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Introduction

In your previous lab, you studied a junction diode which is the most basic
two-terminal semiconductor device. Let us now turn our attention to three-
terminal semiconductor devices, which are far more useful than two-terminal
devices since they can be used in a multitude of applications, ranging from
signal amplification to digital logic and memory.

There are two major types of three-terminal semiconductor device: the
metal-oxide semiconductor field effect transistor (MOSFET), which is studied
in this lab, and the bipolar junction transistor (BJT), which we shall study
later. MOSFET is a voltage controlled source, that is, voltage between two ter-
minals is used to control the current flowing through the third terminal. On the
contrary, BJT is a current controlled source. Due to this operating principle,
both transistors can be used to realize an amplifier. Also, on the other extreme,
the control signal can be used to cause the current in the third terminal to
change from zero to a large value, thus allowing the device to act as a switch.
Although each of the two transistor types offers unique features and areas of
application, the MOSFET has become by far the most widely used electronic
device, especially in the design of integrated circuits (ICs).

As compared to BJTs, MOSFETs are more compact, easier to fabricate and
require relatively less power for their operation. Furthermore, circuit designers
have found ingenious ways to implement digital and analog functions utiliz-
ing MOSFETs almost exclusively (i.e. with very few or no resistors). All of
these properties have made it possible to pack couple of hundreds of millions
of MOSFETs on a single IC chip to implement very sophisticated, very-large-
scale-integrated (VLSI) circuits such as those for memory and microprocessors.
Analog circuits such as amplifiers and filters can also be implemented using
MOS technology.

Device Structure and Physical Operation

In this section we shall study the device structure and physical operation of the
most widely used FET, enhancement-type MOSFET.
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Device Structure

The physical structure of n-channel enhancement-type MOSFET is shown in
Fig. 1. The meaning of the terms “n-channel” and “enhancement-type” will
become clear shortly. The transistor is fabricated on a single p-type substrate,
which is a single-crystal silicon wafer that provides physical support for the
device. Two heavily doped n-type regions, indicated in the figure as the n+

source and n+ drain regions, are created in the substrate. A thin layer of
silicon dioxide (SiO2) of thickness tox (typically 2-50 nm), which is an excellent
electrical insulator, is grown on the surface of the substrate, covering the area
between the source and drain regions. Metal is deposited on top of the oxide
layer for the gate electrode of the device. Metal contacts are also made to the
source region, the drain region and the substrate (also known as the body). Thus
four terminals are brought out: the gate terminal (G), the source terminal (S),
the drain terminal (D), and the substrate or body terminal (B).

Figure 1: Physical Structure of MOSFET

At this point it should be clear that the name of the device (metal-oxide-
semiconductor FET) is derived from its physical structure. Moreover, since
the gate electrode is electrically insulated from the device body by the oxide
layer, MOSFET is also called insulated-gate FET or IGFET. This insulation
causes extremely small current (of the order of 1015 A) to flow through the gate
terminal.

If you take a close look at the device structure, you shall see that substrate
form two pn junctions with the drain and source regions. In normal operation
these pn junctions are kept reverse biased at all times. Since the drain will
be kept at a higher potential as compared to the source, the two pn junctions
can be effectively cut off by shorting the source and body terminals. Since the
substrate will have no effect on the operation of the device, we shall consider
MOSFET to be a three-terminal device, with the terminals being the gate (G),
the source (S) and the drain (D). Figure 2 shows the different circuit symbols for
enhancement-type NMOS transistor. The arrowhead marks the source terminal.
Since the body is connected to the source terminal, the simplified symbol is also
shown in Fig. 2c.
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Figure 2: Various circuit symbols of enhancement-type NMOS transistor

Physical operation

Analogy

In order to understand the operation of MOSFET, let us make an analogy.
Consider a piece of land with two equal-depth wells full of water. Water can be
pumped from one well and pushed into the other by use of a pump. Moreover,
a block of metal of finite thickness is used to cover the area between the two
wells as shown in Fig. 3. By applying force on the block, the metal block can
be moved up or down into the soil.1

Figure 3: MOSFET physical structure analogy

Operation with No Gate Voltage (vDS = 0 , vGS = 0)

With no bias voltage applied to the gate, two back-to-back diodes exist in series
between drain and source. One diode is formed by the pn junction between
the n+ drain region and the p-type substrate, and the other diode is formed by

1Assume that the movement of the block does not alter the shape of the wells. Moreover,
the pipe connecting the two wells and the pump is full of water. Also no water spills out of
the wells and the channel depth decreases as the block is moved upward.
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the pn junction between the p-type substrate and the n+ source region. These
back-to-back diodes prevent current to flow from drain to source when a voltage
vDS is applied. In fact, the path between drain and source has a very high
resistance (of order of 1012 ohm).

In our analogy, the water would not flow from one well to the other if the
block is not pushed into the ground. This is true even if some water is pumped
from a well into the other.

Creating a Channel for Current Flow (vDS = 0 , vGS > 0)

In order to create a channel for the current flow between source and drain,
some positive voltage vGS is applied at the gate terminal. The positive voltage
on the gate causes, in the first instance, the free holes (which are positively
charged) to be repelled from the region of the substrate under the gate (the
channel region). These holes are pushed downward into the substrate, leaving
behind a carrier-depletion region. The depletion region is populated by the
bound negative charge associated with the acceptor atoms. These charges are
“uncovered” because the neutralizing holes have been pushed downward into the
substrate. Also, the positive gate voltage attracts electrons from the n+ source
and drain regions (where they are in abundance) into the channel region. When
a sufficient number of electrons accumulate near the surface of the substrate
under the gate, an n region is in effect created, connecting the source and drain
regions, as shown in Fig. 4. The value of vGS at this point is called the threshold
voltage and is denoted by Vt. Obviously, Vt for an n-channel FET is positive.
The value of Vt is controlled using device fabrication and typically lies in the
range of 0.5 to 1.0 V.

The induced n region thus forms a channel for current flow from drain to
source and is aptly called so. Correspondingly, the MOSFET in Fig. 4 is called
an n-channel MOSFET, or alternatively, an NMOS transistor. Note that an
n-channel MOSFET is formed in a p-type substrate: The channel is created
by inverting the substrate surface from p type to n type. Hence the induced
channel is also called inversion layer.

The gate and the channel region of the MOSFET form a parallel-plate ca-
pacitor, with the oxide layer acting as the capacitor dielectric. The positive gate
voltage causes positive charges to accumulate on the top plate of the capacitor
(the gate electrode). The corresponding negative charge on the bottom plate is
formed by the electrons in the induced channel. An electric field thus develops
in the vertical direction. It is this field that controls the amount of charge in
the channel, and thus it determines the channel conductivity and, in turn, the
current that will flow through the channel when a voltage vDS is applied. Now
the term field-effect transistor must be clear to you.

Similarly, in our analogy, when some weight is applied on the block, it pushed
the soil downwards creating a channel between the two wells. This channel is
filled with water from the two wells. If you observe carefully, you will see that
the channel is not formed until the soil under the block is pushed more than the
thickness of the block. Therefore, sufficient amount of weight must be applied
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Figure 4: NMOS with applied gate voltage

to create a water channel between the two wells.

Applying small vDS

Now if small positive voltage (i.e., 50 mV or so) across drain and source, current
iD starts to flow through the induced n channel from drain to source. The
magnitude of current iD depends on the density of electrons in the channel,
which in turns depends on the magnitude of vGS . When vGS = Vt, the channel
is just induced and the current conducted is still negligibly small. As vGS

is increased, more electrons are attracted into the channel thus increasing the
channel depth. This results in increase in conductance or, equivalently, decrease
in resistance of the channel. The channel conductance is proportional to the
excess gate voltage (vGS−Vt) known as the effective voltage or overdrive voltage.
Therefore, the current through the channel is proportional to effective voltage
and of course vDS that causes iD to flow.

Figure 5: NMOS with small VDS applied
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Figure 6 shows the IV characteristics of an NMOS for various values of vGS .
We observe that MOSFET is operating as a linear resistance whose value is
controlled by vGS . The resistance is infinite for vGS ≤ Vt and its value decreases
as vGS exceeds Vt.

Figure 6: IV characteristics

To conclude this section, note that the MOSFET conducts only when a
channel is induced. The conductance of this channel is enhanced by increasing
vGS beyond Vt, hence the names enhancement-type MOSFET or enhancement-
mode operation. Also note that the current that leaves the source terminal (iS)
is equal to the current that enters the drain terminal (iD) and the gate current
iG = 0.

In our analogy, note that once the water channel is formed, the water level
in the two wells will be decreased (as some of the water from two wells will fill
the channel connecting them). Now when some water is pumped from one well
into the other, the water level rises in one well while decreases in the other. As
a result, water starts to flow through the channel from well with more water to
the well with less water. If you observe carefully, you will see that this model
depicts the MOSFET physical operation quite accurately. The well from which
the water is pumped is the source much like the source of the MOSFET. Same
explanation goes for the drain. Moreover the channel conductance increases
with increase in channel depth. Also by using more powerful pump, more water
can be pumped from the source thereby increasing the water current flowing
through the channel.

MOSFET is a symmetrical device i.e. its properties don’t change if the
source and drain are interchanged. This can be easily verified from our analogy.

Increasing vDS

Now suppose that the vDS is increased while vGS is fixed at a voltage greater
that Vt. Refer to Fig. 7, and note that vDS appears as a voltage drop across
the length of the channel. That is, as we travel along the channel from source
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to drain, the voltage (measured relative to the course) increases from 0 to vDS .
Thus the voltage between the gate and points along the channel decreases from
vGS at the source end to vGS-vDS at the drain end. Since the channel depth

Figure 7: Increasing VDS

depends on this voltage, we find that the channel is no longer uniform depth;
rather, the channel will take the tapered form shown in Fig. 7 being deepest at
the source end and shallowest at the drain end.

As vDS is increased, the channel becomes more tapered and its resistance
increases correspondingly. Thus the iD-vDS curve does not continue as a straight
line but bends as shown in Fig. 8. Eventually, when vDS is increased to the value

Figure 8: Total IV characteristics

that reduces the voltage between gate and channel at the drain end to Vt – that
is , vGD = Vt or VGS − vDS = Vt or vDS = vGS − Vt – the channel depth at
the drain end decreases to almost zero, and the channel is said to be pinched
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off. Increasing vDS beyond this value has little effect (theoretically, no effect)
on the channel shape, and the current through the channel remains constant at
the value reached from vDS = vGS − Vt. The drain current thus saturates at
this value, and the MOSFET is said to have entered the saturation region of
operation. The voltage vDS at which saturation occurs is denoted vDSsat.

vDSsat = vGS − Vt

Obviously, for every value of vGS ≥ Vt, there is a corresponding value of
vDSsat. The device operates in the saturation region if vDS ≥ vDSsat. The
region of the iD − vDS characteristic obtained for vDS < vDSsat is called the
triode region, a carryover from the days of vacuum-tube devices whose operation
a FET resembles.

Figure 9 shows shape of the channel when the gate voltage is kept fixed and
vDS is varied. Theoretically, any increase in vDS above vDSsat has no effect on
the channel shape and simply appears across the depletion region surrounding
the channel and the n+ region.

Figure 9: Channel shape with different VDS

Now let us consider our analogy. Suppose that the channel is already formed
and the fixed weight is applied on the block. As more water is pumped from
one well to the other some soil from the source well will also be pumped with
the water altering the shape of the well. If more powerful pump is used, more
soil will be taken up with the water resulting in a non-uniform shape of the
channel. At one point the channel will be pinched off and pumping more water
would not increase the (water) current flowing through the channel.
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