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Lesson 1 The Semiconductor
Diode

A semiconductor diode is a two-terminal device con-
1aining asingle p-n junction. The general circuit symbol
for a semiconductor diode is shown in Fig. 1-1, along
with its relationghip to the p-n structure.

+ [V

L3

“79-% junction - lR”"s' bias

/ — Forward ©
Ohm;a:‘c'onucl "6hmic contact \ . bras
Anorea nm 2 .Cathode ¢

+, v = Reverse
Anude 013 « Cathode breakdown
Figure 1-1 Circuit-symbol Figure 1-2 Typical diede
for a semiconductor diode characteristic illustrating

three regions of operation

The v-i characteristic of a typical semiconductor
diode is shown in Fig. 1-2. ’

Generally, diode applications can be clagsified accor-
ding to which of the three regions of diode operation
(see Fig. 1-2) are used. Switching and rectifying appli-~
eations involve transitions between the reverse-bias and
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forward-bias regions. In such applications, care must
be taken to choose a diode with a reverss breakdown
voltage sufficiently large to prevent undesired reverse
breakdown. The reverse breakdown region is employed
primarily in voltage reference applications. There, the
diode is chosen for the specific value of reverse voltage
at which reverse breakdown occurs.

The diode is the first network element we encounter
that is strikingly nonlinear in the middle of its normal
operating range. Both KVL and KCL® can be used.
since their validity does not depend on the linearity or

and
nonlinearity of the network elements. However, we must
ewy_g in the use of superposition, Thevenin
equivalents, and Norton equivalents, because these
xplicitly restricied o linear neiworks,

One generally useful approach is to separate the
linear network from the nonlinear elements and carry
out a graphical solution for the voltage and current in
the nonlinear elements. To illustrate the method of
graphical solution, let us consider the network shown in
Fig. 1-3(a). A single nonlinear element, a diode, is
connected to a network of arbitrary complexity, but
containing only linear resistive elements a ces.
The linear portion of the network may be replaced by
its Thevenin equivalent network as shoewn in Fig. 1-3
(b).® v

The first step in the solution 1s to separate the
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Linear resistivg
network
(including -
Sources )

(a)

Figure 1-3 (a) General noniinear network (b) Linear
network replaced by Thevenin equivalent circuit

linear network from the nonlinear element, as shown
in Fig. 1-4(a). Next, we determine the relationship
between v, and 4,, the v~i characteristic of the nonli-
near element, by experimental measurement or from
another source such as a manufacturer’s data sheet, and
Blot this-zrelationship—as shown in Fig. 1-4(b). The
third step in the solution is to find the relationship
between v, and i, the v-i characteristioc for the linear
network. From Fig. 1-4(a), we have
\ VL= w0 = i, By : (1-1)
Where v,0 and Rr are the Thevenin equivalent voltage
and resistance of the linear network. Equation 1-1 is
then plotted on the graph containing the v-i characte-~

’ ¢ L. 4
Lot 72 L Ry
L cb‘)'ractenstic Operatmg
B oad line) : ing
- ‘”___'/gl .
+ ! oreT g,
U. i
- L :
Usle
characterstic,
@) . . [¢Y]

Figure 1~4 Graphical solution to nontinear networks
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ristic of the nonlinear clement. Since Iiq. 1~-1 is &
linear relationship between v; and 4r, the equation
plots as a straight line, and only two points on the line
need be calculated to determine the entire line. Two
convenient points are the intercepts at v. =0 and at
4, = 0 corresponding respectively to a short circuit and
an open circuit at the linear network terminals, For
vy =0, Eq.(1-1) yields

— (1-2)
whereas for 4, =0 we obtain
VL = Yoc, o .
1-3
’iL = 0. ( )

These points, which are the z-and y-axis intercepts of
the line in question, are indicated in Fig. 1-4(b) along
with the resulting line. The slope of the line iy seen to:
be -1/Rr, 50 that® for small values of R, the line appro-
aches the vertical and for large values of R, the line
becomes hgﬁggg’@l.

If the nonlinear element is connected to the linear
network, as shown in Fig. 1-3(b), then we have the
following circuit constraints imposed by the connec-

tion,
Vg =Vp="1 (1-4)

and ’il,=’ép='i1.
Trom Fig. 1-4(b) there is only one point where v
equals v, and iz equaly 4,; the intersection of the two
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w~i characteristic enrves. Thus the required values of v,
and 4, must be the values of voltage and current at this
intersection point, and can be read directly off the
graph.

The linear v-% characteristic plotted in Fig. 1-4(b)
is krown as a load line, since it represents the locus of
all possible loads the linear network can present to the
nonlinear element. Also, the intersection v;-%; is offen
called the operating point or Q-point of the nonlinear
clement.

If the linear network contains time-varying
gources, then the Thevenin equivalent voltage source in
Fig. 1-3(a) will be a function of time. However, the
Thevenin resistance of the linear metwork remains a
constant, since it is independent of the amplitude of
the sources. Thus, the load line of the linear network
has a constant slope, -1/R,, but moves parallel to itself
in the v—i plane such that® the voltage axis intercens
is always equal to the instantaneous Thevenin equiva-
lent voltage. Since the load line is moving in the v-4
plane, its intersection with the nonlinear v-% character-
istic also moves, producing the corresponding time
variation of voltage and current in the mnonlinear
element.

If a circuit contains more than one nonlinear
element, graphical solutions, while possible, become

more complex. First, it is not possible to separate the
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circuit into a linear part and a single nonlinear
element. Thus the network facing a given nonlinear
element contains at least one nonlinear element, and
the v-i characteristic at its terminals will produce a
nonlinear load line. Of course, the interseetion of the
nonlinear load line with the remaining nonlinear
characteristic produces the desired operating point. The
difficulty is with the construction of the nonlinear
load kine. If the network contains only two nonlinear
elements, a graphical solution can be obtained with
only a modest increase in complexity. For cases with
more than two nonlinear elements, the effort required
for graphical solutions is seldom justified. For this
reason we geek alternate methods of solution to
networks with nonlinear elements. ,
An exponential model for the diode v-i characteri-
stic that is reasonably accurate for many actual diodes.
¢=1,(er"*T~1), - (1-5)
where I, is the reverse saturation current of the ciode
and k7' /¢ has the.value of 26mV at room temperaiure.
It is perfectly possible to write KVL and KCL in
algebraic form incorporating
this. exponential relation for
each diode.

Figure 1—b shows .an expon~

Figure 1-5 A logatithmic’ ential diode (Is placed next to
. amplifier . the. diode symbol indicates an



exponential diode) used as a negative feedback element
around an op-amp. Because of the negative feedback,
we presume initially that the op-amp is in the linear
region.. Since v; is zero, we can take v. as zero also.
Therefore the current 4;, which equals the current 4, is
given by

3y =4,=v/R. {1-6)
If this current represents a forward bias current for
the diode, that is, if 4, is positive and much greater
than the saturation current I,, we can approximate the
complete exponential relation by

bp~1,09°P/KT (1-7
Furthermore, writing KVL from the v_ node to the Vg
node, we obtain

V3= =Vp (1-8)
Finally, substituting for ¢, and ¥, in Eq. 1-7 yields
vy/R=1,0 /KT (1-9)

which can be solved to obtain a logarithmic transfer
characteristic

- - KT V _

Thus, as long as », is sufficiently positive to supply a
ourrent through R much larger than the saturation
current Ig, the diode is forward biased into the purely
exponential region permitting the construction of an
analog circuit that computes the logarithm of an
input voltage. Such circuity are widely used in
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instrumentation.

Note that the logarithmie amplifier of Fig. 1-5
works only for v; positive. If v, becomes negative, the
current 4; attempts to become negative, but is limited
by the small reverse .Saturation current of the diode.
The diode becomes étrongly back biased the v_ node
voltage becomes negative, and the amplifier output v,
saturates at the + ., supply.

An alternate and very useful approach is to
represent. the nonlinear v-i characteristic in pieces
with a set of approximate but linear v-i characteristics,
each one valid over a suitably restricted range of
voltage and current. As long as we careful to check
that the voltages a1d currents were in the proper
Tanges, it was possible to represent the nonlinear op-
amp with a plecewwe_lmear model,
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