NEUB CSE 213 Lecture 8: MOSFETs
FET stands for Field Effect Transistor.

FETs vs. BJTs
Similarities:
• Amplifiers
• Switching devices
• Impedance matching circuits
Differences:
• FETs are voltage controlled devices. BJTs are current controlled devices.
• FETs have a higher input impedance. BJTs have higher gains.
• FETs are less sensitive to temperature variations and are more easily integrated on ICs.
• FETs are generally more static sensitive than BJTs.
Types of FET
• JFET: Junction FET
• MOSFET: Metal–Oxide–Semiconductor FET
o D-MOSFET: Depletion MOSFET
o E-MOSFET: Enhancement MOSFET
In this course we will mainly focus on MOSFET. Any student interested
to learn about JFET can study them from chapter 6 of Boylestad and
from
JFET Construction
There are two types of JFETs
• n-channel
• p-channel
Among them n-channel is more widely used.
There are three terminals:
• Drain (D) and Source (S) are connected to the n-channel
• Gate (G) is connected to the p-type material
Figure 1 Junction field-effect transistor (JFET)

JFET Operation: The Basic Idea
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JFET operation can be compared to a water spigot.
The source of water pressure is the accumulation of electrons at the negative pole of the drainsource voltage.
The drain of water is the electron deficiency (or holes) at the positive pole of the applied voltage.
The control of flow of water is the gate voltage that controls the width of the n-channel and,
therefore, the flow of charges from source to drain.
JFET Operating Characteristics
There are three basic operating conditions for a JFET:
• VGS = 0, VDS increasing to some positive value
• VGS < 0, VDS at some positive value
• Voltage-controlled resistor
JFET Operating Characteristics: VGS = 0 V
Three things happen when VGS = 0 and VDS is increased from 0 to a
more positive voltage
• The depletion region between p-gate and n-channel increases
as electrons from n-channel combine with holes from p-gate.
• Increasing the depletion region, decreases the size of the nchannel which increases the resistance of the n-channel.
Figure 2 JFET at VGS = 0 V and VDS > 0 V.
• Even though the n-channel resistance is increasing, the current
(ID) from source to drain through the n channel is increasing.
This is because VDS is increasing.
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If VGS = 0 and VDS is further increased to a more positive voltage, then
the depletion zone gets so large that it pinches off the n-channel.
This suggests that the current in the n-channel (ID) would drop to 0A,
but it does just the opposite–as VDS increases, so does ID.
JFET Operating Characteristics: Saturation
At the pinch-off point:
•
•
•

Any further increase in VGS does not produce any increase in
ID. VGS at pinch-off is denoted as Vp.
ID is at saturation or maximum. It is referred to as IDSS.
The ohmic value of the channel is maximum.

Figure 3 Pinch-off (VGS=0 V, VDS=VP)

Figure 4 ID versus VDS for VGS = 0 V.

VGS < 0 V

Figure 6 n-Channel JFET characteristics with IDSS = 8 mA and VP = -4 V.
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As VGS becomes more negative, the depletion region increases.
The level of VGS that results in ID=0 mA is defined by VGS=VP, with VP being
a negative voltage for n-channel devices and a positive voltage for pchannel JFETs.
Figure 5 Application of a negative
voltage to the gate of a JFET
As VGS becomes more negative:
• The JFET experiences pinch-off at a lower voltage (VP).
• ID decreases (ID < IDSS) even though VDS is increased.
• Eventually ID reaches 0 A. VGS at this point is called Vp or VGS(off).
Also note that at high levels of VDS the JFET reaches a breakdown situation. ID increases
uncontrollably if VDS > VDSmax.
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Voltage-Controlled Resistor
The region to the left of the pinch-off locus of Fig. 6 is referred to as the ohmic or voltage-controlled
resistance region. In this region the JFET can actually be employed as a variable resistor (possibly for
an automatic gain control system) whose resistance is controlled by the applied gate-to-source
voltage. Note in Fig. 6 that the slope of each curve and therefore the resistance of the device
between drain and source for VDS < VP are a function of the applied voltage VGS. As VGS becomes
more and more negative, the slope of each curve becomes more and more horizontal,
corresponding to an increasing resistance level. The following equation provides a good first
approximation to the resistance level in terms of the applied voltage VGS:
𝑟𝑜
(8.1)
𝑟𝑑 =
𝑉𝐺𝑆 2
(1 − 𝑉 )
𝑃

where ro is the resistance with VGS= 0 V and rd is the resistance at a particular level of VGS. For an nchannel JFET with ro = 10 kΩ (VGS = 0 V, VP = -6 V), Eq. (8.1) results in 40 kΩ at VGS = -3 V.

p-Channel JFETS
The p-channel JFET behaves the same as the n-channel JFET, except the voltage polarities and
current directions are reversed.

(a)

(b)

Figure 7 (a) p-Channel JFET. (b) p-Channel JFET characteristics with IDSS = 6 mA and VP = +6 V.

Figure 8 JFET symbols: (a) n-channel; (b) p-channel.
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p-Channel JFET Characteristics
As VGS increases more positively
• The depletion zone increases
• ID decreases (ID < IDSS)
• Eventually ID = 0 A
Also note that at high levels of VDS the JFET reaches a breakdown situation: ID increases
uncontrollably if VDS > VDSmax.
JFET Symbols
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JFET Transfer Characteristics
The transfer characteristic of input-to-output is not as straightforward in a JFET as it is in a BJT.
𝐼𝐶 = 𝛽𝐼𝐵
(8.2)
In a BJT, β indicates the relationship between IB (input) and IC (output).
In a JFET, the relationship of VGS (input) and ID (output) is a little more complicated:
𝑉𝐺𝑆 2
𝐼𝐷 = 𝐼𝐷𝑆𝑆 (1 −
)
(6.3)
𝑉𝑃
The squared term in the equation results in a nonlinear relationship between ID and VGS, producing a
curve that grows exponentially with decreasing magnitude of VGS.
For the dc analysis to be performed later, a graphical rather than a mathematical approach will in
general be more direct and easier to apply. The graphical approach, however, will require a plot of
Eq. (8.3) to represent the device and a plot of the network equation relating the same variables. The
solution is defined by the point of intersection of the two curves. It is important to keep in mind
when applying the graphical approach that the device characteristics will be unaffected by the
network in which the device is employed.
The network equation may change along with the intersection between the two curves, but the
transfer curve defined by Eq. (8.3) is unaffected. In general, therefore:
The transfer characteristics defined by Shockley’s equation are unaffected by the network in which
the device is employed.
The transfer curve can be obtained using Shockley’s equation or from the output characteristics of
Fig. 6. In Fig. 9 two graphs are provided, with the vertical scaling in milliamperes for each graph. One
is a plot of ID versus VDS, whereas the other is ID versus VGS. Using the drain characteristics on the
right of the “y” axis, we can draw a horizontal line from the saturation region of the curve denoted
VGS=0 V to the ID axis. The resulting current level for both graphs is IDSS. The point of intersection on
the ID versus VGS curve will be as shown since the vertical axis is defined as VGS=0 V.

Figure 9 Obtaining the transfer curve from the drain characteristics.

When 𝑉𝐺𝑆
curve

When 𝑉𝐺𝑆 = 0𝑉, 𝐼𝐷 = 𝐼𝐷𝑆𝑆
(8.4)
= 𝑉𝑃 = −4𝑉, the drain current is 0mA, which determines another point in the transfer
𝑊ℎ𝑒𝑛 𝑉𝐺𝑆 = 𝑉𝑃 , 𝐼𝐷 = 0 𝑚𝐴

Afterward we have to solve for 𝑉𝐺𝑆 = 0𝑉 𝑡𝑜 𝑉𝑃 , 𝐼𝐷 = 𝐼𝐷𝑆𝑆 (1 −

(8.5)
𝑉𝐺𝑆 2
)
𝑉𝑃

and plot the transfer curve
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Th relationship for VGS with respect to ID can be found using the equation below which is found by
algebraic manipulation of equation 8.3.
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Shorthand method for transfer curve
Since the transfer curve is plotted so frequently, a shorthand method is very useful to use.
Manipulating the equation 8.3 we can create a reference table for plotting the ID vs VGS curve. The
table is shown below.
Table 1 𝑽𝑮𝑺 versus 𝑰𝑫 using Shockley’s Equation

𝑉𝐺𝑆
𝐼𝐷
0
𝐼𝐷𝑆𝑆
0.3 𝑉𝑃
𝐼𝐷𝑆𝑆 /2
0.5 𝑉𝑃
𝐼𝐷𝑆𝑆 /4
𝑉𝑃
0 𝑚𝐴
For any other point we can use Shockley’s equation to find ID for any VGS.
For p-channel devices Shockley’s equation (8.3) can still be applied exactly as it appears. In this case,
both VP and VGS will be positive and the curve will be the mirror image of the transfer curve
obtained with an n-channel and the same limiting values.
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JFET and BJT similarity
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MOSFETs
The name MOSFET stands for metal–oxide–semiconductor field-effect transistor. MOSFETs have
characteristics similar to JFETs and additional characteristics that make then very useful.
There are two types of MOSFETs:
• Depletion-Type
• Enhancement-Type
Depletion-Type MOSFET Construction
The Drain (D) and Source (S) connect to the to n-doped regions. These n-doped regions are
connected via an n-channel. This n-channel is connected to the Gate (G) via a thin insulating layer of
SiO2.
The n-doped material lies on a p-doped substrate that may have an additional terminal connection
called Substrate (SS).
There is no direct electrical connection between the gate terminal and the channel of a MOSFET.
It is the insulating layer of SiO2 in the MOSFET construction that accounts for the very desirable high
input impedance of the device.

Figure 10 n-Channel depletion-type MOSFET.

Figure 11 n-Channel depletion-type MOSFET with VGS = 0 V and applied voltage VDD.
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Basic Operation and Characteristics
In Fig. 10 the gate-to-source voltage is set to 0 V by the direct connection from one terminal to the
other, and a voltage VDD is applied across the drain-to-source terminals. The result is an attraction
of the free electrons of the n-channel for the positive voltage at the drain. The result is a current
similar to that flowing in the channel of the JFET. In fact, the resulting current with VGS 0 V continues
to be labeled IDSS, as shown in Fig. 11.
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Tips for Drawing Transfer
Characteristics:
ON the ID vs VGS plot
simply add the levelled off
VGS for specific ID and
draw a curve passing
through the points.

Figure 12 Drain and transfer characteristics for an n-channel depletion-type MOSFET.

In Fig. 12, VGS is set at a negative voltage such as -1 V. The negative potential at the gate will tend to
pressure electrons toward the p-type substrate (like charges repel) and attract holes from the p-type
substrate (opposite charges attract) as shown in Fig. 12. Depending on the magnitude of the
negative bias established by VGS, a level of recombination between electrons and holes will occur
that will reduce the number of free electrons in the n-channel available for conduction. The more
negative the bias, the higher is the rate of recombination. The resulting level of drain current is
therefore reduced with increasing negative bias for VGS, as shown in Fig. 11 for VGS = -1 V, -2 V, and
so on, to the pinch-off level of -6 V. The resulting levels of drain current and the plotting of the
transfer curve proceed exactly as described for the JFET.
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Figure 13 Reduction in free carriers in a channel due to a negative potential at the gate terminal.

For positive values of VGS, the positive gate will draw additional electrons (free carriers) from the ptype substrate due to the reverse leakage current and establish new carriers through the collisions
resulting between accelerating particles. As the gate-to-source voltage continues to increase in the
positive direction, Fig. 11 reveals that the drain current will increase at a rapid rate for the reasons
listed above. The vertical spacing between the VGS 0 V and VGS = +1 V curves of Fig. 11 is a clear
indication of how much the current has increased for the 1-V change in VGS. Due to the rapid rise,
the user must be aware of the maximum drain current rating since it could be exceeded with a
positive gate voltage. That is, for the device of Fig. 11, the application of a voltage VGS = +4 V would
result in a drain current of 22.2 mA, which could possibly exceed the maximum rating (current or
power) for the device. As revealed above, the application of a positive gate-to-source voltage has
“enhanced” the level of free carriers in the channel compared to that encountered with VGS = 0 V.
For this reason the region of positive gate voltages on the drain or transfer characteristics is often
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referred to as the enhancement region, with the region between cutoff and the saturation level of
IDSS referred to as the depletion region.
It is particularly interesting and helpful that Shockley’s equation will continue to be applicable for
the depletion-type MOSFET characteristics in both the depletion and enhancement regions. For both
regions, it is simply necessary that the proper sign be included with VGS in the equation and the sign
be carefully monitored in the mathematical operations.
In summary,
For depletion mode of operation of Depletion type MOSFET
• When VGS=0,𝐼𝐷 = 𝐼𝐷𝑆𝑆
• When 𝑉𝐺𝑆 < 0, 𝐼𝐷 < 𝐼𝐷𝑆𝑆
• The formula used to plot the transfer curve is
𝑉𝐺𝑆 2
𝐼𝐷 = 𝐼𝐷𝑆𝑆 (1 −
)
𝑉𝑃
For Enhancement mode of operation of Depletion type MOSFET
• 𝑉𝐺𝑆 > 0𝑉
• 𝐼𝐷 increases above 𝐼𝐷𝑆𝑆
• The formula used to plot the transfer curve is
𝑉𝐺𝑆 2
𝐼𝐷 = 𝐼𝐷𝑆𝑆 (1 −
)
𝑉𝑃
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Figure 14 Difference between depletion mode and enhancement mode of Depletion type MOSFET
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p-Channel Depletion-Type MOSFET
The construction of a p-channel depletion-type MOSFET is exactly the reverse of that appearing in
Fig. 9. That is, there is now an n-type substrate and a p-type channel, as shown in Fig. 14a. The
terminals remain as identified, but all the voltage polarities and the current directions are reversed,
as shown in the same figure. The drain characteristics would appear exactly as in Fig. 11, but with VDS
having negative values, ID having positive values as indicated (since the defined direction is now
reversed), and VGS having the opposite polarities as shown in Fig. 14c. The reversal in VGS will result in
a mirror image (about the ID axis) for the transfer characteristics as shown in Fig. 14b. In other
words, the drain current will increase from cutoff at VGS = VP in the positive VGS region to IDSS and
then continue to increase for increasingly negative values of VGS. Shockley’s equation is still
applicable and requires simply placing the correct sign for both VGS and VP in the equation.

Figure 15 p-Channel depletion-type MOSFET with IDSS = 6 mA and VP =+6 V.

Depletion type MOSFET Symbol

Figure 16 Graphic symbols for: (a) n-channel depletion-type MOSFETs and (b) p-channel depletion-type MOSFETs.

Prepared BY
Shahadat Hussain Parvez

Page

9

The graphic symbols for an n- and p-channel depletion-type MOSFET are shown in Fig.15.
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Enhancement-Type MOSFET
Although there are some similarities in construction and mode of operation between depletion-type
and enhancement-type MOSFETs, the characteristics of the enhancement-type MOSFET are quite
different from anything obtained thus far. The transfer curve is not defined by Shockley’s equation,
and the drain current is now cut off until the gate-to-source voltage reaches a specific magnitude. In
particular, current control in an n-channel device is now effected by a positive gate-to-source
voltage rather than the range of negative voltages encountered for n-channel JFETs and n-channel
depletion-type MOSFETs.

Basic Construction
The Drain (D) and Source (S) connect to the to n-doped
regions. These n-doped regions are connected via an nchannel. The Gate (G) connects to the p-doped substrate via a
thin insulating layer of SiO2.
There is no channel and the n-doped material lies on a pdoped substrate that may have an additional terminal
connection called the Substrate (SS).

Basic Operation of the E-Type MOSFET

Figure 18 Channel formation in the n-channel enhancement-type MOSFET.
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The enhancement-type MOSFET operates only in the
enhancement mode.
• VGS is always positive
• As VGS increases, ID increases
• As VGS is kept constant and VDS is increased, then
Figure 17 n-Channel enhancement-type MOSFET
ID saturates (IDSS) and the saturation level, VDSsat is
reached
If VGS is set at 0 V and a voltage applied between the drain and the source of the device of Fig. 16,
the absence of an n-channel (with its generous number of free carriers) will result in a current of
effectively 0 A—quite different from the depletion-type MOSFET and JFET, where ID = IDSS. It is not
sufficient to have a large accumulation of carriers (electrons) at the drain and the source (due to the
n-doped regions) if a path fails to exist between the two. With VDS some positive voltage, VGS at 0 V,
and terminal SS directly connected to the source, there are in fact two reverse-biased p–n junctions
between the n-doped regions and the p-substrate to oppose any significant flow between drain and
source.
Figure 17 shows both VDS and VGS have been set at some positive voltage greater than 0 V,
establishing the drain and the gate at a positive potential with respect to the source.
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The positive potential at the gate will pressure the holes in the p-substrate along the edge of the
SiO2 layer to leave the area and enter deeper regions of the p-substrate, as shown in the figure. The
result is a depletion region near the SiO2 insulating layer void of holes. However, the electrons in the
p-substrate (the minority carriers of the material) will be attracted to the positive gate and
accumulate in the region near the surface of the SiO2 layer. The SiO2 layer and its insulating qualities
will prevent the negative carriers from being absorbed at the gate terminal. As VGS increases in
magnitude, the concentration of electrons near the SiO2 surface increases until eventually the
induced n-type region can support a measurable flow between drain and source. The level of VGS
that results in the significant increase in drain current is called the threshold voltage and is given the
symbol VT. On specification sheets it is referred to as VGS(Th). Since the channel is nonexistent with VGS
= 0 V and “enhanced” by the application of a positive gate-to-source voltage, this type of MOSFET is
called an enhancement-type MOSFET. Both depletion- and enhancement-type MOSFETs have
enhancement-type regions, but the label was applied to the latter since it is its only mode of
operation.
As VGS is increased beyond the threshold level, the density of free carriers in the induced channel
will increase, resulting in an increased level of drain current. However, if we hold VGS constant and
increase the level of VDS, the drain current will eventually reach a saturation level as occurred for the
JFET and depletion-type MOSFET. The leveling off of ID is due to a pinching-off process depicted by
the narrower channel at the drain end of the induced channel as shown in Fig. 18. Applying
Kirchhoff’s voltage law to the terminal voltages of the MOSFET of Fig. 18, we find that
𝑉𝐷𝐺 = 𝑉𝐷𝑆 − 𝑉𝐺𝑆
(8.2)
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Figure 19 Change in channel and depletion region with increasing level of VDS for a fixed value of VGS.

If VGS is held fixed at some value such as 8 V and VDS is increased from 2 V to 5 V, the voltage VDG [by
Eq. (6.2)] will increase from -6 V to -3 V and the gate will become less and less positive with respect
to the drain. This reduction in gate-to-drain voltage will in turn reduce the attractive forces for free
carriers (electrons) in this region of the induced channel, causing a reduction in the effective channel
width. Eventually, the channel will be reduced to the point of pinch-off and a saturation condition
will be established as described earlier for the JFET and depletion-type MOSFET. In other words, any
further increase in VDS at the fixed value of VGS will not affect the saturation level of ID until
breakdown conditions are encountered.
The drain characteristics of Fig. 19 reveal that for the device of Fig. 18 with VGS = 8 V, saturation
occurs at a level of VDS = 6 V. In fact, the saturation level for VDS is related to the level of applied VGS
by
(8.3)
𝑉𝐷𝑆𝑠𝑎𝑡 = 𝑉𝐺𝑆 − 𝑉𝑇
Obviously, therefore, for a fixed value of VT, the higher the level of VGS, the greater is the saturation
level for VDS, as shown in Fig. 19 by the locus of saturation levels.
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Figure 20 Drain characteristics of an n-channel enhancement-type MOSFET with VT = 2 V and k = 0.278 × 10-3 A/V2.

For the characteristics of Fig. 19, the level of VT is 2 V, as revealed by the fact that the drain current
has dropped to 0 mA. In general, therefore:
For values of VGS less than the threshold level, the drain current of an enhancement-type MOSFET
is 0 mA.
Figure 19 clearly reveals that as the level of VGS increases from VT to 8 V, the resulting saturation
level for ID also increases from a level of 0 mA to 10 mA. In addition, it is quite noticeable that the
spacing between the levels of VGS increases as the magnitude of VGS increases, resulting in everincreasing increments in drain current.
For levels of VGS > VT, the drain current is related to the applied gate-to-source voltage by the
following nonlinear relationship:
(8.4)
𝐼𝐷 = 𝑘(𝑉𝐺𝑆 − 𝑉𝑇 )2
Again, it is the squared term that results in the nonlinear (curved) relationship between ID and VGS.
The k term is a constant that is a function of the construction of the device. The value of k can be
determined from the following equation [derived from Eq. (8.4)], where ID(on) and VGS (on) are the
values for each at a particular point on the characteristics of the device.
𝐼𝐷(𝑜𝑛)
(8.5)
𝑘=
2
(𝑉𝐺𝑆(𝑜𝑛) − 𝑉𝑇 )
Substituting ID (on) = 10 mA when VGS (on) = 8 V from the characteristics of Fig. 19 yields
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as verified by Fig. 19. At VGS = VT, the squared term is 0, and ID = 0 mA.
In Fig. 20, the drain and transfer characteristics have been set side by side to describe the transfer
process from one to the other. Essentially, it proceeds as introduced earlier for the depletion-type
MOSFETs. In this case, however, it must be remembered that the drain current is 0 mA for VGS ≤ VT.
As VGS is increased beyond VT, the drain current ID will begin to flow at an increasing rate in
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and a general equation for ID for the characteristics of Fig. 19 results in
𝐼𝐷 = 0.278 × 10−3 (𝑉𝐺𝑆 − 2𝑉)2
Substituting 𝑉𝐺𝑆 = 4𝑉, we find that
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accordance with Eq. (8.4). Note that in defining the points on the transfer characteristics from the
drain characteristics, only the saturation levels are employed, thereby limiting the region of
operation to levels of VDS greater than the saturation levels as defined by Eq. (8.3).

Figure 21 Sketching the transfer characteristics for an n-channel enhancement-type MOSFET from the drain
characteristics.

The transfer curve of Fig. 20 is certainly quite different from those obtained earlier. For an n-channel
(induced) device, it is now totally in the positive VGS region and does not rise until VGS = VT. The
question now surfaces as to how to plot the transfer characteristics given the levels of k and VT as
included below for a particular MOSFET:
𝐼𝐷 = 0.5 × 10−3 (𝑉𝐺𝑆 − 4𝑉)2
First, a horizontal line is drawn at ID = 0 mA from VGS 0 V to VGS = 4 V as shown in Fig. 21a . Next, a
level of VGS greater than VT such as 5 V is chosen and substituted into Eq. (8.4) to determine the
resulting level of ID as follows:

Figure 22 Plotting the transfer characteristics of an n-channel e-type MOSFET with k=0.5×10−3 A/V2 and VT= 4V
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and a point on the plot is obtained as shown in Fig. 21b . Finally, additional levels of VGS are chosen
and the resulting levels of ID obtained. In particular, at VGS = 6, 7, and 8 V, the level of ID is 2, 4.5, and
8 mA, respectively, as shown on the resulting plot of Fig. 21c
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p-Channel E-Type MOSFETs
The p-channel enhancement-type MOSFET is similar to the n-channel, except that the voltage
polarities and current directions are reversed.

Figure 23 p-Channel enhancement-type MOSFET with VT = 2 V and k = 0.5 × 10-3 A/V2.

Enhancement type MOSFET symbols
The figure below shows the Symbols for enhancement type MOSFETs

Figure 24 Symbols for: (a) n-channel enhancement-type MOSFETs and (b) p-channel enhancement-type MOSFETs.
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Specification sheet of enhancement type MOSFET
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Figure 25 2N4351 Motorola n-channel enhancement-type MOSFET
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