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Our back-to-school series continues this month with a discussion of FET characteristics.

TJ Byers

FIG.1-THE JUNCTION FET is built from a bar of semiconductor material around which a diode
junction is fo rmed .

Part 2 IN OUR LA ST IN STALL

ment we investigated
the static propert ies of the bipolar tran
sistor. This time we' ll tum our attention to
the unip olar transistor, more commonly
known as the F ield Effect Transistor, or
FET.

There are two basic types of FET: the
Ju nct ion FE T (JFET ) and the M et
a l- Oxi de Se m ico n d u ct o r FE T
(MO SFET). Like bipolar transistors,
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FET's comes in two "sexes:" N- and P
gate. In the test set-ups shown here, we' ll
use N-gate FET's. Those circuits can be
adapted to P-gate types simply by revers
ing the polari ties of voltage and current
sources, and voltage and current meters.

JFET characteristics
The FET differs from the bipolar tran

sistor in that it has only one junction. The
FET is built as shown in Fig. I. It is a bar

DRAIN

of semiconductor material with a diode
junction formed around its center. One
end of the bar is called the source; the
other is called the drain. The connection
to the diode junction is called the gate.

When voltage is applied across the
semiconductor bar from source to drain,
current flows unrestricted throu gh that
bar. If we reverse-bias the gate diode ,
however, an electric field forms within the
bar. That field reduces the effective cross
sectional area of the semiconductor bar by
forcing electrons from the voltage source
toward the center of the semico nductor
material. The smaller cross-sectional area
represents an increase in resistance,
which restricts the flow of electrons.

The strength of the field is proportional
to the applied voltage. As the strength of
the field increases , fewer electrons make
their way through the tunnel, and current
flow decreases proportio nally. That phe
nomenon is called the pinch effect; it is
what gives the FET its amplifying proper
ties. As fie ld strength increases, even
tually it reduces the width of the tunnel so
much that current ceases to flow. The volt
age at which that occurs is called the cut
off or pinchoff voltage (Vp).
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WHAT IS A FET?

THE TERM FIELD-EFFECT TR ANS ISTOR IS G E

neric and covers several kinds ofdevices .
But, basically, any semiconductor device
whose operating characteristics are influ
ence d by a co ntrolled e lect ric fie ld
qualifies as an FET. That genera lization
has led to the identification of three dis
tinct FET types , labeled A, B, and C.

creasing the negat ive gate voltage re
duces IDS to a very small amount.

The type-C FET, on the other hand, is
an enha nce ment-mode tran sisto r. As
shown in Fig. 1-c, it requires gate voltage
before current will flow from sour ce to
drain. At ze ro gate volts, zero draincurrent
flows.

TYPE C
ENHANCEM ENT-'0

Note that that measurement is made
with the drain shorted to the source . Many
FET measurements requ ire that several
element s be tied together. Figure 5 , for
example, shows how to meas ure Vo ss '
Genera lly, the values of Voss and VGSS

are ident ical, beca use in esse nce the gate
is shorted to one end or the other of the
semiconductor substrate.

In some cases it is necessary to app ly a
bias voltage to measure a part icular pa
rameter. Vos ' for example, is measured
with a voltage applied to the gate. The
voltage on the gate adds to the drain volt
age , and that effecti vely lowers the break
down voltage of the device . Som etimes a
data sheet will ident ify that parameter as
VDS X ' where X repre sents the test voltage
app lied to the gate.

continued Oil page 88

FIG. 5- TO MEASURE Voss, use this set-up.
Gradually increase current (1 0 ) to the point
where fu rther curre nt increase does not cause a
corresponding voltage inc rease.

Atype-B FET is a hybrid ofthe Aand C
types . It is bas ically a depletion-mode
transistor with enhancement features. As
shown in Fig. t -o, at zero gate volts , a
current equal to about half the maximum
IDS flows. A depletion voltage on the gate
reduces IDS and a positive gate input in
creases it. R-E

setup for measuring VGSS' the breakdown
voltage of the gate-to-source junction . To
make the measurement , apply a constant
current to the diode junction in the reverse
mode and meas ure the voltage across that
junction .
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Testing JFET's
The static parameters of the JFET are

measured in much the same way as those
of the bipolar transistor. Leaka ge current
is measured with a milliammeter (or mi
croam me te r) a nd a cons ta nt-vo ltage
source . Breakdown voltages are deter
mined by allowing a limit ed amoun t of
current to flow throu gh the device in the
avalanche mode and mea surin g the volt
age across the transistor.

Figure 4 , for example , represents the

pica l
FET are shown III Fig. 3 . Eac h curve
shows how 10 varies with Vos ' when VGS

is held constant. In the lower part of eac h
curve , as Ye s increases , 10 increases pro
port ionall y. In that more-or-less linear
portion of the curve , the FET displays its
ampli fying properties .

As the voltage across the FET con
tinues to increase , the width of the deple
tion reg ion (the tunne l) increases until
further increases in Vos cause no increase
in current , as depicted by the flat parts of
those curve s . That area of operation is
called the constant-current mode; it oc
curs when the gate-de pletion field satu
rates the drain-to-sou rce path .

If Vos increases further, eventually the
device goes into avalanche current multi
plication. That occurs at the breakdown
voltage of the transistor, which is repre
sented by the term Vo ss ' The avalanch e
current , if a ll owed to con tinue un 
checked , eventually would de stroy the
transisto r.
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The type-A FET is cha racterized

I depletion-mode trans istor. As sho
Fig. 1-a, it operates onlywithin the d

V s=-2 tion-voltage section of the VIcurve (q

V
rant II). In othe r words, with no vol
applied to the gate , current is free to

S = - .I between source and drain, restricted
by the lump resistance of the devic
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FIG. 2-IMPORTANT VOLTAGE AND CURRENT
parameters of the JFET are shown here.
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FIG. 3-CHARACTERISTIC CURVES of a typi cal
JFET are shown here. In general , higher values
of Vos correspond to higher values of 10 ,

Like the bipolar tran sistor, the FET has
severa l important vo ltage and curre nt
characteristics; they are indicated in Fig .
2. The voltage characteristics each have
three subscripted terms; the first two terms
indicate the terminals between which the
voltage is measured , and the third indi
cates the disposition the third terminal .
The third term is either 0 (for open) or S
(for shorted). So, for exa mple, VOGO rep
resents the voltage between the drain and
the ga te, with the source uncon nected
(open).

In Fig . 2 the subscripted terms repre
senting current indicate the terminals
through whic h that current flows. For ex
amp le , lOG represen ts the current that
flows from drain to gate .

FIG. 4-TO MEASURE VGSS' use thi s set-up .
Gradually increase curren t (IGs) to the point
wh ere fu rther increase in current does no t
cause a corresponding increase in voltage.

C/)

a
Z
o
a:
fa
w
...J
W

oo
<l:
a:

72



Gate breakdown voltage (VG SS ) ' for ex
ample, is not a measurable quantity. The
breakdown voltage of a MOSFET gate is
determined by the thickness and the purity
of the insulating layer. The thicker the
layer, the more voltage it can withstand.

To properly measure a MOSFET's
VGSS ' you must apply a gradually in
creasing gate voltage until the insulator
fails. Unfortunately, when it does, the
transistor becomes useless. -

Manufacturers "measure" VG SS by
measuring the thickness of the insulating
layer with sophisticated equipment, and
then comparing the results to emp irically
derived failure curves. Tests of that type,
however, are beyond the means of the ex
perimenter.

Many MOSFETs, though , contain a
diode in the gate junction that is intended
to dissipate high-voltage spikes caused by
sta tic di scharge . Tho se spikes co uld
damage the transistor easi ly. The break
down voltage of the protectio n diode is
just below that of the gate.

So, if you are testing a protected-input
MOSFET, you can measure VGSS without
damaging the transistor by simply apply
ing enough voltage across the gate to force
the diode into avalanche. Be sure to limit
the current flow with a constant-current
source so as not to destroy the protection
diode. Now measure the voltage across
the diode ; it is close to the actual VGSS'

FIG. 7-MEASURE IGss OF A MOSFET onl y if it
has protectiv e input diodes!

Leakage current
Each breakdown -voltage parameter has

a related leakage-current parameter. For
example, IG SS (Gate -to-Source leakage
current with drain and source Shorted) is
the term for input leakage of a FET; it is
related to VGSS '

Gate leakage is a very importa nt
characteri stic of an FET because it is in
versely related to input resistance . When
leakage current is high, input resistance is
low, and when input current is low, input
resistance is high .

In many cases, you can measure leak
age current with equipmen t similar to that
used with bipolar transistors . A test cir
cuit for measuring 'GSS ' for instance, is
shown in Fig. 7 . ' GSS is normally mea
sured at the Vos s potential listed on the
data sheet.

Whe n meas uri ng the IG SS of a
MOSFET, the measurement should be

COl/til/lied 0 1/ page 92

SUBSTRATE

MOSFET testing
Althoug ht they are similar in many

ways, a MOSFET cannot be treated like a
JFET. In addition , not all tests performed
on th e JFET are app licable to th e
MOSFET.

N

The MOSFET
Developed after the FET, the MOSFET

operates somewhat differently. Figure 6
shows the construc tion of an N-chan nel
MOSFET. Fabricat ion begins with a slab
of high-resistance P-type substrate . Two
separate low-resistance N-type regions ,
called wells, are diffused into the sub
strate . Those islands represen t the source
and the drain . Next, a thin, high-resis
tance N-type region is created between the
two wells.

Then a very thin layer of insulating met
al oxide is deposited over the N channel
separating the source and drain. On top of
that layer is placed a metal contact, which
becomes the gate of the transistor. Con
nections are then made to the drain and
the source .

In operation, current flows between the
source and the drain through the N chan
nel. By applying a voltage to the gate,
however, an electric field is created; it
forces electrons to travel through the nar
row part of the channel. As with the JFET,
the field decreases the cross-sect ional area
of the path and increases its apparent re
sistance . That resistance decreases cur
rent flow in a manner that is proportio nal
to the gate voltage . As gate voltage in
creases, eventually the electric field pre
vents the flow of electons altogether.

That descript ion applies to the deple
tion-mode MOSFET. However, if we re
place the N channel with a high-resistance
P-type semiconductor, we have an enhan
cement-mode MO SFET. The enhance
ment MOSFET requires an electric field
in its channel before it can conduct cur
rent. The stronger the enhancement field,
the larger the path's cross-sectional area ,
and the lower its effective resistance.

METAL
OXIDE SOU RCE

FIG. 6-MOSFET CONST=R·:U·~C""T" :I·O:'N·: Is shown
here. The oxide layer is usually sili con diox ide.
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Applications
PVDF applications under investigatio n

or showing potent ial include:
• a disposable blood-pressure cuff
• tone generators
• acoustica l pickups for musical instru
ments
• engine noise/vibration sensors
• intru sion-detection systems
• signature-verification systems
• fluid-flow monitors
• and many, many others
Other applica tions are sure to be de
veloped because PVDF film's use is lim
ited only by human imagination. R-E

continued f rom page 58

PIEZOELECTRIC FILM

It is also simple to make a speaker
using the film. Use a cardboard mailing
tube as a form. Wrap the tube in a layer of
lightweight foam. Then wrap the film
around the tube/foam. Secure the ends of
the film with ordinary cellophane tape . Be
sure not to overlap the ends of the film or
you will short out your " speaker." Con
nect the film to a signal source and listen .
What you will hear is the higher audio
frequencies of the signal.

The film will also respond, of course,
to direct mechanical pressure . That means
that the film can be used for applications
ranging from a simple touch plate to im
pact monitors to tacti le sensors for robots
(R-E Robot builders take note !). PVDF
can withstand impacts- of up-t o several 
hundr ed G ' s without lo sin g it s
piezoelectric charac teristics .

The circuit in Fig . 3 shows how the film
could be used in a touch-plate circuit.
Tappin g the film will cause the LED to
light. For best results, mount the film in
such a way that there is sufficient clear
ance for the film to flex. Perhaps the best
approach would be to mount the film on a
pair of !!.I-inch plastic spacers using ordi
nary contact cement.

As men ti oned , in addi tio n to its
piezoelectric propert ies , PVDF is also
pyroelectric . Ifthe temperature of the film
is raised , a voltage is produced . As the
film coo ls, voltage reduces linearly. Note
that at temperatures greater than 50°C, the
pyroelectric activi ty is perm anently re
duced . At temperatures greater th an
120°C, the film's piezoelectric propert ies
are permanently impaired .

To demonstrate the film's pyroelectric
properties, connect the film directly to the
input of a high-impedance voltmeter or
osci llosco pe . Breathe on the film, and
watch the response. For a more dramatic
response , try shinning a desk lamp on the
film, or waving a lit cigarette in front of
the film. PVDF is so sensitive that it can
be used to detect the body heat of a person
from as far as 50 feet away.

(J)
o
Z
o
a:
[)
w
....J
W

oo«a:

88



FIG. 13-CRT AND CHART·RECORDER outputs of the test assembly shown in Fig . 12 are illustrated
here. Only the 150-foot section was measured; 1502outputs are shown at a and b, and 1503outputs at c
and d.
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done in both the forward and the reverse
directions, unless a protection diode is
incorporated into the device. MOSFET's
that have no protection diode should read
the same in both direc tions. Because the
insulating properties of the metal-oxide
coating are far superior to those of a re
verse-biased junction , the value of loss in
a MOSFET is considerably less than that
of an FET.

Another current parameter often spec
ified for FET's and MOSFET's is lo ss,
the drain-to-source leakage current with
the gate shorted to the source . That test is
often used to determine the amount of
current flow in the constant-current mode.
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FIG. 14-AFTER CONNECTING THE 100D-FOOT TEST SECTION, outputs were again recorded. As
before, 1502 outputs are shown at a and b, and 1503 outputs at c and d.
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useful for measuring the signature of an
antenna and its com ponents. That type of
compariso n provides a quick yet accurate
go/no-go indication.

Figure 10 shows an Lband aircraft an
tenna , and Fig. 11 shows its signature . The
sig nat ure will vary depending on the
length of the cable used , so the same
length of cable should be used when test
ing a group of antennas. Remember that
pulse riseti me decreases on a long cable as
a function of the length squared. Gener
ally, it is best to use as short a cable as
possib le when using a TOR to test an
antenna. Ifthe antenna is to be tested with
a cable in excess of 100 feet, or if the
antenna resides in a strong RF environ
ment, then a high-noise -immunity TOR
(like the 1503) would be a good choice .
Use of an isolatio n network will improve
noise immunity further.

TOR coax signatures
Figure 12 shows a cable assembly com

posed of a 150-foot section of 50-ohm
RG58C1U cable connected to a 1000-foot
section of75-ohm Belden 8281. An abra
sion is present at point A, a 50n5-ohm
interface at point B, and a connector at
point C. The assem bly ends at point 0; it
is not terminated .

First we disconnected the 150-foot sec
tion of RG58C/U and measured it with a
1502 and a 1503.

Figure 13-a shows a reproduction of the
1502's CRT, and Fig. l3-b shows the
chart-recorder outpu t. Note that the CRT
trace shows little more than the general
upward slope recorded by the chart re
corder, which itself clearly displays both
the abrasion at point A and the open cir
cuit at point B. Figures 13-c and 13-d show
the same setup as recorded by the 1503 .
Note that the chart recorder in effect gives
a much-expanded view of the X axis, for
better resolution.

Next, we reconnected point B (in Fig.
12) and readjusted both TOR 's to view the
signature at point O. Note how the curves
shown in each section of Fig. 14 resemble
each other close ly in their depic tion of the
disco ntinuity at point O.

Conclusion
Time-domain reflectometry is a valu

able technique , one that can significantly
decrease the amount of time spent trou
bleshoot ing vario us types of fau lts in
coax , twisted-pair, and other cables. We
hope that this article has given you an
understandin g of the basic principles in
volved. R-E

FIG. 8-MEASURE loss by applying the man
ufacturer's stated value of Voss and reading the
mill i-ammeter.

FIG. 9-MEASURE Vp by gradually increasing
the gate voltage while monitoring 10 , When cur
rent stops increasing, Vp has been reached .

The circuit for measuring loss is shown
in Fig. 8. The drain voltage is maintained
at the Voss value listed on the data sheet;
then current is measured.

A circuit that combines both voltage
and current measurements is shown in
Fig. 9; that circuit is used to measure VP'

With no voltage on the gate, a norm al
depletion-mode transis tor conducts cur
rent from source to drain. In order to halt
that flow, a voltage must be applied to the
gate. As stated earlier, the point at which
source-to-drain current ceases to flow is
called the pinchoff voltage. Sometimes
you see that value listed as the cut-off
voltage, which is a lingering tenn from
our vacuum-tube past.

To measure Vpo gate voltage is gradu
ally increased whi le dra in current is
monitored . When a change in gate voltage
no longer produces a change in drain cur
rent , pinchoff voltage has been achieved.
Ideally, current will drop to zero, but

continued a ll page 124
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Fig. IO-c, the unused gate could be dis
connected from the rest of the circuit.

Last, as shown in Fig. IO-d, the two
gates could be tied together. Doing so
effectively makes the dual-gate MOSFET
act as a single-gate MOSFET.

That does it for this session. In our next
segment we' ll look at several types of spe
cial-purpose diodes. R-E
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measured separately. While one gate is
heing tested , the other gate can be config
ured in one of several ways.

First, as shown in Fig. IO-a, the unused
gate could be tied to the drain.

Second, as shown in Fig. IO-b, the un
used gate could be tied to the source, as it
would be to measure VDSS'

Third , and least desirable , as shown in

FIG. 1o-CHARACTERISTICS OF THE DUAL-GATE MOSFET vary depending on how the gates are
connected. The second gate can be connected to the drain (a), to the source (b), to nothing (e), or to the
other gate (d).

continued f rom page 90

Dual-gate MOSFET's
- There'is' one' more memberof the-FET- - - - - - 
family that we must look at: the dual-gate
MOSFET. It's basically no different than
other FET 's, except for the additon of an
extra control gate. That extra gate is useful
for mixers, modul ators , AGe circuits,
and other applications.

All the test set-ups reviewed earlier are
applicable to dual-gate MOSFETs-with
one excep tion. Because there are two
gates, the parameters of each gate must be

practically, however, there will always be
a small amount of leakage current.

Enhancement-mode transistors, which
require a voltage on the gate before they
begin to conduct, do not have a pinchoff
voltage . It is, obviously, zero. The coun
terpart to Vp is called the threshold gate
voltage, or VGS(TH)' The threshold volt
age is defined as the voltage where IDjust
starts to flow; it is measured by increasing
the gate voltage until a perceptible in
crease in drain current is noted.

Wh ic heve r term is used (V p or
VGS(TH) ' the value represents the mini
mum operating current of the transi stor.
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adjust the tuner before the tran s
mitter is turned on .

To do so, first adjust the receiver
to the desired operating frequen
cy, and then turn on the noise gen
erator. You 'll hear a strong noise
from th e receiver, and the S-meter
sho u ld indicate a moderate to
strong signal. Next, tweak the an
tenna tuner 's control s for mini
mum noi se, as indicated by th e 5
meter reading. When the antenna
tuner is adjusted preci sely, it s in
put app ears to be 50 ohms, th e
same value as R1. The bridge will
be in perfect balance, so th e noise
will "null out" and the S-meter
reading will drop to its no rmal
minuscule value, or to a very low
value if th e tuner cannot be ad
ju st ed to a preci se 50-o hm re
sis t ive impedance. Wh en th e
tran sceiver is keyed now, it will see
the required 50-ohm load.

Naturally, yo u don't want to go
through a connect-di sconn ect
hassle every time you chan ge fre
quency, so th e Palomar uni t con
tains internal on-off sw itching that
controls the power from a 9-volt
battery and also bypass es the
Tuner- Tuner. . R-E

continued from page 44

Tuning the tuner
The purpose of an antenna

tuner is to convert the only-heav
en -knows impedance of a non-

FIG. 3

standard ante nna to about 50 or 72
ohms. We'll use 50 ohms for the
sake of di scussion .

Rather than keying th e transmit
ter and t rying to adjust the tuner
be fore the RF power ampli fier
burns out, we can use the noise
bridge show n in Fig. 3 and pre-
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