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I ntroduction

A junction field-effect transistor (JFET) consists of a semiconducting channel whose
conductance is controlled by an electric field. Theterminals at either end of the channel
are called source (S) and drain (D). The control electrode that applies the electric field is
called the gate (G) and is made of the opposite type of semiconductor material than the
channel. Thus, thereisaPN junction between the gate and the channel. This PN
junction is always reverse biased in normal operation. Figure 1 shows the basic structure.

N-chamel TFET

—
jn
]

Cyie ~clrannel
reverse brasml

V‘e,gw—w‘ -

de plebiun region PR
depletion

~— -

channel condvedioh congtrilad =

Figure 1. JFET construction and conduction channel controlled by depletion zone

JFETs are known as depletion mode devices because the channel conducts with zero bias
voltage applied (i.e. the depletion region has zero width). Applying areverse bias
increases the width of the depletion region which in turn reduces the conduction of the
channel. Thisisthe basisfor making an amplifier. The channel conduction resemblesa
resistor for low voltage drops (ohmic region) and becomes a constant current for higher
voltage drops (saturation region). The mathematical models we use are based on the
saturation region and will provide incorrect resultsif used in the ohmic region. The
model for afield effect transistor is a voltage controlled current source. Many JFETs are
so symmetrical in their construction that it makes little if any difference if the source and
drain terminals are swapped.

There are two channel types of JFETs. Onetype is n-channel and the other typeis p-
channel. Both types operate exactly the same way but the terminal voltages and currents
areinverted. Thisdiscussion isfor n-channel devices.
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The main feature of JFETs s extremely high input resistance — usually at least severdl
hundred megohms. This feature enables the power gain of a JFET amplifier to be huge.

Development of analytic equationsfor JFET bias condition

The following discussion is about n-channel JFETs. p-channel JFETSs operate the same
way except that the polarity of the terminal voltages and currentsisinverted. There are
two parameters that describe the operation of a JFET:

| pss iSthe drain saturation current at Vs = 0.

Vp isthe gate-source voltage, Vs, that causes the channel conduction to drop to zero
(actually, the drain current does not go al the way to zero but ceases to decrease
below avery small current).

Ibss and Vp have arough proportional relationship. A high Ipss generally has a higher
magnitude Vp. However, because the relationship is dependent on the manufacturing
geometry of the JFET thereis not asingular proportionality constant. The interpretation
of thisisthat for the spread of Ipss and Vp provided on the data sheet for a specific part
that low values of one parameter tend to correlate with low values of the other parameter
with the same holding true for higher values. Some data sheets show atypical plot of this
relationship.

Thedrain current is zero when Vgs = Vp and is Ipss when Ves= 0. Therelationship in
the saturation region follows a square law as shown in Equation 1. For normal operation,
Vs is biased to be somewhere between Ve and 0. Equation 1 gives the approximate
drain current, Ip, for agiven bias point. This approximation is generally good to within
about ten percent and is the accepted equation for al JFET calculations. The more exact
model is discussed later.

lo=lpss* [1- (Vag/VP)]? Eq. 1

Equation 1 isvalid only if the JFET is operating such that Vs is between 0 and Vp and
that Vpsis greater than (Vgs- Vp) , i.e. the saturation region. Note that the drain current,
Ip, will be between 0 and Ipss. Figure 2 illustrates an example transfer function for a
JFET that has an Ipss of 12 mA and aVp of -6 volts. The drain current will be lessif the
transistor is operating in the ohmic region. Although the transfer curve continuesinto the
positive bias region we do not normally operate the JFET there except for very small
signas.
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Transfer Curve of a Typical JFET
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Figure 2: Transfer Curve of a Typical JFET showing Ip versus Ves

Figure 3 shows the family curvesfor atypical JFET. For amplifiers we normally operate
the JFET in the saturation region to the right of the dotted parabola curve that separates
the ohmic region from the saturation region. Note that that the dotted curve isthe
solutionto Vps= (Ves— Vp). Inthe ohmic region the device acts similarly to avoltage
controlled resistor and in the saturation region the device acts as a voltage controlled
current source. The dight tilt of the linesin the saturation region is an extension of the
model that includes the effective shunt resistance of the current source. That model is not
discussed here. All of the mathematics developed later assumes these lines are perfectly
horizontal. It should be noted that for Vps near zero volts (within plus or minus afew
tenths of avolt at most) the channel acts as a voltage variable resistor that is linear with
voltage. Thisuseful effect continues through zero for small negative voltages across the
channel.
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FET Family Curves

for IDSS =12 mA and VP = -6
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Figure 3: FET Family Curves
Note: Vgs is negative — the minus sign may not show on some systems

It is desirable to have the solution to every possible permutation of knowns. The next
task isto solve Equation 1 for Vgsif Ip isknown. Thisisan exercise for the student but
theresultis:

Ves=Vp* [1 - sqrt(lp/lpss)] Eq. 2

Equations 1 and 2 tell us about the DC bias point operation of the JFET for any
combination of knowns.

Development of gain equationsfor the JFET

Since the JFET is avoltage controlled current source, the gain is the changein drain
current divided by the change in gate voltage. Thisis called the transconductance gain
(abbreviated as gn,) of the JFET and has units of conductance which is measured in
Siemens. The gain valueisvery low (typically between 0.0001 and 0.02 — but remember
that what mattersis power gain and that is very high for aJFET) and is often expressed in
mS. Thegainisfound by taking the derivative of Equation 1 with respect to Vgs.

Om=1[2* (Ioss/Ve) * [1- (Vas/VR)| Eq. 3



JFET Basics

The absolute value is used because gn, is aways positive. Thisis done because sign
information is lost when terms are squared as in Equation 1. Theratio, Ipss/Vp, will
aways be negative since Vp is negative for n-channel JFETS and Ipss is negative for p-
channel JFETS.

Note from Equation 3 that g, isalinear function of Vgs. When Vgsisequal to Ve (i.e. Ip
iSzero) then g, is zero. When Vsisequal to zero (i.e. Ip = Ipss) then gy is at the
maximum value. The maximum value of g, is known as g, and is obtained by setting
Vs to zero in Equation 3.

Omo = |2 * (|D53/Vp)| Eq 4

At this point it should seem obvious that if high gain is desired then the JFET should be
biased as close as practical to Ipss. Equation 4 gives us the ultimate gain possible.

Equation 3 gives usthe gy, if Vgsisknown. For some problems, I is known instead.
Although Vs can be calculated if 1 isknown, it is convenient to have an equation that

directly gives us gm when Ip is known. Simple substitution of Equation 1 into Equation 3
(an exercise for the student) gives:

Om =[2* sart(lo * lpss) / Vel Eq.5
Equation 5 can be expressed in another way that might be convenient for some problems
Om = gmo * SArt(Io/lpss) Eq. 6
All three ways of computing gn, give exactly the same answer. The one to use depends on
what the knowns at the moment are. It must be remembered that all of these equations
assume the JFET is operating in the saturation region. They do not apply in the ohmic
region. The user must always take care in using these equations.

The scale factor of 2 in Equations 3 through 5 isnominal. According to the National
Semiconductor FET Handbook (1977), that factor can range from about 1.1 to 2.5 but is
typicaly near 2. Keep in mind that we use amodel of a JFET based on asimplified
quadratic equation.

Equations 1 and 2 can be expressed in anormalized form as
Io/lpss = [1 - (Ves/Ve)I? Eq. 7

VGS/VP =1- g]rt(|D/|Dsg) Eq 8
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An equation for the normalized g, can be developed by dividing Equation 3 by Equation
4 producing

Om/Omo =1 - Veg/Ve Eq.9
By substituting Equation 8 into Equation 9 we can also write
Om/Gmo = SOrt(Ip/Ipss) Eq. 10

Figure4 isaplot of Equations 7 and 9. The linear relationship between Vs and gm is
clearly seen. Figure5isaplot of Equation 10.

Normalized ID/IDSS and gm/gmo versus VGS/VP
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Figure 4: Normalized FET plot
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gm/gmo versus ID/IDSS
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Figure 5: Normalized gim/Gmo
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Comparing “Exact” and Approximate JFET Models

In the text, Engineering Electronics, A Practical Approach, by Robert Mauro (copyright
1989 by Prentice-Hall, Inc., Englewood Cliffs, NJ 07632) on pages 209 to 211 thereisa
development of a more accurate mathematical model for the JFET. The result of that
development is:

[ (Ves) (Ves)¥?]
Ip=lpss* [1-3% (-----) +2* (-----) ] Eqg. 11
[ (Ve) (Ve) 1

A commonly used and more convenient approximate model was presented in Equation 1
and is expanded here for comparison:

[ (Vos) (Ves)]
Ip=lpss* [1—-2% (-----) + () ] Eq. 12
[ (Ve) (Ve)]
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Figure 6 isaplot of both equationsin normalized form. Observe that the error of the
approximate model is not very large and that the approximate model predicts a somewhat
higher current than the actual. Observe also that the slope of the “exact” curve is steeper
thus leading to a higher gn,.
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Figure 7 shows the normalized transconductance for both models. Observe that the
“exact” model has a higher gmo than the approximate model. Thisis one reason that on
data sheets the stated value of g, is often higher than what one would calculate using the
given Ipss and Vp parameters.
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Comparing "Exact" gm versus Approximate gm JFET Models
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Figure 7: Comparing “Exact” gm versus Approximate gm JFET Models




