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Field-effect transistors — the junction FET — operation
— cut-off and pinch-off — channe| current ‘plateau’’ —
static drain-source characteristics — triode and pentode

operation, depletion and enhancement modes—the transfer

characteristic — transconductance — other parameters and

characteristics — constant current diodes — insulated

gate FETs — the three basic types of MOSFET — the dual-
gate MOSFET — insulation breakdown.

In the discussion of unijunction
device operation given in the last chap-
ter it was noted that one aspect of
device behaviour involved a so-called
“field effect” mechanism, in which the
effective conductivity of one region of
the device was modulated by the width
of a depletion layer extending from an
adjacent P-N junction, Mention was
made of the fact that this type of mech-

“anism is quite important, and that it
actually forms the basis of a number of
useful semiconductor devices. The best-
known of these devices is the
field-effect transistor, and it is appro-
priate that we now turn our attention
to this device.

Like the unijunction, the field-effect
trangistor is a device whose complex-
ity is only slightly greater than that
of the basic semiconductor diode. How-
ever, even more so than in the case of
the unijunction, the field-effect tran-
sistor is a device capable of performing
many unique and highly useful func-
tions. Because of this it has, in recent
years, found wuse in many differ-
ent applications, and it seems likely
that it will be used to an even greater
extent in the future,

In concept, the field-effect transistor
was actually the first semiconductor
amplifying device to be proposed. Far-
sighted American engineer Julius E.
Lilienfeld first proposed such a device
as early as 1928, and patented the idea
in 1930, Then in 1948 the pioneering
semiconductor physicist William Shock-
ley proposed a more practical form of
the device—although his work at that
time actually led to the development,
with W, Brattain and J, Bardeen, of the
bipolar transistor,

Despite the early theoretical predic
tions, it was not until 1958 that the
first commercial field-effect transistor
appeared. Called the “Tecnetron,” it
was developed by Polish scientist
Stanislaus Teszner in the laboratories
of the French firm, Companie Francais
Thompson-Houston.

The Tecnetron was a germanium
device and had rather limited perform-
ance; as a result, interest in field-effect
devices did not really awaken until
1960, when the first commercial silicon
device was produced by the American
firm Crystalcnics, Inc. Since then the
devices have been developed to a
stage where they are now highly com-

petitive with the more established bi-
polar devices.

A number of different varieties of
field-effect transistor have been develop-
ed, and although it is true that these all
operated in a broadly similar fashion,
the differences are significant enough to
justify at least partially individual treat-
ment. Accordingly, this chapter will
adopt the procedure of dealing initiall
and primarily with the device whic!
represents the most direct development
from the basic semiconductor diode,
namely the junction field-effect transis-
tor or “JFET.” It will use this device
to develop most of the basic concepts
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and will then deal briefly with the
other main types of device.

Other names which have been used
for the JFET are “fieldistor” and
‘“unipolar transistor,” the latter term
intended mainly to distinguish the
device from the bipolar transistor,

In structure, the JFET is only
slightly more complex than the unijunc-
tion, which we examined in the last
chapter. It consists basically of a nar-
row strip or channel of lightly dct?ed
semiconductor material, whose effec-
tive conductivity is modulated the
width of the depletion layer or fayers
associated with one or more P-N junc-
tions formed between the channel and
ad}fcent heavily doped gate regions,

ike the unijunction, the JFET may
in theory be made from either ger-
manium or silicon; in practice, it is
made almost exclusively from silicon
because of the lower saturation cur-
rents and higher performance which
this material offers. And, as may be
expected, it is possible to make “com-
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plementary” versions of the JFET—
i.e,, one can produce either a device
having an N-type channel region ana
adjacent P-type gate regions, or alter-
natively a device with the og ite
arrangement, Both tyém of 'JF are .
in fact produced, and both are found
in typical circuit applications,

Figure 8.1 shows the basic structure
of a modern silicon JFET device of
the *“N-channel” variety, It m;?' be
seen that the lightly doped -ty&e
channel of the device is roughly U-
shaped, and that it is bounded on
either side by heavily doped gate
regions The electrodes connecting to
the gate regions are labelled here “gate
1” and “gate 2,” but in most devices
these connections are tied together in-
ternally and brought out as a single
gate electrode.

The electrodes connecting to the
ends of the channel region are con-
ventionally known as the source and |
drain electrodes, However, in mosi
JFETs the internal structure is sym-
metrical, so that these labels are
actually interchangeable,

HEAVILY DOPED
P-TYPE MATERIAL

GATE 2

LIGHTLY DOPED
N-TYPE MATERIAL
(CHANNEL)

Naturally enough, even when such a
device is in equilibrium with no exter-
nal bias voltages applied to the elec-
trodes, the familiar depletion layers
will be set up in the vicinity of the
P-N junctions along the sides of the
channel, And because the channel
material is intentionally doped rather
lightly, compared with the gate regions,
these depletion layers will extend fur-
ther on the channel side of the junc-
tions than on the gate side, as shown.

As we have seen in earlier chapters,
a depletion layer is a region in a semi-
conductor which has been effectively
“conyerted” into very high resistivity
by the removal of all current carriers.
Because of this very high resistivity, a
depletion layer is actually closer to an
insulator than to :a conductor.

The depletion layers which extend
into the channel region of a JFET
thus represent areas in that region
which are capable of only slight con-
duction relative to the remaining
central strip, As a result the effective



electrical width of the channel is some-
what less than its physical width, and
its resistance is accordingly higher than
would be the case if the depletion
layers were not present.

From the discussions of P-N junc-
tion operation and depletion layer be-
haviour given in earlier chapters, it
should be fairly easy for the reader
to see that if an external bias voltage
is applied to the JFET between the
gate and channel regions, it will change
the effective width of the channel
region and hence change its resistance
from the equilibrium value, An exter-
na] voltage which reverses biases the
gate-channel junctions will cause the
depletion layers to widen, encroaching
further into the channel to reduce its
effective  width still further and
increase its resistance, Conversely, if
the external voltage forward biases the
junctions, the depletion layers will nar-
row, widening the effective width of
the channel and lowering its resistance,

If another external voltage is applied
1o the device between the drain and
source electrodes, the current drawn by
the channel region will naturally
depend u both the applied drain-
source voltage and upon the channel
resistance. But the channel] resistance
is itself determined by the actual bias
voltage present across the gate-chan-
nel junctions which will depend in
turn upon both the external gate-chan-
nel bias and the drain-source voltage.

current, and hence no source of “inter-
nal” junction bias. The external bias
simply causes the depletion layers of
the junctions to adjust evenly to the
altered conditions. In fiact the gate-
channel junctions of the device will
behave in these circumstances exactly
as a normal P-N diode.

If the polarity of Vgs corresponds
to reverse bias of the junctions, as
shown, the depletion layers will be
found to extend considerably into the
channel; at the same time only a small
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therefore, the narrow portion of the
channel will effectively consist of very
high resistivity material— ie., the
channel will be effectively cut off.

The value of Vgs at which cutoff
occurs is known as the cutoff bias,
usually symbolised by Vgs(off). With
typical JFETs it varies between about
—1V and —10V, depending upon the
doping levels and the device dimen-
sions or “geometry.”

When external gate-source bias alone
is applied to the JFET, then, the deple-
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Hence the channel current which flows
will be determined by both the gate-
channel and drain-source voltages.

Although the _ relationship between
channel current and the applied volt-
ages may seem rather complex from
the foregoing, it can be broken down
into two quite simply understood
mechanisms. One of these is associ-
ated with an “external® gate-channel
junction bias component prcvided by
the external gate bias voltage, while
the other is associated with an “inter-
nal” bias component derived within the
device from the applied drain-source
voltage. The two mechanisms may
be understood by reference to the dia-
grams of figure 8.2.

The diagram of figare 8.2 (a) shows
the effect of an external gate-source
bias Vgs applied to the JFET, with
the drain electrode left unconnected,
Here there is no longitudinal channel

and almost constant gate-source satu-
ration current Igss will flow. Con-
versely if Vgs were connected to bias
the junctions in the forward direction,
the depletion layers would be found to
extend only a small distance into the
channel. Of course if the forward bias
were increased beyond the turn-on
knee (0.6V in the case of a silicon
device), significant gate-source current
would flow; however, as will be seen
later this significantly disturbs device
operation, and is therefore not permit-
ted to occur in the majority of JFET
applications.

In the reverse-biasg situation, there
will naturally be a value of applied
gate-source bias Vgs at which the
depletion layers will have extended
sufficiently to meet one another along
virtually the full length of the narrow
portion of the channel, For this and
higher reverse-bias values of Vgs,
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tion layers are uniform in width along
the length of the channel, and the lat-
ter has a uniform width which is
directly related to the gate-source
bias, As soon as the applied voltage
reaches the reverse-bias value Vgs (off)
where the depletion layers meet, the
channel is cut off. This illustrates the
first of the two mechanisms respon-
sible for JFET operation.

The second mechanism is that which
is best seen when only drain-source
bias is applied to the device, as illus-
trated in figure 8.2(b). Here the two
gate regions are tied to the source
electrode, so that in this case there
can be no external component of gate-
channel bias. However, because the
drain-source bias voltage Vds is applied
between the ends of the channel, there
is a current and a voltage gradient in
the latter, and this produces an internal
gate-channel bias component.

Because of the voltage gradient in
the channel, the gate-channel junctions
will in fact be reverse-biased to an in-
creasing extent along the channel
length, The reverse bias will reach a
maximum value at the drain end,
where virtually the full value of the
drain-source voltage Vds will be
present as reverse bias.

As a result of the progressive in-
crease in reverse bias, the junction de-
pletion layers will increase progressively
in width along the length of the chan-
nel as shown. At the source end they
will have the modest width correspond-
ing to equilibrium conditions, while at
the drain end they will have widened
to correspond to a reverse bias of Vds.

Because of this progressive widening
of the depletion layers, a pronounced
“pinching” occurs at the drain end of
the narrow portion of the channel.
Naturally the result of this pinching
effect is that the effective channel re-
sistance does not remain constant at
its initially low value, but rises with
increasing drain-source voltage. The
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change in resistance is slow at first,
but becomes more rapid as Vds rises.

If Vds is increased sufficiently, a
point is eventually reached where the
“pinching” of the channel at the drain
end becomes virtually complete, The
depletion layers effectively touch one
another in the pinched region, convert-
ing this portion of the channel into
high resistivity “intrinsic” material.
Further increase in Vds then simply
causes this “pinched off” portion of the
channel to extend further down the
channel towards source end.

Re-stating the situation, the result of
this mechanism is that the drain-source
current Ids drawn by the channel rises
sharply with small values of Vds, then
rises more slowly and finally flattens
off as pinch-off is reached at the drain
end of the channel. This is shown in
the graph plotted on the right of figure
8.2(b), and it may be seen that the
channel current has a d'stinct “knee”
at the onset of pinch-off.

Not surprisingly, perhaps, the value
of gate-channel reverse bias at the
drain end of the channel which cor-
responds to the onset of pinch-off is
known as the pinch-off voltage, sym-
bolised Vp. Hence for the situation of
figure 8.2(b) pinch-off occurs when
Vds=Vp, because virtually the whole
of Vds appears as reverse bias at the
drain end of the channel.

With most devices the value of the
pinch-off voltage Vp is almost exactly

the same as that of the cutoff
bias Vgs(off). A moment’s thought
should reveal why this is so:

Ves (off) effectively represents the junc-
tion bias necessary for the channel
depletion layers to meet fully through-
out the length of the channel, while
Vp effectively represents the bias neces-
sary at the drain end of the channel
to cause the depletion layers to meet
in that region. Providing the channel
is reasonably uniform in width, there-
fore, one would expect the values of
Vp and Vgs (off) to be identical.

Note, however, that this equivalence
in value between Vp and Vgs (off)
does not imply that the two have the
same significance, or that “pinch-off”
and “cut-off” are simply alternative
names for the same situation. Vp and
Vgs (off) merely have the same value
because the two phenomena concerned
each begin when the gate-channel de-
pletion layers meet.

The important difference between
pinch-off and cut-off is that in the cut-
off situation the depletion layers have
met throughout the length of the chan-
nel, converting the whole of the chan-
nel to high resistivity material, and pre-
venting the flow of significant channel
current even when drain-source vol-
tage is applied; whereas in the pinch-
off situation the meeting of the de-
pletion layers involves only a relatively
small portion of the total channel
length, with the result that current
flow is merely regulated.

The cutoff situation .may actuallv
be regarded as a special and “limit”
case of pinch-off, as may become clear
shortly. This is because the term
“pinch-off” really applies to any stua-
tion in which the drain-source voltage
Vds is equal to or greater than Vp.

It may be seen from figure 8.2(b)
that for values of Vds“above the pinch-
off voltage Vp, the drain-source current
Ids remains virtually constant, forming
a “plateau” region. This is a result

of the fact that drain-source voltages
larger than Vp simply cause the pinch-
ed off portion of the channel to ex-
tend back toward the source end. The
very high resistivity of the extending
pinched off region thus effectively “ab-
sorbs” the additional voltage, main-
taining the current constant at substan-
tially its value at the pinch-off knee.

The drain-source current level cor-
responding to the constant - cur-
rent “plateau” in the zero-external-
gate-bias situation of figure 8.2(b) is
known as the zero-bias saturation cur-
rent, symbolised Idss. Like Vgs(off)
and Vp, Idss is actually quite an im-
portant JFET behaviour paramater, It.
tco, varies with doping levels and de-
vice geometry, as one might expect,
and with typical devices it ranges be-
tween about 1mA and 30mA.

Note that while the JFET pinch-off
p_lateau current is termed a “satura-
tion” current, it is a saturation current
of a different type from that which flows
through a reverse-biased P-N junction.
As we saw in earlier chapters the

region, or even in some cases on the
upper portion of the pinch-off plateau,
for very short periods.

Although the two mechanisms in-
volved in JFET operation have been
treated separately in the foregoing dis-
cussion, and are shown tely in
figure 8.2, they are generally both in-
volved in device operation. Most
JFETs are operated with both gate-
source bias Vgs and drain-source bias
Vds applied, so that the gate-channel
junctions are presented with both “ex-
ternal” and “internal” bias compon-
ents, and both mechanisms contribute
to device operation,

The combined effect of the two
mechanisms is basically a straight-
forward additive one. The external
gate-source bias Vgs provides a fixed
component of gate-channel bias, and
hence contributes to widening (or nar-
rowing) of the channel depletion layers
in a uniform fashion, while the drain-
source bias Vds provides a progressive
internal reverse bias component, and
hence a tapering or pinching contribu-
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latter type of current is ‘“‘saturated”
in the sense that it is limited by the
number of available current carriers
generated by the “intrinsic® mechan-
ism; the JFET plateau current is limit-
ed, not by the number of -carriers
available, but by the pinching action
cf the channel depletion layers.

The channel current of the JFET
remaing substantially constant in the
pinched-off region, then, over a wide
range in drain - source voltage
Vds. Significant increase in the channel
current only occurs if Vds is increased
to the point where the electric fleld
strength in the depletion layers is suf-
ficient to initiate avalanche breakdown.
The current then rises sharply, as may
be seen. and also the device dissipation.

As with the devices which were dis-
cussed in earlier chapters, the JFET
can enter avalanche breakdown with-
out necessarily sustaining damage.
However, avalanche is a high dissipa-
tion region of operation, and like any
other device a JFET has the usual
continuous and short-term power dissi-
pation ratings based on the allowable
internal temperature rise. Accordingly,
many flow-power JFET devices may
only be operated in the avalanche
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tion to the depletion layer width, The
resultant width of the depletion layers
is simply the sum of the two.

_ Pinch-off still occurs when the effec-
tive gate-channel reverse bias at the
drain end of the channel is equal to
Vp, the pinch-off voltage. However,
this point will no longer in general cor-
respond to the point where Vds=Vp,
as in the zero-external-gate-bias case,
but because Vgs also contributes to the
depletion layer width it will now cor-
respond to the situation

Vds — Vgs = Vp was (8l

where the negative sign simply draws
attention to the fact that the external
gate bias is nominally of the opposite
polarity to the drain bias.

In other words, the effect of a fixed
negative bias component produced by
Vgs is simply to lower the value of
drain-source voltage Vds at which
pinch-off is reached: The higher Vgs is
made, the wider the uniform widening
of the channel depletion layers and
the lower the value of Vds at which
the layers meet at the drain end.

Ultimately, of course, if Vgs is made
equal to or greater than Vp, and hence
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equal to or greater than Vgs(off), the
device is in the pinch-off region of
operation even when Vds=0 —i.e., it is
cut off. Hence the reason for regard-
ing the “cutoff” condition as a special
and limiting case of pinch-off.

Naturally the converse effect occurs
if the applied gate-source bias is in
the forward-bias direction. Here the
effect will be to increase the value to
which Vds may be raised before pinch-
off is reached.

It should be noted in passing that
in saying that the drain-source voltage
Vds and the gate-source voltage Vgs
both contribute to the width of the
channel depletion layers, and hence to
pinch-off, all we are really saying is
that it is the effective drain-gate vol-
tage present across the device which
determines whether or not it has enter-
ed pinch-off.

In short, an alternative general re-
quirement for pinch-off is that the
drain-gate voltage Vdg must be equal
to or greater than the pinch-off vol-
tage Vp.

With either polarity of applied gate-
source bias, the altered depletion layer
situation also results in a value of
pinch-off plateau current different from
the value Idss corresponding to the
zero-bias case. When Vgs is of the
reverse-bias polarity the plateau cur-
rent level is naturally lower than Idss,
while with Vgs values of the forward-
bias polarity (but below about 0.6V)
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locus may be seen to resemble fairly
closely the familiar plate characteris-
tics of a triode thermionic valve. For
this reason this area of the JFET
drain-source characteristics is often
called the “tricde region” of operation.
Similarly because the remaining por-
tions of the various curves resemble
the plate characteristics of a pentode
thermionic valve, this area of the
characteristics is often called the “pen-
tode region” of operation.

In most circuit applications JFETs
are op:rated in the pentode region of
operation—that is, at operating points
to the right of the dashed curve in
figure 8.3.

of operation, again relative to the zero-
bias situation. This mode of operation
is accordingly known as the depletion
mode, as shown.

JFET devices are almost always
biased to a quiescent operating point
in the depletion mode region, if only
for the reason that this allows a device
to be swung over a greater dynamic
range before non-linearity occurs.

A further point which may be noted
from figure 8.3 is that the drain-source
voltage Vds at which a device enters
avalanche breakdown reduces with in-
creasing reverse gate-source bias Vgs.
This is really only to be expected, be-
cause Vgs and Vds are additive in
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the plateau current level exceeds Idss.

Because each value of Vgs thus re-
sults in both a unique value of Vds
corresponding to the pinch-off knee,
and also a unique value of pinch-off
plateau current, it is convenient to rep-
resent JFET operation by a family of
characteristic Vds/Ids curves of the
type shown in figure 8.3, The polarities
shown are for an N-channel device as
shown in figure 8.1; for a P-channel
device they would be reversed.

It may be seen that for each of the
sample values of Vgs for which the
curves are drawn, there is a different
value of Vds appropriate to the pinch-
off knee. In fact the knee points of the
curves all lie on a parabolic locus
(dashed curve), which is exactly what
one would expect from the reiation-
ship given in expression (8.1). Simil-
arly each curve has its current plateau
at a different value of Ids.

The portions of the various curves
to the left of the dashed knee-point
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P-CHANNEL JFET SYMBOLS

Because the narrower channel de-
pletion layers produced by forward
gate-source bias result in higher Ids (or
“enhanced channel conduction”) of a
device in the pentode region of opera-
tion, relative to the zero-bias situation,
this mode of operation is known as
enhancement mode. This mode of JFET
operation is represented in figure 8.3
by the curve marked “Vgs = --0.5V".

Fairly obviously the range of en-
hancement mode operation possible
with JFETs is rather limited, because
Vgs cannot be increased beyond the
point where forward conduction cur-
rent begins to flow through the gate-
channel junctions. However, it will be
shown later that other types of field-
effect device are capable of more ex-
tended enhancement mode operation.

In contrast with forward gate-source
bias, reverse bias produces wider chan-
nel depletion layers and results in
lower Ids or “depleted channel con-
duction” in the pentode region

> Vd

* VALUES GIVEN FOR
JLLUSTRATION ONLY

terms of the effective maximum re-
verse bias present across the gate-
channe] junctions at any time.

In effect, then, it is really the drain-
gate voltage present across the device
which determines whether or not it
enters avalanche breakdown, just as
this same voltage determines whether
or not the device is operating in the
pinch-off or pentode region. Hence a
common way of rating a JFET in
terms of its avalanche breakdown point
is to quote its drain-gate breakdown
voltage, usually symbolised BVdgo.

JFET “static drain-source charac-
teristics” of the type illustrated in
figure 8.3 show quite well the opera-
tion of the device, as may be seen.
However, for design work they are
often of less interest and lower utility
than the so-called ‘“static transfer
characteristic,” which is illustrated in
figure 8.4, This curve shows the con-
trolling action of gate-source bias Vgs
upon the device drain-source current
Ids, for the pentode region of device
operation (only).

Note that whereas there is a whole
family of curves comprising the static
drain-source characteristics, the static
transfer characteristic consists of but
a single curve. This arises from the
fact that the transfer characteristic
by definition only applies to the
pentode region of operation, where the
constant-current nature of the drain-
source  characteristics makes the
“transfer” or controlling effect of Vgs
over Ids virtually independent of drain-
source voltage Vds,

It may be seen that the transfer
characteristic is @ parabolic curve
whose shape and slope are described
by the expressions shown. The essen-
tial points to note are that the curve
cuts the Ids axis at a value equal to
Idss, the zero bias drain-source cur-
rent, and that it becomes asymptotic to
the Vgs axis at a value equal to both
Vgs(off) and Vp.
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The transfer characteristic describes
the relationship between Ids and Vgs,
so that its slope at any point repre-
sents the rate of change in Ids for a
change in Vgs—i.e., the transconduct-
ance or “mutual conductance,” usually
symbolised gm.

Because of the parabolic shape of
the curve, its maximum slope occurs
in the region where it crosses the zero
bias or Ids axis, at Idss. In other
words, the transconductance of a JFET
is greatest when the device is operating
at zero or slight forward gate bias.

This being the case, device manu-
facturers usually specify the transcon-
ductance of a JFET for the zero-bias
condition, where it is nominally at a
maximum, This “maximum transcon-
ductance” is usually symbolised gmo.
Because of the shape of the transfer
curve gmo is closely approximated by
the simple expression

gmo = —2.Idss S5 (8:2)

Vp

which in graphical terms simply cor-
responds to the dashed line in figure
8.4 joining the Ids axis at Idss and the
Vgs axis at —Vp/2. :

An alternative to gm sometimes
quoted on JFET data sheets is the for-
ward transadmittance, symbolised Yfs.
This is strictly a more general device
arameter, including any susceptance
inverse reactance) components of the
transfer behaviour in addition to con-
ductance. However, in most cases it is
?ﬁzﬁed at a low frequency (around
1 ) where the zero-bias value of Yfs
is generally almost identical with gmo.

For typical JFET devices in current
production, gmo ranges from about
1000-8000 micromhos, or 1-—8mA/V.

From figure 8.4 and from expression
8.2 it may be seen that the transcon-
ductance characteristics of a JFET are
closely determined by the zero bias
current Idss and the pinch-off voltage
Vp. In fact, knowing these two para-
meters it is quite easy both to calculate
gmo and to construct the transfer
characteristic. This provides further
evidence of the importance of the two
parameters. "

It may be worthwhile to summarise
our present discussion of the JFET by
drawing attention to those unique
aspects of the device behaviour which
are together responsible for its wide
range of circuit applications, and which
are accordingly of particular signific-
ance for circuit design.

Possibly the first thing which the
reader may have realised from the
foregoing description of JFET opera-
tion is that the device is one which,
like the thermionic valve, is capable
of power amplification. A small change
in gate-source voltage Vgs is capable
of producing a relatively large change
in drain-source current Ids. Hence if
a small AC signal is superimposed
upon a suitable quiescent gate-source
bias, an amplified AC signal can be
obtained at the JFET drain electrode
by placing a suitable load resistor in
series with the Vds supply.

Because in normal operation its gate-
source junctions are biased either only
slightly in the forward direction, or
more usually in the reverse direction,
the JFET also has another important
property in common with the thermion-
ic valve: high input resistance, The
only current which normally flows in
the gate circuit is the junction satura-

tion/leakage current Igss, mentioned
earlier, which is typically in the order
of but a few nanoamps. This gives
typical devices an input resistance of
around 1000 megohms.

As we observed from the static
drain-source curves shown in figure
8.3, the Vds/Ids characteristics of the
JFET in the pinch-off region are virtu-
ally ‘“constant current” lines, having
a very low current change/voltage
change slope. In other words, then,
the device resembles a pentode valve,
possessing a high output resistance.
Typical figures for JFET output resis-
tance rds range from about 20K to
100K.

As with transconductance, some de-
vice manufacturers do not quote the
output resistance rds on their JFET
data sheets, but instead give values for
output admittance, symbolised Yos.
Usually this is quoted at a low fre-
quency, say 1KHz, where its value is
very close to the inverse of rds, Hence

SILICON DIOXIDE

INSULATING LAYER N-TYPE MATERIAL

D
THIN METAL
! 2 " "
SUBSTRATE

| THIN CHANNEL
REGION

P-TYPE “SUBSTRATE"
(GIVES SUPPORT AND
(a) ELECTRICAL ISOLATION)

Figure 8.7

typical devices have Yos values in the
range 10-50 micromhos.

Not surprisingly the depletion layers
which .separate the gate and channel
regions of a JFET in normal operation
behave as a dielectric, in this respect
being no different from the depletion
layer of a normal P-N junction diode.
As a result there is a small but often
significant capacitance between the gate
and channel regions. The distribution
of capacitance is naturally non-linear
due to the tapering depletion layers,
and also varies with the applied bias.

For convenience in circuit design the
gate-channel capacitance is normally
considered to consist of two main com-
ponents: the effective input capacitance
of the device as seen by the gate
electrode, symbolised by Cgs, and the
reverse transfer or drain-gate “feed-
back” capacitance, symbolised Cdg.

Typical modern JFET devices de-
signed for low- and medium-frequency
applications have Cgs figures ranging
from 4—7pF, and Cdg figures ranging
from 1—3pF. Devices intended for
high frequency applications have
figures somewhat lower than these.

The reverse transfer capacitance Cdg
is often of particular significance for
circuit design, because being coupled
between the input and output of the
device it can be effectively magnified
in value by the familiar “Miller effect.”
Further discussion of this will be found
in the next chapter.

The circuit symbols commonly used
for JFETs of both configurations are
shown in figure 8.5.

It is hoped that the foregoing dis-
cussion of the junction field-effect tran-
sistor has - given the reader a basic
understanding of the device and its
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operation. Let us now turn to consider
briefly some of the other types of field-
effect device in present use.

A device which is very closely relat-
ed to the JFET is the so-called con-
stant current diode. Although basically
a very simple development from the
JFET, this device is finding increasing
use in many circuit applications in
which current levels must be maintain-
ed despite voltage and impedance
variations.

Basically the device consists of a
JFET which is fitted with an “internal”
self-bias resistor in series with the
source, with the gate being tied to the
remote end of the resistor. Figure 8.6
shows the basic arrangement, where it
may be seen that only the drain and
gate connections are brought out as
device electrodes, These are labelled
“anode” and “cathode” respectively.

As one might expect the operation
of the device is again dependent upon
the two basic JFET mechanisms dis-

Ids

DEPLETION OR "TYPE A" MOSFET (N-CHANNEL)

cussed earlier. However, in this case
the single bias voltage Vd applied to
the device is connected directly between
drain and gate, so that pinch-off simply
corresponds to the situation where
Vd=Vp. The pinch-off voltage is not
dependent upon the value of Rs.

The function of the resistor is to
provide a “fixed” component of gate-
source bias derived from the device
channel current. This quite naturally
has the effect of determining the value
of device current at which the pinch-
off plateau occurs. Thus a device fitted
with no resistor might have a plateau
current (in this case equal to Idss) of
say 20mA, while a device fitted with a
resistor of 100 ohms might have a
plateau current of 10mA, as shown.

It should be fairly clear from this
that the plateau current of such a
device may be set to any desired value
below the basic Idss for the internal
structure, merely by fitting the appro-

riate value of resistor Rs. Hence it
is possible to produce such devices
with plateau currents covering quite a
useful range, suitable for use in circuit
applications as current regulating
devices. In operation, the devices are
merely arranged to operate on their
pinch-off plateau, so that they tend to
pass a substantially constant current
despite variations in applied voltage.

No doubt the astute reader will have
realised while reading the foregoing
that virtually any normal JFET device
could be used as a current regulating
element, simply by connecting it into
circuit with the source tied to the
gate via a suitably chosen resistor. And
in fact this forms the basis of many
JFET circuit applications. However,
semiconductor device manufacturers
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have found it possible to provide a
range of “custom-made” current regu-
lating devices with specified current
ratings, and accordingly circuit design-
ers have been able to take advantage
of the devices.

An important type of field-effect
device which differs both in construc-
tion and in certain aspects of its opera-
tion from the JFET is the insulated-
gate field effect transistor, or IGFET.
Other general names for this type of
device are MISFET, standing for
“metal-insulator-semiconductor FET,”
and TFT, or “thin film transistor.” The
last of these names is usually reserved
for devices which are in the form of
elements within micro-circuits or “ICs.”

In broad terms the operation of
IGFET devices is very similar to that
of the JFET device which we have
already examined. As before, the effec-
tive conductivity of a semiconductor
channel region is modulated by a con-
trol. bias applied between the channel
and an adjacent electrode termed the
gate.

However, an important difference
between the two types of device is
that whereas in the JFET the gate
electrode is isolated from the channel
by a non-conducting P-N junction, in
the IGFET this isolation is performed
by a very thin layer of insulating
material such as silicon oxide or silicon
nitride. Also the gate electrode is a
metallic film deposited on the surface
of the insulating layer, rather than a
semiconductor region,

Probably the most common type of
IGFET device is the MOSFET or
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metal-oxide-semiconductor FET, in
which as the name suggests the gate-
channel insulation is performed by a
thin layer of silicon dioxide. Other
names for this device are “MOST,”
“MOS transistor” and “SCOUT"” — the
latter standing for “surface controlled
oxide unipolar transistor.”

Because the MOSFET relies upon an
oxide layer for gate-channe] isolation
rather than the depletion layers asso-
ciated with non-conducting P-N junc-
tions, it is not inherently subject to
the restriction on enhancement-mode
operation which applies to the JFET.
There are definite restrictions to the
voltage which may be applied between
gate and source, as will be explained
shortly, and these restrictions are of
paramount importance if a MOSFET
is to be protected from damage; how-
ever in general they apply equally for
both polarities of applied gate-channel
voltage. ¢

Taking advantage of this, device
manufacturers have been  able
to provide three different types of
M 'ET, each of which is designed to

give optimum performance under
different conditions, Thus there are
(a) the depletion-mode or nmormally on
MOSFET, designed to operate in a very
similar fashion to the JFET; (b) the
depletion/enhancement MOSFET, de-
signed for operation at around
zero bias, and capable of linear signal
excursions into both the depletion and
enhancement modes; and (c) the en-
hancement-mode or normally off
MOSFET, designed for optimum opera-
tion in the “forward-biased” condition.
The three types of MOSFET are
sometimes known respectively as type
“A,” type “B” and type “C” devices.
The basic construction of a deple-
tion-mode or type “A” MOSFET is
shown in figure 8.7(a). It may be seen
that the device channel here consists
of a very thin semiconductor layer link-
ing the drain and source regions at the
surface of a supporting or “substrate”
region. The device shown is of the
“N-channel” variety, with an N-type
channel and a P-type substrate; how-
ever the complementary configuration is
also made. Like JFETs, MOSFETs
can be made in both “polarities,” this
applying to all three types of device.

As the channel and substrate regions
of the device are of opposite type, the
junction between the two is surrounded
by the usual depletion layer even in
equilibrium.  However, in this case
the depletion layer plays no part in the
operation of the device, serving merely
as an internal jsolation medium for the
channel., In typical circuit applica-
tions the substrate electrode of a JFET
is simply tied to the source, to earth

= Ids
v
.

Vgs = OV

(b) - Vds

ENHANCEMENT OR "TYPE C" MOSFET (P-CHANNEL)

or to some other “cold” reference point.

The surface of the MOSFET above
the channel is coveréd, as may be seen,
with a silicon dioxide insulating layer.
The layer is very thin, typically in the
order of 1,000 angstroms (.0001mM).
Deposited in turn on the top of this
layer, above the channel, is the gate
electrode. This is simply a thin film
of metal, usually aluminium.

Fairly obviously, because there is no
“junction” as such between the gate
and channel of the device, there can
be no depletion layer at the top
of the channel for zero bias, to cor-
respond to the “equilibrium” depletion
layers present in the JFET. However,
the depletion mode MOSFET never-
theless operates in a very similar
manner to that of the former device, as
a result of the close electrical coupling
between the gate and channel provided
by the very thin oxide layer.

In fact although there is no deple-
tion layer at the top of the channel for
zero gate bias, such a layer begins to
“grow” inwards from the top of the
surface of the channel beneath the gate
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as soon as external reverse bias is
applied to that electrode. The electric
field between the gate and the semi-
conductor material causes carriers to
be repelled from the surface, leaving a
carrier-depleted region virtually iden-
tical to that associated with a P-N
junction, (The repelled carriers are nor-
mally swept away by the longitudinal
channel field, just as in the case of
the JFET; they correspond to charging
current of the gate-channel capacitance.)

As before, the encroaching depletion
layer reduces the effective electrical
thickness of the channel.

Not surprisingly, when gate-source
bias Vgs and drain-source bias Vds
are both applied, there is again a pinch-
ing action at the drain end of the
channel, and channel current tends to
reach a saturation or pinch-off level.
Hence the deg}etion-type MOSFET has
very similar Vds/Ids characteristics to
those of a JFET, as may be seen from
figure 8.7 (b). The “plateau” segments
of the curves are not quite as horizon-
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tal as those of the JFET, because of
the less intimate control exercised by
the gate, but the behaviour of the
device is very similar.

In contrast with the depletion-mode
MOSFET of figure 8.7 is the enhance-
ment-mode type, whose basic construc-
tion and operation are shown in figure
8.8. The type shown is the “P-type
channel” version, or more strictly the
“induced P-type channel” configuration.

The construction of this type of
device is similar to that of the deple-
tion type, as many be seen, except that
there is no phy: channel between
the two “islands” forming the drain
and source regions. The substrate is
continued right up to the oxide-covered
surface between the two. Hence when
no external gate bias is applied to the
device, there can be no drain-source
current except a small saturation/leak-
age current through the drain sub-
strate and substrate-source junctions.

This explains why the enhancement-
type MOSFET is often called a “nor-
mally off” device, in contrast with
the “normally on” characteristics of the
JFET and depletion-type MOSFET.

At this point the reader may well be
wondering how the enhancement-type
device can be persuaded to pass cur-
rent. Actually the answer to this is
fairly obvious — by the creation of an
“effective channel” linking drain and
source, And not unexpectedly, this
effective channel is created at the sur-
face of the substrate by the external
bias applied to the gate electrode.

The idea is that “forward” bias ap-
plied to the gate produces an electric
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field at the surface of the substrate,
and this in turn has two effects. One
is that majority carriers in the sub-
strate material are repelled away from
the surface; the other effect is- that
minority carriers are attracted towards
the surface. And the net result of both
these effects is that the material at the
surface of the substrate is effectively
inverted in type to become what is
termed an induced channel linking
drain and source.

Hence the example shown, for-
ward bias (gate negative) tends to re-
pel electrons from the surface of the
N-type substrate, and at the same time
attract thermally generated holes. The
surface is thus inverted in type to
form an induced P-type channel link-
ing the drain and source regions, and
drain-source current is able to flow if
a drain-source bias Vds is applied.

Naturally the greater the forward
bias applied to the gate, the deeper the
induced channel and the lower the
drain-source resistance. However, as
before the drain-source bias Vds tends
to reverse-bias the drain end of the
induced channel, so that a phenomenon
very similar to pinch-off occurs. Hence
apart from the different gate bias
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Figure 8.10 TYPE A AND TYPE B MOSFETS

sense, tne vas/lds curves of an en-
hancement-type MOSFET prove rather
similar to those of a depletion - type
device. This may be seen by compar-
ing the typical curves given in figure
8.8(b) with those of figure 8.7(b).

Note that in the case of the de-
pletion-type MOSFET the gate need
not extend for the full length of the
channel in order to achieve proper de-
vice operation, whereas with the en-
hancement-type device it is essential
for the gate to extend the full distance
between the drain and source in order
to provide a link between the two. This
tends to make the. enhancement-mode
device harder to fabricate, and also
gives it a higher gate-channel capaci-
tance. i

The depletion-enhancement or “type
B” MOSFET is very similar in con-
struction to the depletion-t device
shown in figure 8.7. e only
difference is that the channel section
is made particularly thin, allowing the
gate bias to be used either to diminish

its conductivity in the manner of a.

depletion- device, or to enhance
its conductivity in the manmer of an
enhancement-type device.

A further type of “MOSFET device
which should be briefly mentioned here
is the dual-gate MOSFET, which as the
name suggests is a device having not

one, but two control gate electrodes.
The two gates are arranged to act upon
the channel conductivity in cascade, as
may be secen from the diagram of figure
8.9. For practical reasons associated
with both the fabrication and applica-
tion of such devices they are normally
made in either the type A (depletion)
or type B (depletion/enhancement)
variety—i.e.,, in “normally-on” form.

The two gate electrodes of this type
of device make it very well suited for
use as a controlled-gain amplifier, a
“cascode” RF amplifier, and an RF
mixer. Thus although the device is a
relatively late development on the
semiconductor device scene, it is already
finding many applications.

The circuit symbols commonly used
for the various types of MOSFET are
shown in figure 8.10.

Because of the excellent insulating
properties of the silicon dioxide layer
insulating the gate of a MOSFET from
its channel, the input resistance
of these devices is typically some 1,000
to 10,000 times greater than that of a
JFET — i.e., from 1 to 10 Teraohms (1
to 10 million Megohms). This is even
higher than many thermionic valves,
and is, in any case, independent of the
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polarity of the applied gate bias — in
contrast with both the JFET and the
thermionic valve, At the same time
the gate-channel capacitance of the
MOSFET is generally somewhat lower
than for the JFET, due to the isola-
tion associated with the oxide layer,
and this gives lower values for both
Cgs and Cdg.

Together with these advantages come
problems, however. It proves difficult

to reduce the thickness of the silicon
dioxide layer separating the gate elect-
rcde from the channel sufficiently to
achieve as high a transconductance
with MOSFETs as can be achieved
fairly easily with the JFET, Very thin
oxide layers are not only difficult to
achieve' reliably during manufacture,
but they also present stability problems;
their insulation becomes more subject
to imperfections due to trapped im-
purities, and a phenomenon known as
“ion drift” can occur over a period of
time due to migration of impurity ions
from ‘the oxide into the semiconduktor
channel.

Not only this, but the silicon dioxide
layer of a MOSFET does not possess
the same breakdown characteristic as
that of the P-N junction insulating the
gate of a JFET. Whereas the latter
can enter avalanche breakdown with-
out necessarily sustaining damage, the
oxide layer of a MOSFET is only cap-
dble of the “punch-through” break-
down typical of dielectrics such as
paper and plastic film. Hence if a
critical field strength is exceeded the
gate-channel insulation is punched
through at a particular point, and the
device may well be ruined.

Because of the very high resistance
and low capacitance between the gate
and channel, even slight “static elec-
tricity” charges reaching the gate of a
MOSFET can produce permanent de-
vice damage in this fashion. Hence
such devices are normally sup-
plied by the manufacturer with all
electrodes temporarily shorted together
to preclude static charge effects, and
the electrode shorting clips are nor-
mally left connected until the devices
are wired into circuit ready for
operation.

Recently MOSFET devices have been
released featuring “internal” protection
against gate insulation failure, by
means of zener diode structures incor-
porated into the basic device. The
diodes are arranged to enter non-des-
tructive avalanche breakdown before
the oxide punch-through voltage is
reached. Naturally these devices pro-
vide a form of MOSFET which is soms-
what more rugged electrically than the
standard type; however because the
protection diode P-N junctions are
effectively in parallel with the gate-
channel insulation, the input resistance
of these devices is lowered to the level
of approximately 1000M typical of
JFET devices. Luckily this figure is
still very high, and quite adequate for
many applications,
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