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&  Asilicon diode conducts a negligible current until the for-
ward voltage is at least 0.5 V. Then the current increases
rapidly, with the voltage drop increasing by 60 mV to
120 mV (depending on the value of n) for every decade
of current change.

# In the reverse direction, a silicon diode conducts a cur-
rent on the order of 10™ A. This current is much greater
than Z; and increases with the magnitude of reverse
voltage.

& Beyond a certain value of reverse voltage (that depends
on the diode) breakdown occurs, and current increases
rapidly with a small corresponding increase in voltage.

# Diodes designed to operate in the breakdown region are
called zener diodes. They are employed in the design of
voltage regulators whose function is to provide a constant
de voltage that varies little with variations in power supply
voltage and/or load current.

B A hierarchy of diode models exists, with the selection of
an appropriate model dictated by the application.

& In many applications, a conducting diode is modeled as
having a constant voltage drop, usually approximately
0.7V. .

& A diode biased to operate at a dc current I, has a small-
signal resistance r, = nVy/I.

%  The silicon junction diode is basically a pn junction. Such
a junction is formed in a single silicon crystal.

& In p-type silicon there is an overabundance of holeg (pos-
itively charged carriers), while in n-type silicon electrong
are abundant.

& A carrier-depletion region develops at the interface inapy
Jjunction, with the 7 side positively charged and the P side
negatively charged. The voltage difference resultin g is
called the barrier voltage,

% A diffusion current 7, b flows in the forward direction (car-
ried by holes from the p side and electrons from the
n side), and a current I flows in the reverse direction (car-
ried by thermally generated minority carriers). In an open-
circuited junction, 7, = Iy and the barrier voltage is denoteq
Vo Vo is also called the Jjunction built-in voltage.

B  Applying a reverse-bias voltage |V] to a pn junction causes
the depletion region to widen, and the barrier voltage in-
creases to (Vy +|V]). The diffusion current decreases and
a net reverse current of (/g — I,,) flows.

& Applying a forward-bias voltage |V to apn junction causes
the depletion region to become narrower, and the barrier
voltage decreases to (Vo= 1V]). The diffusion current in-
creases, and a net forward current of Up— L) flows.

#  For a summary of the diode models in the forward region,
refer to Table 3.1.

#  For a summary of the relationships that govern the phys-
ical operation of the pn junction, refer to Table 3.2,

PROBLEMS

SECTION 3.1: THE IDEAL DIGDE

3.7 An AA flashlight cell, whose Thévenin equivalent is
a voltage source of 1.5 V and a resistance of 1 Q, is
connected to the terminals of an jdeal diode. Describe
two possible situations that result. What are the diode
current and terminal voltage when (a) the connection
is between the diode cathode and the positive terminal of
the battery and (b) the anode and the positive terminal are
connected?

3.2 For the circuits shown in Fig. P3.2 using ideal diodes,
find the values of the voltages and currents indicated.

3.3 For the circuits shown in Fig. P3.3 u;iﬁg ideal diodes,
find the values of the labeled voltages and currents.

3.4 In each of the ideal-diode circuits shown in Fig. P34,
v is a [-kHz, 10-V peak sine wave. Sketch the waveform
resulting at v,. What are its positive and negative peak
values?

3.5 The circuit shown in Fig. P3.5 is a model for a battery
charger. Here v, is a 10-V peak sine wave, D; and D, are ideal
diodes, /s a 100-mA current source, and B is a 4.5-V battery.
Sketch and label the waveform of the battery current 7. What
is its peak value? What is its average value? If the peak value
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of v, is reduced by 10%, what do the peak and average values
of iz become?

FIGURE P3.5

3.6 The circuits shown in Fig. P3.6 can function as logic
gates for input voltages are either high or low. Using “1”

to denote the high value and “0” to denote the low value,
prepare a table with four columns including all possible input
combinations and the resulting values of X and ¥, What logic
function is X of A and B? What logic function is ¥ of A and B?
For what values of A and B do X and ¥ have the same value?
For what values of A and B do X and ¥ have opposite values?

@ (b)

FIGURE P3.6
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For the logic gate of Fig. 3.5(a), assume ideal diodes
and input voltage levels of 0V and+5V. Find‘ a su}table Yalue
for R s0 that the current required from each of the input signal
ces does not exceed 0.1 mA.

p3.7

sour
p3.8 Repeat Problem 3.7 for the logic gate of Fig. 3.5(b).
3.9 Assuming that the diodes in the circuits of Fig. P3.9
a_r'e ideal, find the values of the labeled voltages and
currents.
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FIGURE P3.9

3.10 Assuming that the diodes in the circuits of Fig. P3.10
are ideal, utilize Thévenin’s theorem to simplify the cir-
cuits and thus find the values of the labeled currents and
voltages.
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FIGURE P3.10
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B3.11 For the rectifier circuit of Fig. 3.3(a), let the input
sine wave have 120-V rms value and assume the diode to be
ideal. Select a suitable value for R so that the peak diode cur-
rent does not exceed 50 mA. What is the greatest reverse
voltage that will appear across the diode?

3.12 Consider the rectifier circuit of Fig. 3.3 in the event
that the input source v, has a source resistance R,. For the case
R, = R and assuming the diode to be ideal, sketch and clearly
label the transfer characteristic v, versus v;.

3.13 A square wave of 6-V peak-to-peak amplitude and zero
average is applied to a circuit resembling that in Fig. 3.3(a) and
employing a 100-Q2 resistor. What is the peak output voltage
that results? What is the average output voltage that results?
What is the peak diode current? What is the average diode cur-
rent? What is the maximum reverse voltage across the diode?

3.74 Repeat Problem 3.13 for the situation in which the
average voltage of the square wave is 2 V while its peak-to-
peak value remains at 6 V.

#D3.15 Design a battery-charging circuit, resembling that
in Fig. 3.4 and using an ideal diode, in which current flows to
the 12-V battery 20% of the time and has an average value of
100 mA. What peak-to-peak sine-wave voltage is required?
‘What resistance is required? What peak diode current flows?
What peak reverse voltage does the diode endure? If resistors
can be specified to only one significant digit and the peak-to-
peak voltage only to the nearest volt, what design would you
choose to guarantee the required charging current? What
fraction of the cycle does diode current flow? What is the
average diode current? What is the peak diode current? What
peak reverse voltage does the diode endure?

3.16 The circuit of Fig. P3.16 can be used in a signalling sys-
tem using one wire plus a common ground return. At any
moment, the input has one of three values: +3 V, 0V, -3 V.
What is the status of the lamps for each input value? (Note that
the lamps can be located apart from each other and that there
may be several of each type of connection, all on one wire!).
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FIGURE P3.16
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SECTION 3.2: TERMINAL CHARACTERISTICS
OF JUNCTION DIODES

3.17 Calculate the value of the thermal voltage, V, at —40°C,
0°C, +40°C, and +150°C. At what temperature is V, exactly
25mV?

3.18 At what forward voltage does a diode for which 7 = 2
condu?t a current equal to 1000Z;? In terms of I5, what current
flows in the same diode when its forward voltage is 0.7 V?

TO 1 9AA déo;‘le for which the forward voltage drop is 0.7 V at
.0 mA and for which n = 1 is operated at 0.5 V. i
value of the current? 2V Whitis e

3.20 A paiticular diode, for which n = 1, is found to con-
duf:l 5 mA with a junction voltage of 0.7 V. What is its satu-
Tauor} current Is? What current will flow in this diode if the
Junction voltage is raised to 0.71 V? To 0.8 V2 If the junction
x{oltage is lowered to 0.69 V? To 0.6 V? What change in junc-
tion voltage will increase the diode current by a factor of 107

321 The following measurements are taken on particular
Jgncnon diodes to which V is the terminal voltage and I is the
d!Od('? current. For each diode, estimate values of I, and the
terminal voltage at 1% of the measured current for ri =1and
for n=2. Use V7= 25 mV in your computations.

() V=0.700VatI=1.00A

(b) V=0.650V at]=1.00 mA

(©) V=0.650Vatl=10puA

(d) V=0700VatI =10 mA

3.22 Listed below are the results of measurements taken on
seve\ral different junction diodes. For each diode, the data
provided are the diode current I, the con'espond’ing diode
voltage V, and the diode voltage at a current 7/10. In each
case, estimate g, n, and the diode voltage at 10/7. ‘

(a) 10.0 mA, 700 mV, 600 mV
(b) 1.0mA, 700 mV, 600 mV
(c) 10 A, 800 mV, 700 mV

(d) 1mA, 700 mV, 580 mV
(e) 10 uA, 700 mV, 640 mV

3 2 3 The circuit in Fig. P3.23 utilizes three identical diodes
havu'lg n=1and I;=10""* A. Find the value of the current /
requnrgd to obtain an output voltage V,, = 2 V. If a current of
'1 mA is drawn away from the output terminal by a load, whe

is the change in output voltage? e

3 ,24. A ju‘nction diode is operated in a circuit in which it is

;upphed with a constant current 7. What is the effect on the
orward voltage of the diode if an identi iode i

f tical d S

in parallel? Assume n = 1. fodels commocted

3.25 In the circuit shown in Fig. P3.25, both diodes have
n=1, but D, has 10 times the junction area of D,. What valuer

Yo

FIGURE P3.23

of V results? To obtain a value o what curre
or f 50
f V ? b for V of 50 mV, what curr nt

FIGURE P3.25

326 For the circuit shown in Fig. P3.26, both diodes are
1Qennca1, conducting 10 mA at 0.7 V and 100 mA at 0.8 V.
Find the value of R for which V=80 mV. c

10 mA

FIGURE P3.26

3.27 Several diodes having a range of sizes, but all withn=1,
iy d at various temperatures and junction currents as

are MEASUIC ) .
noted below. Tor each, estimate the diode voltage at 1 mA

and 25°C.

(a) 620 mV at 10 gA and 0°C
(b) 790 mV at 1 A and 50°C

© 590 mV at 100 pA and 100°C
(d) 850 mV at 10 mA and —50°C
© 700 mV at 100 mA and 75°C

#3,28 In the circuit shown in Fig. P3.28, D is a large-area
high-current diode whose Teverse leakage is high and inde-
pendent of applied voltage while D, is a much smaller, low-

n=1. At an ambient temperature of

current diode for which
20°C, resistor Ry is adjusted to make Vg, = V=520 mV. Sub-

sequent measurement indicates that R, is 520 kQ. What do
you expect the voltages Vg, and V; to become at 0°C and at

40°C?
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FIGURE P3.28

3,29 When a 15-A current is applied to a particular diode,
itis found that the junction voltage immediately becomes
700 mV. However, as the power being dissipated in the diode
raises its temperature, it is found that the voltage decreases
and eventually reaches 580 mV. What is the apparent rise in
junction temperature? What is the power dissipated in the
diode in its final state? What is the temperature rise per watt
of power dissipation? (This is called the thermal resistance.)

#3,3@ A designer of an instrument that must operate over a
wide supply-voltage range, noting that a diode’s junction-
voltage drop is relatively independent of junction current,
considers the use of a large diode to establish a small rela-
tively constant voltage. A power diode, for which the nomi-
nal current at 0.8 V is 10 A, is available. Furthermore, the
designer has reason to believe that n = 2. Tor the available
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current source, which varies from 0.5 mA to 1.5 mA, what
junction voltage might be expected? What additional voltage
change might be expected for a temperature variation of £25°C?

%3,.31 As an alternative to the idea suggested in Prob-
lem 3.30, the designer considers a second approach to pro-
ducing a relatively constant small voltage from a variable
current supply: It relies on the ability to make quite accurate
copies of any small current that is available (using a process
called current mirroring). The designer proposes to use this
idea to supply two diodes of different junction areas with the
same current and to measurc their junction-voltage differ-
ence. Two types of diodes are available; for a forward volt-
age of 700 mV, one conducts 0.1 mA while the other conducts
1 A. Now, for identical currents in the range of 0.5 mA to
1.5 mA supplied to each, what range of difference voltages
result? What is the effect of a temperature change of +25°C
on this arrangement? Assume 1= 1.

SECTION 3.3: MODELING THE DIODE FORWARD
CHARACTERISTIC

%3,32 Consider the graphical analysis of the diode circuit
of Fig. 3.10 with Vpp=1V,R=1 kQ, and a diode having Iy =
1075 A and 5 = 1. Calculate a small number of points on the
diode characteristic in the vicinity of where you expect the
load line to intersect it, and use a graphical process to refine
your estimate of diode current. ‘What value of diode current
and voltage do you find? Analytically, find the voltage corre-
sponding to your estimate of current. By how much does it
differ from the graphically estimated value?

3.33 Use the iterative-analysis procedure to determine the
diode current and voltage in the circuit of Fig. 3.10 for Vpp =
1V, R =1k, and a diode having Iy = 105 Aandn=1.

3.34 A “1-mA diode” (i.e., one that has vp=0.7 V atip =
1 mA) is connected in series with a 200-Q resistor to a 1.0-V

supply.

(a) Provide a rough estimate of the diode current you would
expect.

(b) If the diode is characterized by n = 2, estimate the diode
current more closely using iterative analysis.

3.35 A collection of circuits, which are variants of that
shown in Fig. 3.10, are listed below. For each diode used, the
measured junction current I, at junction voltage V; is pro-
vided, along with the change of junction voltage AV mea-
sured when the current is increased 10-fold. For each circuit,
find the diode current I, and diode voltage Vp that result,
using the diode exponential equation and iteration. (Hint: To
reduce your workload, notice the very special relation between
the circuit and diode parameters in many—but not all—cases.
Finally, note that using such relationships, or approximations
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to them, can often make your first pass at a circuit design much
easier and faster!)

1.0 700

la 100 93
I b 30 23 10 700

e 20 20 10 700 100 |
| d 20 20 1.0 700 100 |
e 10 030 10 700 100 |
| £ L0 030 10 700 60 |
g 0 030 10 700 120 |
| 05 30 10 700 100 F

D3.36 Assuming the availability of diodes for which Uy =
0.7V ati,=1mA and n = 1, design a circuit that utilizes four
diodes connected in series, in series with a resistor R con-
nected to a 10-V power supply. The voltage across the string
of diodes is to be 3.0 V.

3.37 Find the parameters of a piecewise-linear model of a
diode for which vp=0.7 V at i, = | mA and z = 2. The model
is to fit exactly at 1 mA and 10 mA. Calculate the error in
millivolts in predicting vy, using the piecewise-linear model
atip=0.5,5, and 14 mA.

3.38 Using a copy of the diode curve presented in Fig. 3.12,
approximate the diode characteristic using a straight line that
exactly matches the diode characteristic at both 10 mA and
1 mA. What is the slope? What is 7,,? What is Vj?

3.39 On a copy of the diode characteristics presented in
PFig. 3.12, draw 2 load line corresponding to an external cir-
cuit consisting of a 0.9-V voltage source and a 100-Q resis-
tor. What are the values of diode drop and loop current you
estimate using:

(a) the actual diode characteristics?
(b) the two-segment model shown?

3.49 For the diodes characterized below, find rp and Vpg,
the elements of the battery-plus-resistor model for which the
straight line intersects the diode exponential characteristic at
0.1x and 10x the specified diode current.

(@) Vp=07Vatl,=1mAandn=1
(b) Vp=07Vatlp=1Aandn=1
(©) Vp=07Vatl,=10pAandn=1

3.41 The diode whose characteristic curve is shown in
Fig. 3.15 is to be operated at 10 mA. What would likely be a
suitable voltage choice for an appropriate constant-voltage-drop
model?

3.42 A diode operates in a series circuit with R and V,
A designer, considering using a constant-voltage model, is

uncertain whether to use 0.7 V or 0.6 V for V. For what valye
of Vis the difference in the calculated values of current only
1%? For V=2V and R = 1 kQ, what two currents would
result from the use of the two values of V,? What is their
percentage difference?

D3.43 A designer has a relatively large number of diodes
for which a current of 20 mA flows at 0.7 V and the 0.1-v/
decade approximation is relatively good. Using a 10-mA cur-
rent source, the designer wishes to create a reference voltage
of 1.25 V. Suggest a combination of series and parallel diodes
that will do the job as well as possible. How many diodes are
needed? What voltage is actually achieved?

3.44 Consider the half-wave rectifier circuit of Fig. 3.3(a)
with R = 1 kQ and the diode having the characteristics and
the piecewise-linear model shown in Fig. 3.12 (V5o = 0.65 v,
rp =20 Q). Analyze the rectifier circuit using the piecewise-
linear model for the diode, and thus find the output voltage
vp as a function of v. Sketch the transfer characteristic
vp versus vy for 0 < 4, < 10 V. For v, being a sinusoid with
10 V peak amplitude, sketch and clearly label the waveform
of vg.

3.45 Solve the problems in Example 3.2 using the constant-
voltage-drop (V, = 0.7 V) diode model.

3.46 For the circuits shown in Fig. P3.2, using the constant-
voltage-drop (V= 0.7 V) diode model, find the voltages and
currents indicated.

3.47 For the circuits shown in Fig. P3.3, using the constant-
voltage-drop (V;, = 0.7 V) diode model, find the voltages and
currents indicated.

3.48 For the circuits in Fig. P3.9, using the constant-voltage-
drop (Vp = 0.7 V) diode model, find the values of the labeled
currents and voltages.

3.49 For the circuits in Fig. P3.10, utilize Thévenin’s theo-
rem to simplify the circuits and find the values of the labeled
currents and voltages. Assume that conducting diodes can be
represented by the constant-voltage-drop model (V, = 0.7 V).

D3.58 Repeat Problem 3.11, representing the diode by its
constant-voltage-drop (V,, = 0.7 V) model. How different is
the resulting design?

3.51 Repeat the problem in Example 3.1 assuming that the
diode has 10 times the area of the device whose characteris-
tics and piecewise-linear model are displayed in Fig. 3.12.
Represent the diode by its piecewise-linear model (v, =
0.65 + 2ip).

3.52 The small-signal model is said to be valid for voltage
variations of about 10 mV. To what percentage current change

d thié correspond (consider both positive and negative
oes

signalS) for:

(a) n= 1?

® n=27

ach case, what is the maximum allowabl.e voltage ‘sig'nal
fo(l;s?ﬁve or negative) if the current change is to be limited
tz 10%?

3.53 Ina particular circuit applicati'on, ten “20-mA dJOd;S"
(a 20-mA diode is a diode that provides a‘0.7—V drop when
the current through it is 20 mA) cormécted in parallel operate
at a total current of 0.1 A. For the diodes close.ly matched,
with » = 1, what current flows in each? Wpat is the corre-
sponding small-signal resistan‘ce of e.ach diode and.of the
combination? Compare this with the incremental remsta;c:,:
of a single diode conducting 0.1 A. If each .of the 2t0h— y
diodes has a series resistance of AO42 Q assomatcd wi e
wire bonds to the junction, what is the equivalent §551stanf:e
of the 10 parallel—connec(ed diodes? What connection re_51s—
tance would a single diode need in order to l?e totally equiva-
lent? (Note: This is why the parallel connection of real diodes
can often be used to advantage.)

3.54 In the circuit shown in Fig. P3.54,7is a dc current and‘
v, is a sinusoidal signal. Capacitors C; and C, are very large;
their function is to couple the signal to and from the diode but
block the de current from flowing into the signal source or the
load (not shown). Use the diode small-signal rgodel to show
that the signal component of the output voltage is

nVy
Yo = YV, + IR,
If 4, = 10 mV, find v, for /=1 mA, 0.1 mA, and 1 yA. LetR, =
1 k;l and 7 = 2. At what value of / does v, become one-half
of 4.2 Note that this circuit functions as a signal attenuator
wit}; the attenuation factor controlled by the value of the de
current 1.

_FIGURE P3.54
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3.55 In the attenuator circuit of Fig. P3.54, let R; = 10 kQ.
The diode is a 1-mA device; that is, it exhibits a voltage
drop of 0.7 V at a dc current of 1 mA and has n = 1. For small
input signals, what value of current I is needeq for v,/ v, =
0.50? 0.10? 0.01? 0.001? In each case, what is the la.rgest
input signal that can be used while er.xsuring that the flgnal
component of the diode current is limited to +10% of its dc
current? What output signals correspond?

3,56 In the capacitor-coupled attenuator circuit shown in
Fig. P3.56, I is a dc current that varies from 0 mA to 1 mA,
D, and D, are diodes with n = 1, and C1‘ and C, are large cou-
pling capacitors. For very small input signals, find the values
of the ratio v,/ v; for I equal to:

(a) OpA
() 1pA
(c) 10 A
(d) 100 A
(€) 500 uA
() 600 LA
() 900 uA
(h) 990 pA
() 1mA

FIGURE P3.56

For the current in each diode in excess of 10 /,LA., what is the
Jargest input signal for which the critical diode current
remains within 10% of its dc value?

#3,57 In the circuit shown in Fig. P3.57, diodes 1?1 thfough
D, are identical. Each has n = 1 and is a “1-mA diode”; that
is, it exhibits a voltage drop of 0.7 V ata 1-mA current.

(2) For small input signals (e.g., 10 mV peal.(), find values of
the small-signal transmission v,/ v; for various values of I
0 gA, 1 tA, 10 A, 100 gA, 1 mA, and 10 mA.




