reason for the relative ease with which the majority carriers can cross the
reverse-biased junction is easily understood if we consider that for the reverse-biased diode
the injected majority carriers will appear as minority carriers in the n-type material. In other
words, there has been an injection of minority carriers into the n-type base region material.
Combining this with the fact that all the minority carriers in the depletion region will cross the
reverse-biased junction of a diode accounts for the flow indicated in Fig. 3.5.

Applying Kirchhoff’s current law to the transistor of Fig. 3.5 as if it were a single node,
we obtain

IE:ICJFIB

3.1)

and find that the emitter current is the sum of the collector and base currents. The collector
current, however, comprises two components—the majority and the minority carriers as
indicated in Fig. 3.5. The minority-current component is called the leakage current and is
given the symbol /¢ (I current with emitter terminal Open). The collector current, there-
fore, is determined in total by

IC = ICmajority + Icominority (3.2)

For general-purpose transistors, /- is measured in milliamperes and /- is measured in
microamperes or nanoamperes. /¢, like I for a reverse-biased diode, is temperature sen-
sitive and must be examined carefully when applications of wide temperature ranges are
considered. It can severely affect the stability of a system at high temperature if not con-
sidered properly. Improvements in construction techniques have resulted in significantly
lower levels of I, to the point where its effect can often be ignored.

3.4 COMMON-BASE CONFIGURATION o

The notation and symbols used in conjunction with the transistor in the majority of texts
and manuals published today are indicated in Fig. 3.6 for the common-base configuration
with pnp and npn transistors. The common-base terminology is derived from the fact that
the base is common to both the input and output sides of the configuration. In addition, the
base is usually the terminal closest to, or at, ground potential. Throughout this text all cur-
rent directions will refer to conventional (hole) flow rather than electron flow. The result is
that the arrows in all electronic symbols have a direction defined by this convention. Recall
that the arrow in the diode symbol defined the direction of conduction for conventional
current. For the transistor:

The arrow in the graphic symbol defines the direction of emitter current (conventional
flow) through the device.
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I Ic
—_—
Bl G
B
1,4
| |.‘ | | —
UL L L
Vi - Vee
I I
E. C,
Eo o C
14
B

IE IC
el " 1Pl " 1c
B
i}
TR T
— |l 1l
Vee = Vee
I I
E C
Eo oC
i}
B
(b)
FIG. 3.6

Notation and symbols used with the
common-base configuration: (a) pnp
transistor; (b) npn transistor.
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All the current directions appearing in Fig. 3.6 are the actual directions as defined by the
choice of conventional flow. Note in each case that I = I~ + Ip. Note also that the applied
biasing (voltage sources) are such as to establish current in the direction indicated for each
branch. That is, compare the direction of /g to the polarity of Vg for each configuration
and the direction of /- to the polarity of V.

To fully describe the behavior of a three-terminal device such as the common-base am-
plifiers of Fig. 3.6 requires two sets of characteristics—one for the driving point or input
parameters and the other for the output side. The input set for the common-base amplifier
as shown in Fig. 3.7 relates an input current (/) to an input voltage (Vgg) for various levels
of output voltage (Vp).

Iz (mA)
VCB=20V
8._
VCB=1OV
T+
6 Veg=1V
5
4
3_
2_
1+
I O N L1 1
0 02 04 06 08 1O Vg (V)

FIG. 3.7
Input or driving point characteristics for a
common-base silicon transistor amplifier.

The output set relates an output current (/) to an output voltage (Vp) for various levels
of input current (/) as shown in Fig. 3.8. The output or collector set of characteristics has
three basic regions of interest, as indicated in Fig. 3.8: the active, cutoff, and saturation

Ic (mA)
<~ Active region (unshaded area)
7L 7 mA /
A /
6 6 m /
51 5 mA / /
g
LB ama
I =
: /
- 3 mA 7
N ZmA //
b Ip=1mA
Ico=1Icpo
Ip=0mA
o L1 M | | x
10 t 10 20 30 w0 Va™)
Cutoff region BVcgo

FIG. 3.8
Output or collector characteristics for a common-base transistor amplifier.



regions. The active region is the region normally employed for linear (undistorted) ampli-
fiers. In particular:

In the active region the base—emitter junction is forward-biased, whereas the collector—
base junction is reverse-biased.

The active region is defined by the biasing arrangements of Fig. 3.6. At the lower end of
the active region the emitter current (/) is zero, and the collector current is simply that due to
the reverse saturation current /¢, as indicated in Fig. 3.9. The current /) is so small (micro-
amperes) in magnitude compared to the vertical scale of /- (milliamperes) that it appears on
virtually the same horizontal line as /- = 0. The circuit conditions that exist when I = 0 for
the common-base configuration are shown in Fig. 3.9. The notation most frequently used
for I on data and specification sheets is, as indicated in Fig. 3.9, I (the collector-to-
base current with the emitter leg open). Because of improved construction techniques, the
level of Icp( for general-purpose transistors in the low- and mid-power ranges is usually
so low that its effect can be ignored. However, for higher power units /-5, will still appear
in the microampere range. In addition, keep in mind that /-5, like I, for the diode (both
reverse leakage currents) is temperature sensitive. At higher temperatures the effect of /-5
may become an important factor since it increases so rapidly with temperature.

Note in Fig. 3.8 that as the emitter current increases above zero, the collector current
increases to a magnitude essentially equal to that of the emitter current as determined by
the basic transistor-current relations. Note also the almost negligible effect of V-5 on the
collector current for the active region. The curves clearly indicate that a first approximation
to the relationship between I and I in the active region is given by

Ic = Ig 3.3)

As inferred by its name, the cutoff region is defined as that region where the collector
current is 0 A, as revealed on Fig. 3.8. In addition:

In the cutoff region the base—emitter and collector-base junctions of a transistor are
both reverse-biased.

The saturation region is defined as that region of the characteristics to the left of
Veg = 0 V. The horizontal scale in this region was expanded to clearly show the dramatic
change in characteristics in this region. Note the exponential increase in collector current
as the voltage Vg increases toward 0 V.

In the saturation region the base—emitter and collector-base junctions are forward-biased.

The input characteristics of Fig. 3.7 reveal that for fixed values of collector voltage (V¢p),
as the base-to-emitter voltage increases, the emitter current increases in a manner that closely
resembles the diode characteristics. In fact, increasing levels of Vg have such a small effect
on the characteristics that as a first approximation the change due to changes in Vg can be
ignored and the characteristics drawn as shown in Fig. 3.10a. If we then apply the piecewise-
linear approach, the characteristics of Fig. 3.10b result. Taking it a step further and ignoring
the slope of the curve and therefore the resistance associated with the forward-biased junction
results in the characteristics of Fig. 3.10c. For the analysis to follow in this book the equivalent
model of Fig. 3.10c will be employed for all dc analysis of transistor networks. That is, once a
transistor is in the “on” state, the base-to-emitter voltage will be assumed to be the following:

Ve = 0.7V (3.4)

In other words, the effect of variations due to Vg and the slope of the input characteristics
will be ignored as we strive to analyze transistor networks in a manner that will provide a
good approximation to the actual response without getting too involved with parameter
variations of less importance.

It is important to fully appreciate the statement made by the characteristics of Fig. 3.10c.
They specify that with the transistor in the “on” or active state the voltage from base to
emitter will be 0.7 V at any level of emitter current as controlled by the external network.
In fact, at the first encounter of any transistor configuration in the dc mode, one can now
immediately specify that the voltage from base to emitter is 0.7 V if the device is in the
active region—a very important conclusion for the dc analysis to follow.
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Eo—e C
IE =
lepo=1cp
72
B Emitter
open

Collector to base

FIG. 3.9

Reverse saturation current.
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Developing the equivalent model to be employed for the base-to-emitter region of an amplifier in the dc mode.

EXAMPLE 3.1

a.

b.

C.

Using the characteristics of Fig. 3.8, determine the resulting collector current if I = 3 mA
and VCB =10 V.

Using the characteristics of Fig. 3.8, determine the resulting collector current if /g
remains at 3 mA but Vp is reduced to 2 V.

Using the characteristics of Figs. 3.7 and 3.8, determine Vpgif I =4 mA and Vg =20 V.

d. Repeat part (c) using the characteristics of Figs. 3.8 and 3.10c.
Solution:
a. The characteristics clearly indicate that I = I = 3 mA.

oo

The effect of changing Vp is negligible and /- continues to be 3 mA.

From Fig. 3.8, I = I~ = 4 mA. On Fig. 3.7 the resulting level of Vg is about 0.74 V.
Again from Fig. 3.8, [ = I = 4 mA. However, on Fig. 3.10c, Vgg is 0.7 V for any
level of emitter current.

Alpha (@)

DC Mode In the dc mode the levels of I~ and I, due to the majority carriers are related by
a quantity called alpha and defined by the following equation:

— (3.5)

= I

where I~ and If, are the levels of current at the point of operation. Even though the charac-
teristics of Fig. 3.8 would suggest that a = 1, for practical devices alpha typically extends
from 0.90 to 0.998, with most values approaching the high end of the range. Since alpha is
defined solely for the majority carriers, Eq. (3.2) becomes

IC = aIE A ICBO (3.6)

For the characteristics of Fig. 3.8 when I = 0 mA, I is therefore equal to /g, but as

mentioned earlier, the level of /g is usually so small that it is virtually undetectable on
the graph of Fig. 3.8. In other words, when I, = 0 mA on Fig. 3.8, I~ also appears to be 0 mA
for the range of Vg values.



AC Mode For ac situations where the point of operation moves on the characteristic
curve, an ac alpha is defined by

_ Lig

= Al 3.7)

Qac

VCB =constant

The ac alpha is formally called the common-base, short-circuit, amplification factor, for
reasons that will be more obvious when we examine transistor equivalent circuits in
Chapter 5. For the moment, recognize that Eq. (3.7) specifies that a relatively small change
in collector current is divided by the corresponding change in Iy with the collector-to-base
voltage held constant. For most situations the magnitudes of «,. and ay. are quite close,
permitting the use of the magnitude of one for the other. The use of an equation such as
(3.7) will be demonstrated in Section 3.6.

Biasing

The proper biasing of the common-base configuration in the active region can be deter-
mined quickly using the approximation /- = Iy and assuming for the moment that
Iz = 0 pA. The result is the configuration of Fig. 3.11 for the pnp transistor. The arrow of
the symbol defines the direction of conventional flow for I = I-. The dc supplies are
then inserted with a polarity that will support the resulting current direction. For the npn
transistor the polarities will be reversed.

— Il
455 Vee

FIG. 3.11
Establishing the proper biasing
management for a common-base pnp
transistor in the active region.

Some students feel that they can remember whether the arrow of the device symbol is
pointing in or out by matching the letters of the transistor type with the appropriate letters
of the phrases “pointing in” or “not pointing in.” For instance, there is a match between
the letters npn and the italic letters of not pointing in and the letters pnp with pointing in.

Breakdown Region

As the applied voltage Vp increases there is a point where the curves take a dramatic
upswing in Fig. 3.8. This is due primarily to an avalanche effect similar to that described
for the diode in Chapter 1 when the reverse-bias voltage reached the breakdown region.
As stated earlier the base-to-collector junction is reversed biased in the active region, but
there is a point where too large a reverse-bias voltage will lead to the avalanche effect.
The result is a large increase in current for small increases in the base-to-collector
voltage. The largest permissible base-to-collector voltage is labeled BV g as shown
in Fig. 3.8. Itis also referred to as V(gg)cpo as shown on the characteristics of Fig. 3.23 to
be discussed later. Note in each of the above notations the use of the uppercase letter O to
represent that the emitter leg is in the open state (not connected). It is important to remem-
ber when taking note of this data point that this limitation is only for the common-base
configuration. You will find in the common-emitter configuration that this limiting volt-
age is quite a bit less.

COMMON-BASE
CONFIGURATION
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3.5

COMMON-EMITTER CONFIGURATION

The most frequently encountered transistor configuration appears in Fig. 3.12 for the pnp
and npn transistors. It is called the common-emitter configuration because the emitter is
common to both the input and output terminals (in this case common to both the base and
collector terminals). Two sets of characteristics are again necessary to describe fully the
behavior of the common-emitter configuration: one for the input or base—emitter circuit
and one for the output or collector—emitter circuit. Both are shown in Fig. 3.13.

1 I
4—C —>C
C C
Ig " 15| F -
. + - _
» D — Vcc b 7 = Vec
B - _ B +
+ n - p
Ve — Vpp =
_ I E + E
Ig
Ie s
- —_
— o C ————o (C
I Ig I :
B O—I B
Ig
Ig
o o
E E
(a) (b)
FIG. 3.12
Notation and symbols used with the common-emitter configuration: (a) npn transistor;
(b) pnp transistor.
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Characteristics of a silicon transistor in the common-emitter configuration: (a) collector characteristics; (b) base characteristics.



The emitter, collector, and base currents are shown in their actual conventional current
direction. Even though the transistor configuration has changed, the current relations devel-
oped earlier for the common-base configuration are still applicable. That is, Ip = I~ + Iy
and I = alg.

For the common-emitter configuration the output characteristics are a plot of the output
current (/) versus output voltage (V) for a range of values of input current (/). The input
characteristics are a plot of the input current (/) versus the input voltage (V) for a range
of values of output voltage (Vp).

Note that on the characteristics of Fig. 3.14 the magnitude of Iz is in microamperes,
compared to milliamperes of /. Consider also that the curves of I are not as horizontal as
those obtained for I in the common-base configuration, indicating that the collector-to-
emitter voltage will influence the magnitude of the collector current.

The active region for the common-emitter configuration is that portion of the upper-right
quadrant that has the greatest linearity, that is, that region in which the curves for I are
nearly straight and equally spaced. In Fig. 3.14a this region exists to the right of the verti-
cal dashed line at Vg, and above the curve for I equal to zero. The region to the left of
VcE,, 1s called the saturation region.

In the active region of a common-emitter amplifier, the base—emitter junction is
Jorward-biased, whereas the collector-base junction is reverse-biased.

You will recall that these were the same conditions that existed in the active region of
the common-base configuration. The active region of the common-emitter configuration
can be employed for voltage, current, or power amplification.

The cutoff region for the common-emitter configuration is not as well defined as for the
common-base configuration. Note on the collector characteristics of Fig. 3.14 that /- is not
equal to zero when [ is zero. For the common-base configuration, when the input current
I was equal to zero, the collector current was equal only to the reverse saturation current
10, so that the curve Iz = 0 and the voltage axis were, for all practical purposes, one.

The reason for this difference in collector characteristics can be derived through the
proper manipulation of Egs. (3.3) and (3.6). That is,

Eq (36) IC = aIE + ICBO
Substitution gives Eq.(3.3): Ic = alc + Ip) + Icpo
al 1
Rearranging yields Ic = —5 4 B0 3.8)
l—a 1-a«a
If we consider the case discussed above, where Iz = 0 A, and substitute a typical value
of a such as 0.996, the resulting collector current is the following:

_ «0A) Icpo
ST l—a  1-09%
Icpo
= = 2501
0.004 CBO

If Icpo were 1 pA, the resulting collector current with Iz = 0 A would be 250(1 nA) =
0.25 mA, as reflected in the characteristics of Fig. 3.14.

For future reference, the collector current defined by the condition Iz = 0 A will be
assigned the notation indicated by the following equation:

Icpo
Iceo = 3.9)
1l — « Ig=0 uA

In Fig. 3.13 the conditions surrounding this newly defined current are demonstrated with
its assigned reference direction.

For linear (least distortion) amplification purposes, cutoff for the common-emitter
configuration will be defined by I = Icgo.

In other words, the region below Iz = 0 pA is to be avoided if an undistorted output
signal is required.

When employed as a switch in the logic circuitry of a computer, a transistor will have
two points of operation of interest: one in the cutoff and one in the saturation region. The
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Circuit conditions related to Icgo. Piecewise-linear equivalent for the

diode characteristics of Fig. 3.13b.

cutoff condition should ideally be /- = 0 mA for the chosen Vg voltage. Since I g is typi-
cally low in magnitude for silicon materials, cutoff will exist for switching purposes when
Ig = 0 pA or Ic = Icgp for silicon transistors only. For germanium transistors, however,
cutoff for switching purposes will be defined as those conditions that exist when I = Icpo.
This condition can normally be obtained for germanium transistors by reverse-biasing the
base-to-emitter junction a few tenths of a volt.

Recall for the common-base configuration that the input set of characteristics was ap-
proximated by a straight-line equivalent that resulted in Vgg = 0.7 V for any level of /g
greater than 0 mA. For the common-emitter configuration the same approach can be taken,
resulting in the approximate equivalent of Fig. 3.15. The result supports our earlier conclu-
sion that for a transistor in the “on” or active region the base-to-emitter voltage is 0.7 V. In
this case the voltage is fixed for any level of base current.

EXAMPLE 3.2

a. Using the characteristics of Fig. 3.13, determine /- at Iz = 30 A and Vg = 10 V.
b. Using the characteristics of Fig. 3.13, determine I at Vg = 0.7 Vand Vo = 15 V.

Solution:

a. At the intersection of Iz = 30 uA and Vo = 10 V, I = 3.4 mA.

b. Using Fig. 3.13b, we obtain Iz = 20 nA at the intersection of Vgg = 0.7 V and Vg =
15V (between Vg = 10 V and 20 V). From Fig. 3.13a we find that /- = 2.5 mA at the
intersection of Iz = 20 wA and Vg = 15 V.

Beta (B)

DC Mode 1In the dc mode the levels of I and I are related by a quantity called beta and
defined by the following equation:

Bac = e (3.10)

_IB

where I~ and Iy are determined at a particular operating point on the characteristics. For
practical devices the level of 8 typically ranges from about 50 to over 400, with most in the
midrange. As for «, the parameter 3 reveals the relative magnitude of one current with
respect to the other. For a device with a 8 of 200, the collector current is 200 times the
magnitude of the base current.



On specification sheets 3. is usually included as hyg with the italic letter 4 derived from
an ac hybrid equivalent circuit to be introduced in Chapter 5. The subscript FE is derived
from forward-current amplification and common-emitter configuration, respectively.

AC Mode For ac situations an ac beta is defined as follows:

_ Ale

AIB VCE =constant

(3.11)

ac

The formal name for B, is common-emitter, forward-current, amplification factor. Since the
collector current is usually the output current for a common-emitter configuration and the base
current is the input current, the term amplification is included in the nomenclature above.

Equation (3.11) is similar in format to the equation for «, in Section 3.4. The procedure
for obtaining «a,. from the characteristic curves was not described because of the difficulty
of actually measuring changes of I~ and I on the characteristics. Equation (3.11), however,
can be described with some clarity, and, in fact, the result can be used to find o, using an
equation to be derived shortly.

On specification sheets B, is normally referred to as hy,. Note that the only difference
between the notation used for the dc beta, specifically, Bq. = hpg, is the type of lettering
for each subscript quantity.

The use of Eq. (3.11) is best described by a numerical example using an actual set of
characteristics such as appearing in Fig. 3.13a and repeated in Fig. 3.17. Let us determine
Bac for a region of the characteristics defined by an operating point of Iz = 25 pA and Vg
= 7.5 V as indicated on Fig. 3.16. The restriction of Vg = constant requires that a vertical
line be drawn through the operating point at Vg = 7.5 V. At any location on this vertical
line the voltage Vg is 7.5 V, a constant. The change in Iz(Alp) as appearing in Eq. (3.11)
is then defined by choosing two points on either side of the Q-point along the vertical axis
of about equal distances to either side of the Q-point. For this situation the Iz = 20 uA and
30 nA curves meet the requirement without extending too far from the Q-point. They also
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FIG. 3.16

Determining B,. and Bqc from the collector characteristics.
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define levels of I that are easily defined rather than require interpolation of the level of I
between the curves. It should be mentioned that the best determination is usually made by
keeping the chosen Al as small as possible. At the two intersections of I and the vertical axis,
the two levels of /- can be determined by drawing a horizontal line over to the vertical axis and
reading the resulting values of /.. The resulting 3, for the region can then be determined by
Al Ic, — 1
Bac = =< = o

Al ey - i 18 — I3y
32mA —22mA _ 1mA
30uA —20uA  10pA
= 100

The solution above reveals that for an ac input at the base, the collector current will be
about 100 times the magnitude of the base current.

If we determine the dc beta at the Q-point, we obtain

de Iy 25uA

Although not exactly equal, the levels of B,. and 4. are usually reasonably close and
are often used interchangeably. That is, if B, is known, it is assumed to be about the same
magnitude as 4., and vice versa. Keep in mind that in the same lot (large number of transis-
tors manufactured at the same time), the value of 8,. will vary somewhat from one transistor
to the next even though each transistor has the same number code. The variation may not
be significant, but for the majority of applications, it is certainly sufficient to validate the
approximate approach above. Generally, the smaller the level of I, the closer are the
magnitudes of the two betas. Since the trend is toward lower and lower levels of /g,
the validity of the foregoing approximation is further substantiated.

If the characteristics of a transistor are approximated by those appearing in Fig. 3.17,
the level of B,. would be the same in every region of the characteristics. Note that the step
in I is fixed at 10 wA and the vertical spacing between curves is the same at every point in
the characteristics—namely, 2 mA. Calculating the 3,. at the Q-point indicated results in

_% _ 9mA — 7TmA 2 mA

= 108

Pac = = = = 200
AIB VCE=constant 45 I‘LA - 35 /-LA 10 [.LA
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FIG. 3.17
Characteristics in which By is the same everywhere and B, = Bqc-

Determining the dc beta at the same Q-point results in
I C 8 mA

Pae = 7= %0
B A

revealing that if the characteristics have the appearance of Fig. 3.17, the magnitudes of 3,. and
Bac will be the same at every point on the characteristics. In particular, note that /-zo = 0 nA.

= 200



Although a true set of transistor characteristics will never have the exact appearance of
Fig. 3.17, it does provide a set of characteristics for comparison with those obtained from
a curve tracer (to be described shortly).

For the analysis to follow, the subscript dc or ac will not be included with 8 to avoid
cluttering the expressions with unnecessary labels. For dc situations it will simply be rec-
ognized as 4. and for any ac analysis as 8,.. If a value of 3 is specified for a particular
transistor configuration, it will normally be used for both the dc and ac calculations.

A relationship can be developed between 8 and « using th