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Chapter Eight (2"¥ Semester)
Field Effect Transistor (FET)

8.1: Introduction

BJTs (Bipolar Junction Transistors) were covered in previous chapters.

Now we will discuss the second major type of transistor, the FET (Field-Effect Transistor).
FETs are unipolar devices because, unlike BJTs that use both electron and hole currents,
they operate only with one type of charge carrier.

The two main types of FETSs are the junction field-effect transistor (JFET) and the metal
oxide semiconductor field-effect transistor (MOSFET).

Recall that a BJT is a current-controlled device; that is, the base current (Ig) controls the
amount of collector current (I).

A FET is different it is a voltage-controlled device, where the voltage between two of the
terminals (gate and source) controls the current through the device.

As you will learn, a major feature of FETS is their very high input resistance.

8.2: The JFET

The JFET (Junction Field-Effect Transistor) is a type of FET that operates with a reverse-
biased p —n junction to control the current in a channel. Depending on their structure,
JFETSs fall into either of two categories, n-channel or p-channel.

After completing this section, you should be able to:

1 Explain the operation of JFETS

1 Identify the three terminals of a JFET

[ Explain what a channel is

[ Describe the structural difference between an n-channel JFET and a p-channel JFET
(1 Discuss how voltage controls the current in a JFET

[ Identify the symbols for n-channel and p-channel JFETSs
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8.2.1: JFET Symbols

The schematic symbols for both n-channel and p-channel JFETs are shown in Figure (8.1).
Notice that the arrow on the gate points "in"* for n-channel and "out" for p-channel.

Drain (D) Drain (D)

Source (5) Source (8)

n channel p channel

Figure (8.1): JFET schematic symbols.

8.2.2: Basic Structure

Figure (8.2a) shows the basic structure of an n-channel JFET.

Wire leads are connected to each end of the n-channel; the drain is at the upper end, and
the source is at the lower end.

Two p-type regions are diffused in the n-type material to form (create) a channel, and both
p-type regions are connected to the gate lead.

For simplicity, the gate lead is shown as connected to only one of the p regions.

A p-channel JFET is shown in Figure (8.2Db).

Drin Drain

1 1

Gate =ﬂEL§E Gate =ﬂE§‘E

I I

Source Source

P

{a) n channel (b} p channel

Figure (8.2): A representation of the basic structure of the two types of JFET.
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8.2.3: Basic Operation

To illustrate the operation of a JFET, Figure (8.3) shows dc bias voltages applied to an n-
channel device.

Vpp provides a drain-to-source voltage and supplies current from drain to source (Ip).

V ¢ Sets the reverse-bias voltage between the gate and the source, as shown.

The JFET is always operated with the gate-source pn junction reverse-biased.
Reverse biasing of the gate-source junction with a negative gate voltage produces a depletion
region along the pn junction, which extends into the n-channel and thus increases its

resistance by restricting the channel width.
Ry,

4“[3 [P — Vo

iy
4|r

Figure (8.3): A biased n-channel JFET.

The channel width and thus the channel resistance can be controlled by varying the gate
voltage. Thereby controlling the amount of drain current (Ip).

Figure (8.4) illustrates this concept.

The white areas represent the depletion region created by the reverse bias.

It is wider toward the drain end of the channel because the reverse-bias voltage between
the gate and the drain is greater than that between the gate and the source.

We will discuss JFET characteristic curves and some important parameters in Section
8.3.
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T =

(a) JFET biased for conduction (b)) Greater Vi;; narrows the channel (between the white
areas) which increases the resistance of the channel
and decreases fp,.

RD
7] |
izl
VDI:I"_

{e) Less Vi widens the channel (between the white areas) which
decreases the resistance of the channel and increases Iy,

Figure (8.4): Effects of Vg on channel width, resistance, and drain current (Vg = Vis).

8.3: JEFT Characteristics and Parameters

In this section, you will see how the JFET operates as a voltage-controlled, constant- current
device. You will also learn about cutoff and pinch-off as well as JFET transfer characteristics.

After completing this section, you should be able to:

(1 Define, discuss, and apply important JFET parameters

(1 Explain ohmic area, constant-current area, and breakdown

[ Define pinch-off voltage

(1 Describe how gate-to-source voltage controls the drain current
(1 Define cutoff voltage

(1 Compare pinch-off and cutoff

1 Analyze a JFET transfer characteristic curve
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(1 Use the equation for the transfer characteristic to calculate I,
1 Use a JFET data sheet

[ Define transconductance

1 Explain and determine input resistance and capacitance

(1 Determine drain-to-source resistance

8.3.1: Drain Characteristic Curve

Consider the case when the gate-to-source voltage is zero (Vgg = 0 V). This is produced by
shorting the gate to the source, as in Figure (8.5a) where both are grounded.

As Vpp (and thus V) is increased from 0 V, I, will increase proportionally, as shown in
the graph of Figure (8.5b) between points A and B. In this area, the channel resistance is
essentially constant because the depletion region is not large enough to have a significant
effect. This is called the ohmic area because V5 and I, are related by Ohm's law.

Ohmic region J/
I Voe=0
i b §
Inss = L =P

.
I
I
I
I
I
I
I
I
|
I
I
I
|
|
I

e,

. Active region )
o ——— i Breakdown

{constant current )

Vpbs

— 0 Vp (pinch-off voltage)

(a) JFET with Vi5g = 0V and a variable Vg (Vpp) (b) Drain characteristic

Figure (8.5): The drain characteristic curve of a JFET for V¢ = 0 showing pinch-off.

At point B in Figure (8.5b), the curve levels off and I, becomes essentially constant.

As V¢ increases from point B to point C, the reverse-bias voltage from gate to drain (V;p)
produces a depletion region large enough to offset the increase in Vpg, thus keeping Ip
relatively constant.
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8.3.2: Pinch-Off Voltage (Vp)

For Vs = 0V, the value of V¢ at which I, becomes essentially constant (point B on the
curve in Figure (8.5b)) is the pinch-off voltage Vp.

For a given JFET, Vp has a fixed value. As you can see, a continued increase in Vg above
the pinch-off voltage produces an almost constant drain current.

This value of drain current I, is I g¢ (Drain to Source current with gate Shorted) and is
always specified on JFET data sheets. Ipgs is the maximum drain current that a specific
JFET can produce regardless of the external circuit, and it is always specified for the
condition Vg =0V.

8.3.3: Breakdown

As shown in the graph in Figure (8.5b), breakdown occurs at point C when I, begins to
increase very rapidly with any further increase in Vps. Breakdown can result in
irreversible (don’t back) damage to the device, so JFETs are always operated below
breakdown, and within the constant-current area (between points B and C on the graph).
The JFET action that produces the drain characteristic curve to the point of breakdown for
Ves = 0 Vs illustrated in Figure (8.6).

(n) When Vg = i, =0 (b} Iy imcreases propartionally with Vg in Ic) When Vg = Vi, Iy & constant and equal (d} As Vg increases furiber, [, remains at
the chmic region 1w fpgs fyezs wntil breakdown occurs.

Figure (8.6): JFET action that produces the characteristic curve for Vg = 0.
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8.3.4: Vs Controls I

Let's connect a bias voltage V., from gate to source as shown in Figure (8.7a).
As Vg is set to increase more negative values by adjusting V;;, a family of drain
characteristic curves is produced, as shown in Figure (8.7b).

L
i

Ipss1-=——= T ¥
7
I
1
]

,fr’L s 1 ]
Ap By
I

Wy if 11

|| f ] i
II," T
‘ i 7

) Vi —= —- —
_ gl !
Vog=1V : I v - !
+ T T o Vo= 45 ) * Vs
- T e ‘\\‘ Pinch-off when Voo =-1V
{a) JFET hased at Vg =-1V (b} Family of drain characteristic curves

Figure (8.7): Pinch-off occurs at a lower V¢ as Vg is increased to more negative values.

Notice that Ip decreases as the magnitude of Vg are increased to larger negative values
because of the narrowing of the channel. Also notice that, for each increase in Vgg, the
JFET reaches pinch-off (where constant current begins) at values of Vg less than Vp.
Therefore, the amount of drain current is controlled by Vg, as illustrated in Figure (8.8).

(a) Vs =0V, Vpg 2 Vp, lp=lpss {b) When Vg is negative, I decreases and is constant
above pinch-off, which is less than Vp.

() As Vizq Is made more negative, Ji, continues o decrease (d) Until Vg =Wz - fp continues to decrease.
but is constant above pinch-off, which has also decreased. When Vigg 2 Vg In =10

Figure (8.8): Vg controls Ip.
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8.3.5: Cutoff Voltage (Vgs (off))

The value of Vg that makes I, approximately zero is the cutoff voltage Vs ofs), as

shown in Figure (8.8d).

The JFET must be operated between Vg = 0 V and Vg (off)-

For this range of gate-to-source voltages, Ip will vary from a maximum of Ipgs t0 a
minimum of almost zero.

As you have seen, for an n-channel JFET, the more negative Vgg is the smaller I
becomes in the constant-current area.

When V¢ has a sufficiently large negative value, I is reduced to zero.

This cutoff effect is caused by the widening of the depletion region to a point where it

completely doses the channel, as shown in Figure (8.9).
[~ Vasion Ry

Figure (8.9): JFET at cutoff.

The basic operation of a p-channel JFET is the same as for an n-channel device except
that a p-channel JFET requires a negative Vpp and a positive Vg, as illustrated in Figure
(8.10).

Rp

O

GG —

!

+

Figure (8.10): A biased p-channel JFET.
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8.3.6: Comparison of Pinch-Off VVoltage and Cutoff VVoltage

As you have seen, there is a difference between pinch-off and cutoff.

There is also a connection; Vp is the value of Vg at which the drain current I, becomes
constant and is always measured at Vgg =0 V.

However, pinch-off occurs for V¢ values less than Vp when V¢ is nonzero.

So, although Vp is a constant, the minimum value of V¢ at which I, becomes constant
varies With V. Vs (o) and Vp are always equal in magnitude but opposite in sign.

A datasheet usually will give either Vg of5) OF Vp, but not both.

However, when you know one, you have the other.
For example, if Vs (ofpy = —5 V. then Vp = +5 V. as shown in Figure (8.7b).

Example 1: For the JFET in this figure, Vs o5y = —4V and

Ipss = 12 mA. Determine the minimum value of V,, required
to put the device in the constant current area of operation.

Solution:

Since Viggomy = —4V, Vp = 4 V. The minimum value of Vpg for the JFET to be in its
constant-current region is

Vbs = Vp =4V
In the constant-current region with Vgg = 0V,
In = Ipgss = 12mA
The drop across the drain resistor is
Vi, = IpRp = (12mA)(560 (1) = 6.72V
Apply Kirchhoft’s law around the drain circuit.
Voo = Vps + Vp, =4V + 672V = 0.7V

This is the value of Vpp to make Vpg = Vp and put the device in the constant-current
region.

H.W: QL: If Vpp is increased to 15 V, what is the drain current?

Solution:
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Example 2: A particular p-channel JFET has a Vg (orr) = +4 V What is I, when Vg = +6V?
Solution:

The p-channel JFET requires a positive gate-to-source voltage. The more positive the
voltage, the less the drain current. When Vs =4V, I,=0. Any further increase in Vs keeps
the JFET cut off, so I, remains 0.

8.3.7: JFET Transfer Characteristic

You have learned that a range of Vg values from zero to Vg (055 controls the amount of
drain current I,.
For an n-channel JFET, Vg (o) IS Negative, and for a p-channel JEET, Vg (off) IS pOSitive.

Because V¢ does control I, the relationship between these two quantities is very important.
Figure (8.11) is a general transfer characteristic curve that illustrates graphically the
relationship between Vs and I,. This curve is also known as a transconductance curve.
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Figure (8.11): JFET transfer characteristic curve (n-channel).

Notice that the bottom end of the curve is at a point on the Vg axis equal to Vs (ofs), and
the top end of the curve is at a point on the I, axis equal to Ipgg.
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This curve shows that:
ID =0 when VGS — VGS(Off)

Ipss
Ip = T when Ves = 0.5 VGS(Off)
Ipss
Ip = T when Ves =0.3Vgs (of )
and Ip = Ipgg when Ves =0

The transfer characteristic curve can be developed from the drain characteristic curves by
plotting values of I, for the values of Vs taken from the family of drain curves at pinch off,
as illustrated in Figure (8.12) for a specific set of curves.
Each point on the transfer characteristic curve corresponds to specific values of Vg
and I on the drain curves.
For example, when Vg = =2V, I = 4.32mA. Also, for this specific JFET, Vg (ofp) =
—5V and Ipgs = 12 mA.

Ip (mA)

Inss

PR b Vg =—-4V
1-';5511\'{]'- — -¢ T } + t } - -1-"-]}5;;["-"-?
‘}\ -4 -3 -2 -1 0 ‘ 0 5 10 15

Viasiom

Figure (8.12): Example of the development of an n-channel FET transfer characteristic
curve (blue) from the FET drain characteristic curves (green).

A JFET transfer characteristic curve is expressed as:

Vs
Ip = Ipss (1 — ) (1)

Vs (off)
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With Equation (1), Ip can be determined for any Vg if Vg (orp) and Ipgs are known.

These quantities are usually available from the data sheet for a given JFET.

Notice the squared term in the equation. Because of its form, a parabolic relationship is
known as a square law and therefore, JFETs and MOSFETS are often referred to as square-
law devices.

Example 3: The partial data sheet for a 2N5459 JFET indicates that typically Ipg¢ = 9 mA and

Ves ofry = —8V (maximum). Using these values. determine the drain current for Vge = OV, -1V
and -4 V.
Solution:

For VGS =0V,

'fD = IDSS = OmA

For VGS = -1V

Vas )2 IV
Inp = f[)gs(l i ) = (9 mA) (l N —)
Vasiofr) —8V

= (9mA)(1 — 0.125)% = (9 mA)(0.766) = 6.89 mA

Fl}l' VGS = —4 "l-'r..

—8V
H.W: Q2: Determine I, for Vs = —3 V for the 2N5459 JFET.

— 4V \2
In—= 9 nm}(] = —) = (9mA)1 — 0.5)> = (9mA)0.25) = 2.25mA

Solution:

Page 214



Electronics By Twana Kak Anwer 2022-2023

8.3.8: JFET Forward Transconductance (g,,)

The forward transconductance (transfer conductance) (g,,) is the change in drain
current (AIp) for a given change in gate-to-source voltage (AVgs) with the drain-to-
source voltage constant. It is expressed as a ratio and has the unit of siemens () (Q1).

Al

AV g

Im = at constant Vg

Other common designations for this parameter are g; and y ¢, (forward transfer admittance).
gm 1s important in FET amplifiers as a major factor in determining the voltage gain.

Because the transfer characteristic curve for a JFET is nonlinear. g,, varies in value
depending on the location on the curve as set by V.

The value for g,, is greater near the top of the curve (near Vg = 0) than it is near the
bottom (near Vs (off) as illustrated in Figure (8.13).
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1":lﬂﬁll-.Jl:'l:'J AV, o Al .I 5

Vgs =0

Figure (8.13): g,, varies depending on the bias point (V¢s).

A data sheet normally gives the value of gm measured at Vg = OV (g,,0). FOr example, the
data sheet for the 2N5457 JFET specifies a minimum g,,,o (gys) of 1000 S with Vg — 15 V.
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Given gm0, You can calculate an approximate value for g,, at any point on the transfer
characteristic curve using the following formula:
Im = 9mo <1 - I/i) (2)
GS (of f)
When a value of g, is not available, you can calculate it using values of Ipgs and Vg (of 1)
the vertical lines indicate an absolute value (no sign).
2 IDSS

Imo (3)

Vesorn|

Example 4: The following information is included on the data sheet for a 2N5457 JFET:
typically. Ipgs = 3mA. Vgs (orr) = —6 V maximum, and gsgmax) = 5000 ps. Using these
values, determine the forward transconductance for V¢ = —4 V, and find I, at this point.

Solution:
&m0 = & = 3000 uS. Use Equation 2 to calculate g,,

Vs ) -4V
Em = Eml | ——— | = {50 ,U.SJ(I _— —) = 1667 PS
( Vasiofn =0V
Next, use Equation 1 to calculate Ip at Vg = —4 V.
Vs \? —4V)?
Ip = IDSS(I = - ) = (3.0 mAJ(l = ‘—') = 333 uA
VGSmt’t'i -6V

H.W: Q3: A given JFET has the following characteristics: Ipgs = 12 mA. Vgs o5y = =5V,

and g0 = 3000 ps. Find gill and I, when Vg = =2 V.
Solution:
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8.3.9: Input Resistance and Capacitance

As you know, a JFET operates with its gate-source junction reverse-biased which makes the
input resistance at the gate very high. This high input resistance is one advantage of the JFET
over the BJT. (Recall that a bipolar junction transistor operates with a forward-biased base-
emitter junction.) JFET data sheets often specify the input resistance by giving a value for the
gate reverse current I;¢g at a certain gate-to-source voltage. The input resistance can then
be determined using the following equation, where the vertical lines indicate an absolute
value (no sign):

Vs |
Igss
For example, the 2N5457 data sheet in a maximum Igg¢ Of 1.0 nA for Vg = —15 Vat
25°C. I ;g increases with temperature, so the input resistance decreases.

The input capacitance C;,¢ is a result of the JFET operating with a reverse-biased pn
junction.

Recall that a reverse-biased pn junction acts as a capacitor whose capacitance depends on
the amount of reverse voltage. For example, the 2N5457 has a maximum C;¢¢ of 7pF for
Ves = 0.

Ry =

Example 5: A certain JFET has an I;g¢ of —2nA for Vg = —20 V. Detennine the input
resistance.
Solution:

Vas
Igss

20V

Rin = 2nA

= 10,000 M}

8.3.10: AC Drain-to-Source Resistance

You learned from the drain characteristic curve that, above pinch-off, the drain current is
relatively constant over a range of drain-to-source voltages. Therefore, a large change in Vg
produces only a very small change in I. The ratio of these changes is the drain-to-source

resistance of the device, ' 4:
, _ AVDS

ras =
Al
Data sheets often specify this parameter in terms of the output conductance g,4, or output
admittance y,.
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SECTION 8.3 REVIEW:

1. The drain-to-source voltage at the pinch-off point of a particular JFET is 7V. If the gate-to-
source voltage is zero, what is 1,?

2. The V;s of a certain n-channel JFET is increased negatively. Does the drain current
increase or decrease?

3. What value must Vs have to produce cutoff in a p-channel JFET witha Vj, = =3 V?
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8.4: JFET Biasing

Using some of the FET parameters discussed in the previous sections, you will now see how
to dc-bias JFETSs. Just as with the BJT, the purpose of biasing is to select the proper dc gate-
to-source voltage to establish a desired value of drain current and thus a proper Q — point.
You will learn about two types of bias circuits, self-bias and voltage-divider bias.

After completing this section, you should be able to:

(1 Discuss and analyze JFET bias circuits

1 Describe self-bias

(1 Analyze a self-biased JFET circuit

[ Set the self-biased Q — point

1 Analyze a JFET circuit with voltage-divider bias

(1 Use transfer characteristic curves to analyze JFET bias circuits

[ Discuss Q — point stability

8.4.1: Self-Bias

Self-bias is the most common type of JFET bias.

Recall that a JFET must be operated such that the gate-source junction is always reverse-biased.
This condition requires a negative V ;¢ for an n-channel JFET and a positive V ;¢ for a p-channel JFET.

This can be achieved using the self-bias arrangements shown in Figure (8.14).

The gate resistor R, does not affect the bias because it has essentially no voltage drop
across it; and therefore, the gate remains at OV.

R is necessary only to isolate an ac signal from ground in amplifier applications. as you
will see later.

+Vpp Voo
o

(a) n channel (b} p channel

Figure (8.14): Self-biased JFETs (Ig = Ip in all FETS).
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For the n-channel JEET in Figure (8.14a), the current I produces a voltage drop across Ry
and makes the source positive with respect to ground, Since I = I and V; = 0, then: V¢ = IpRg
The gate-to-source voltage is: Vgg = Vi, — Vo = 0 — IRy, = —IpR;

Thus:

Ves = —IpR;

For the p-channel JFET shown in Figure (8.14b), the current I through R produces a
negative voltage at the source, making the gate positive with respect to the source.
Therefore, since:

IS:ID and VGS: +IDRS

In the following analysis, the n-channel JFET in Figure (8.14a) is used for illustration. Keep
in mind that analysis of the p-channel JFET is the same except for opposite-polarity voltages.
The drain voltage with respect to ground is determined as follows:

Vp = Vpp— IpRp

Since V¢ = Ip Ry, the drain-to-source voltage is:
Vps = Vp — Vs = Vpp — Ip(Rp + Ry)

Example 6: Find Vps and Vg in this figure. For the particular JFET in
this circuit, the internal parameter values such as g, Vgscoss), and Ipgs
are such that a drain current (I,) of approximately 5 mA is produced.
Another JFET, even of the same type. may not produce the same results
when connected in this circuit due to the variations in parameter values.

Voo
+15WV

Rp
1.0 kL3

Rg Rg

Solution: 10 M1} 220 0
Ve = IpRg = (5mA}2200) = 1.1V
Vo = Vpop — IpRp = 15V — (SmA)1.0k{}) = 15V -5V =10V

Therefore,

Vos = Vp — Vs =10V — 1.1V = 89V
Since V =0V,

Ves=Vg—Vg=0V—-11V=-11V
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H.W: Q4: Determine Vpg and Vg in this figure when I, = 8 mA. Yoo

+
Assume that R, = 860 Q, R = 390Q, and Vpp, = 12 V. 0
Solution:

Setting the Q — Point of a Self-Biased JFET:

Then calculate the required value of R using the following relation-ship. The vertical

lines indicate an absolute value.
VGS
Rg = [—
Example 7: Determine the value of Ry required
to self-bias an n-channel JFET that has the

transfer characteristic curve shown in this figure

Ip (mA)

r25  Ipsg

atVeg = —5V. 20
Solution: 15
_Ves| _ _ -5 _ r

Ry = K =Rs = |—6.25><10‘3 = 800Q -119{

~Vas (V)

-10 3 0

Vs
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Example 8: Determine the value of R required to self-bias a p-channel JFET with datasheet
values of Ipgs = 25mA and Vgsorr) = 15V. Vgsistobe 5V,

Solution:
Use Equation (1) to calculate I,.

Vs = 5V 2
Ip = Inss| 1 — faamAR 1 ————

Il

Vasiofn) 15V
= (25mA)(1 — 0.333)> = 1.1 mA
Now, determine Rg.
V 5V
Rs = |[—2| = = 450 Q
{ Ip 11.1 mA

H.W: Q5: Find the value of R required to self-bias a p-channel JFET with I,¢ = 18 mA
and VGS(off) = 8V. VGS =4YV.

Solution:
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8.4.2: Voltage-Divider Bias

An n-channel JFET with voltage-divider bias is shown in Figure (8.15). The voltage at the
source of the JFET must be more positive than the voltage at the gate in order to keep the
gate-source junction reverse-biased.

+Vpp

Figure (8.15): An n-channel JFET with voltage divider bias (I, = Ip).
The source voltage is: Vg = Ip Rg

The gate voltage is set by resistors R, and R, as expressed by the following equation using
the voltage-divider formula:

Ve = ( Rz )V
G — R1 + RZ DD
The gate-to-source voltage is: Vgg = Vg — Vg

and the source voltage is: Vg = V- Vg

The drain current can be expressed as: I, = —

Substituting for Vs:
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Example 9: Determine I and V¢ for the JFET with voltage-divider Y
bias in this figure, given that for this particular JFET the internal LN
parameter values are such that vV, = 7 V.

R

Solution: 6.8 MO 2 3.3 k()
Voo — Vp 12V — TV 5V
Ip = = = = 1.52 mA
- Rp 33k 33k0 .
Calculate the gate-to-source voltage as follows:
R, Rs
Vg = IpRs = (1.52mA)(2.2k{}) = 3.34V LOMOQ <22k
R, 1.0 M{}
Vg = 3 Vop = 12V = 1.54V = -
g (R] + Rg) = (?.EM!I)

VGS - VG —: VS =154V —334V = =18V

If V, had not been given in this example the Q — point values could not have been found
without the transfer characteristic curve.

H.W: Q6: Given that V, = 6V when another JFET is inserted in the
circuit of this figure, determine the Q — point.

Solution:

SECTION 8-3 REVIEW:

1. Should a p-channel JFET have a positive or a negative V;s?

2. In a certain self-biased n-channel JFET circuit, I, = 8 mA and Ry = 1.0 k€. Determine V.
3. An n-channel JFET with voltage-divider bias has a gate voltage of 3V and a source
voltage of 5 V. Calculate V.
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8.5: THE MOSFET

The MOSFET (Metal Oxide Semiconductor Field-Effect Transistor) is another category
of field-effect transistor.

The MOSFET differs from the JFET in that it has no pn junction structure; instead, the
gate of the MOSFET is insulated from the channel by a silicon dioxide (5i0,) layer.

The two basic types of MOSFETSs are depletion (D) and enhancement (E). Because of the
insulated gate, these devices are sometimes called IGFETs (insulated-gate FETS).

After completing this section, you should be able to:
1 Explain the operation of MOSFETS

(1 Describe the structural difference between an n-channel and a p-channel depletion
MOSFET (D-MOSFET)

[ Explain the depletion mode
1 Explain the enhancement mode
1 Identify the symbols for n-channel and p-channel D-MOSFETSs

(1 Describe the structural difference between an n-channel and a p-channel enhancement
MOSFET (E-MOSFET)

1 Identify the symbols for n-channel and p-channel E-MOSFETSs
[ Explain how D-MOSFETSs and E-MOSFETSs differ

(1 Discuss power MOSFETSs

(1 Discuss dual-gate MOSFETSs
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8.5.1: Depletion MOSFET (D-MOSFET)

One type of MOSFET is the depletion MOSFET (D-MOSFET), and Figure (8.16)
illustrates its basic structure. The drain and source are diffused into the substrate material
and then connected by a narrow channel adjacent to the insulated gate. Both n-channel
and p-channel devices are shown in the figure.

We will use the n-channel device to describe the basic operation.

The p-channel operation is the same, except the voltage polarities are opposite those of
the n-channel.

Drrain

$i0,
Polycrystalline .1

silicone _""-——__il
(rale — '\““‘
Channel

Source

{a) n channel

1]

[ p

substrate

Drain

$i0), ‘
Polycrystalline T
silicone o m—
Gae =g

. n

subsirate

Channel -

Source

(b} p channel

Figure (8.16): Representation of tile basic structure of D-MOSFETSs.

The D-MOSFET can be operated in either of two modes-the depletion mode or the
enhancement mode—and is sometimes called a depletion/enhancement MOSFET. Since
the gate is insulated from the channel. either a positive or a negative gate voltage can be
applied.

The n-channel MOSFET operates in the depletion mode when a negative gate-to-source
voltage is applied and in the enhancement mode when a positive gate-to-source voltage is
applied. These devices are generally operated in the depletion mode.

Depletion Mode:

Visualize the gate as one plate of a parallel-plate capacitor and the channel as the other
plate. The silicon dioxide insulating layer is the dielectric.

With a negative gate voltage, the negative charges on the gate repel conduction electrons
from the channel, leaving positive ions in their place. Thereby, the n-channel is depleted
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of some of its electrons, thus decreasing the channel conductivity. The greater the
negative voltage on the gate, the greater the depletion of n-channel electrons.

At a sufficiently negative gate-to-source voltage Vs, ), the channel is totally depleted and
the drain current is zero. This depletion mode is illustrated in Figure (8.17a). Like the n-
channel JFET, the n-channel D-MOSFET conducts drain current for gate-to-source voltages
between Vsoff) and zero. In addition, the D-MOSFET conducts for values of Vg above

Zero.
[ i T,
S
- L
Rp Rp
+ +
n —— Vpp n — Vo
% P - - p -
-1 L] +] i
Voo = n Voo = n
r -
() Depletion mode: Vgg negative und;_l'l..'i.t- 1]1.m Vasiom (b) Enhancement mode: Vgg positive

Figure (8.17): Operation of n-channel D-MOSFET.

Enhancement Mode:

With a positive gate voltage, more conduction electrons are attracted into the channel,
thus increasing (enhancing) the channel conductivity, as illustrated in Figure (8.17b).

D-MOSFET Symbols:

The schematic symbols for both the n-channel and the p-channel depletion MOSFETS are
shown in Figure (8.18). The substrate, indicated by the arrow, is normally (but not always)
connected internally to the source. Sometimes, there is a separate substrate pin. An inward-
pointing substrate arrow is for n-channel, and an outward-pointing arrow is for p-
channel.
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Drain Dram

Gate Gate 4@)

Source Source

n channel P channel

Figure (8.18): D-MOSFET schematic symbols.

8.5.2: Enhancement MOSFET (E-MOSFET)

The E-MOSFET operates only in the enhancement mode and has no depletion mode.

It differs in construction from the D-MOSFET in that it has no structural channel.

Notice in Figure (8.19a) that the substrate extends completely to the Sio, layer.

For an n-channel device, a positive gate voltage above a threshold value induces a channel
by creating a thin layer of negative charges in the substrate region adjacent to the Sio,
layer. as shown in Figure (8.19Db).

The conductivity of the channel is enhanced by increasing the gate-to-source voltage and
thus pulling more electrons into the channel area.

For any gate voltage below the threshold value, there is no channel.

EJ}
Drain
.|r| 11
[ g n n
iy T Induced
channel
. ey
Gate p substrate — Vnp
n . El n
T —
Source
(a) Basic construction (b) Induced channel (Vigg > Viggpn)

Figure (8.19): Representation of the basic E-MOSFET construction and operation (n-channel).
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E-MOSFET Symbols:
The schematic symbols for the n-channel and p-channel E-MOSFETS are shown in Figure

(8.20). The broken lines symbolize the absence of a physical channel. Like the D-
MOSFET, some devices have a separate substrate connection.

Drrain Drain

=
Gate H Giale

Source Source

J7 [
S—"

i channel p channel

Figure (8.20): E-MOSFET schematic symbols.

8.6: MOSFET Characteristics and Parameters

Much of the discussion concerning JFET characteristics and parameters apply equally to
MOSFETS. In this section, MOSFET parameters are discussed.

After completing this section. you should be able to:

(1 Define, discuss, and apply important MOSFET parameters

1 Analyze a D-MOSFET transfer characteristic curve Use the equation for the D-MOSFET
transfer characteristic to calculate I,

1 Analyze an E-MOSFET transfer characteristic curve

(1 Use the equation for the E-MOSFET transfer characteristic to calculate I,

(1 Use a MOSFET data sheet

(1 Discuss handling precautions for MOS device
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8.6.1: D-MOSFET Transfer Characteristic

As previously discussed, the D-MOSFET can operate with either positive or negative gate
voltages. This is indicated on the general transfer characteristic curves in Figure (8.21) for
both n-channel and p-channel MOSFETs. The point on the curves where Vgg = 0
corresponds to Ipgg -

The point where I, = 0 corresponds to Vggioss) As With the JFET, Vgsopr) = — Vp. The
square-law expression in Equation (1) for the JFET curve also applies to the D-MOSFET
curve, as Example 10 demonstrates.

Ip In

Xms fn\

55

Vi +Vige
Gs —t = Gs
Vasiam 0 0 Visiofn

(a) n channel (b} p channel

Figure (8.21): D-MOSFET general transfer characteristic curves.

Example 10: For a certain D-MOSFET, Ipss = 10 mA and Vigorr) = —8 V. (a) Is this an

n-channel or a p-channel? (b) Calculate I, at V;¢ = —3 v. (c) Calculate I, at Vg = +3 V.
Solution:

(a) The device has a negative Vig(ofr): therefore, it is an n-channel MOSFET.

) Iy = I (1 Vas )2 (10 A}(l —3\»')2 3.91 mA
= 1= - m o ————— = - m
s i VGsioff) —8V
+3V )2
(c) Ip = (10mA)| 1 — eV = 18.9mA

H.W: Q7: For a certain D-MOSFET, Ipgs = 18 mA and Vggo55) = + 10 V. (a) I this an n-

channel or a p-channel? (b) Determine I at Vs = +4 V. (c) Determine I, atV,s = —47V.
Solution:
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8.6.2: E-MOSFET Transfer Characteristic

The E-MOSFET uses only channel enhancement. Therefore, an n-channel device requires
a positive gate-to-source voltage, and a p-channel device requires a negative gate-to-source
voltage. Figure (8.22) shows the general transfer characteristic curves for both types of E-
MOSFETSs.

As you can see, there is no drain current when V¢ = 0. Therefore, the E-MOSFET does
not have a significant Ip¢¢ parameter, as do the JFET and the D-MOSFET.

Notice also that there is ideally no drain current until Vg reaches a certain nonzero value
called the threshold voltage V g ¢n)-

"ID JI[1
[ L ]

- e
;.-""FH P — -\-H-"\-_I

0 ]F:l':l.‘;:l:hl +L"r,|"_'i_i.; i‘rﬁﬁ Vlfiﬁ: th) 0

(a) n channel (b} p channel

Figure (8.22): E-MOSFET general transfer characteristic curves.

The equation for the parabolic transfer characteristic curve of the E-MOSFET differs from
that of the JFET and the D-MOSFET because the curve starts at V gy rather than Vegiosy)
on the horizontal axis and never intersects the vertical axis. The equation for the E-
MOSFET transfer characteristic curve is:

Ip = KWVes— Vesan)® - (D)

The constant K depends on the particular MOSFET and can be determined from the data
sheet by taking the specified value of I called Iy, at the given value of Vgs and
substituting the values into Equation (4). A typical E-MOSFET data sheet is given in Figure
(8.23).
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Example 11: The data sheet for a 2N7008 E-MOSFET gives Ipony = 500 mA (minimum)
at Vgs = 10V and Vggny = 1 V. Determine the drain current for Vgg =5V,
Solution:

First, solve for K using Equation 4.

fDmn] 500 mA B 500 mA

K= - .
2 Y RL

(Vas — Vasam)®  (10V — 1V)

= 6.17mA/V?

Next, using the value of K. calculate Ip for Vgg = 5 V.

3

Ip = K(Vgs — Vasa)” = (6.17mA/V3)(5V — 1V)? = 98.7mA

H.W: Q8: The data sheet for an E-MOSFET gives Ipny = 100mA at Vg = 8V and
Veseny =4 V. Find I, when Vg = 6V,

Solution:

8.7: MOSFET Biasing

Three ways to bias a MOSFET are zero-bias, voltage-divider bias, and drain-feedback bias.
Biasing is important in FET amplifiers which you will study in the next chapter.

After completing this section, you should be able to:
(1 Discuss and analyze MOSFET bias circuits

(1 Describe zero-bias of a D-MOSFET

1 Analyze a zero-biased MOSFET circuit

(1 Describe voltage-divider bias of an E-MOSFET
(1 Describe drain-feedback bias of an E-MOSFET
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8.7.1: D-MOSFET Bias

Recall that D-MOSFETSs can be operated with either positive or negative values of V.

A simple bias method is to set Vg = 0 so that an ac signal at the gate varies the gate-to-
source voltage above and below this OV bias point. A MOSFET with zero bias is shown in
Figure (8.23a).

Since Vg = 0, I = Ipgg as indicated. The drain-to-source voltage is expressed as follows:

Vps = Vpp — IpssRp

The purpose of R is to accommodate an ac signal input by isolating it from the ground,
shown in Figure (8.23b). Since there is no dc gate current. R; does not affect the zero
gate-to-source bias.

+Vpp +Vpp

(b)

Figure (8.23): A zero-biased D-MOSFET.

Example 12: Determine the drain-to-source voltage in the circuit of this Bk
figure. The MOSFET data sheet gives Vg5 = —8V and Ipgs = 12 mA.

Solution:
Since Iy = Ipgs = 12 mA, the drain-to-source voltage is

Vos = Vpp — IpssRp = 18V — (12mA)620£2) = 10.6 V

RG
10 M2

H.W: Q9: Find Vpg in this figure when Vigo5ry = —10V and Ipgs = 20 mA.
Solution:
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8.7.2: E-MOSFET Bias

Recall that E-MOSFETSs must have a Vg greater than the threshold value V gg(:p), SO zero
bias cannot be used. Figure (8.24) shows two ways to bias an E-MOSFET (D-MOSFETs
can also be biased using these methods).
An n-channel device is used for purposes of illustration.
In either the voltage-divider or drain-feedback bias arrangement, the purpose is to make the
gate voltage more positive than the source by an amount exceeding V ¢s(:r) Equations for
the analysis of the voltage-divider bias in Figure (8.24a) are as follows:

R,

Vs = (—)v
GS R, +R, DD
Vps = Vpp — IpRp

where In = K(Vgs — Vseny)* from Equation (4).

In the drain-feedback bias circuit in Figure (8.24b), there is negligible gate current and,
therefore, no voltage drop across R; This makes Vg = Vpg.

+Vpp

(a) Voltage-divider bias (b} Drain-feedback bias

Figure (8.24): Common E-MOSFET biasing arrangements.
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Example 13: Determine Vg and Vp¢ for the E-MOSFET circuit in this Vop
figure. Assume this particular MOSFET has minimum values of Ry
ID(ON) =200mAatV;s =4V and VGS(th) = 2V.
200

Solution:
For the E-MOSFET in Figure , the gate-to-source voltage is
R; 15 k(l
Vas=|l7—= |Vobp=| == 24V = 313V
i (R, +R2) = (llikﬂ)

To determine Vg, first find K using the minimum value of Iy, and the specified
voltage values.

Ipion) 200 mA 200 mA &
K= 5= 5= 5— = 50mA/V’
{VGS = vﬁs{m:‘} {4‘\'?- T ZV} 4"I‘F
Now calculate I, for Vg = 3.13 V.
Ip = K(Vas — Vasmy)™ = (S0mA/V)(3.13V — 2 V)’
= (50 mA/V3)(1.13 V)’ = 63.8 mA

Finally, calculate Vps.

Vps = Vpp — IpRp = 24V — (63.8 mA)(200 Q) = 11.2V

H.W: Q10:

Determine VGS and VDS for the circuit in this figure given Voo
Inony = 100 mA at Vg = 4V and Vigeny = 3 V.

Solution:
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KEY TERMS:

Depletion In a MOSFET: The process of removing or depleting the channel of charge
carriers and thus decreasing the channel conductivity.

Drain: One of the three terminals of a FET analogous to the collector of a BJT.

Enhancement In a MOSFET: The process of creating a channel or increasing the
conductivity of the channel by the addition of charge carriers.

Gate: One of the three terminals of a FET analogous to the base of a BJT
JFET: Junction field-effect transistor; one of two major types of field-effect transistors.

MOSFET: Metal oxide semiconductor field-effect transistor; one of two major types of
FETSs; sometimes called IGFET for insulated-gate FET.

Pinch-off voltage: The value of the drain-to-source voltage of a FET at which the drain
current becomes constant when the gate-to-source voltage is zero.

Source: One of the three terminals of a FET analogous to the emitter of a BJT.

Transconductance (g,,): The ratio of a change in drain current to a change in gate-to-source
voltage in a FET.
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SELF-TEST: nttps://pinoybix.org/2019/12/self-test-in-field-effect-transistors-floyd.html

1. The JFET is

(@) a unipolar device (b) a voltage-controlled device

(c) a current-controlled device (d) answers (a) and (c) (e) answers (a) and (b)
2. The channel of a JFET is between the

(a) gate and drain  (b) drain and source (c) gate and source (d) input and output
3. A JFET always operates with

(a) the gate-to-source pn junction reverse-biased

(b) the gate-to-source pn junction forward-biased

(c) the drain connected to ground

(d) the gate connected to the source
4. For Vg = 0V, the drain current becomes constant when Vs exceeds

(@) cutoff (b)) Vpp (c) Vp dov
5. The constant-current region of a FET lies between

(a) cutoff and saturation (b) cutoff and pinch-off

(c) 0 and Ipgs (d) pinch-off and breakdown
6. Ipss IS

(a) the drain current with the source shorted (b) the drain current at cutoff

(c) the maximum possible drain current (d) the midpoint drains current
7. Drain current in the constant-current region increases when

(a) the gate-to-source bias voltage decreases

(b) the gate-to-source bias voltage increases

(c) the drain-to-source voltage increases

(d) the drain-to-source voltage decreases
8. In a certain FET circuit, Voo =0V, Vpp =15V, Ipss = 15mA, and R, = 470Q. If R Is
decreased to 330Q, Iy IS

(@) 19.5 mA (b) 10.5 mA (c)15mA (d)1mA
9. At cutoff, the JFET channel is

(a) at its widest point (b) completely closed by the depletion region

(c) extremely narrow (d) reverse-biased
10. A certain JFET datasheet gives Vis(o55) = —4V. The pinch-off voltage Vp,

(a) cannot be determined (b) is —4V (c) depends on V¢ (dis+4V
11. The JFET in Question 10
(@) is an n channel (b) is a p channel (c) can be either
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12. For a certain JFET, I;s¢ = 10 nA at V¢ = 10 V. The input resistance is

(@) 100 MQ (b) 1 MQ (c) 1000 MQ (d) 10 MQ
13. For a certain p-channel JFET, Vigorr) = 8 V. The value of Vg for an approximate
midpoint bias is

@4V (b)oVv (c)1.25V (d) 234V
14. In a self-biased JFET, the gate is at

(a) a positive voltage (b)oVv (c) a negative voltage  (d) ground
15. A MOSFET differs from a JFET mainly because

(a) of the power rating  (b) the MOSFET has two gates

(c) the JFET has a pn junction (d) MOSFETSs do not have a physical channel
16. A D-MOSFET operates in

(a) the depletion mode only (b) the enhancement mode only

(c) the ohmic region only (d) both the depletion and enhancement modes
17. An n-channel D-MOSFET with a positive V¢ is operating in
(a) the depletion mode  (b) the enhancement mode (c) cutoff  (d) saturation

18. A certain p-channel E-MOSFET has a Vggtny = —2V. If Vg = 0V, the drain current is
@0A (b) Ipony () maximum (d) Ipss
19. In an E-MOSFET, there is no drain current until V¢
() reaches Vs(cny (b) is positive (c) is negative (d) equals 0 V
20. All MOS devices are subject to damage from
(a) excessive heat (b) electrostatic discharge (c) excessive voltage (d) all of these
21. A certain D-MOSFET is biased at V¢ = 0 V. Its datasheet specifies I, = 20 mA and
Ves(orr) = —5V. The value of the drain current

(@) is0OA (b) cannot be determined (c) is 20 mA
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