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16.1. Introduction to MOSFET

The MOSFET (Metal Oxide Silicon Field Effect Transistor) is a device
that controls a current between two contacts (Source and Drain) using
a voltage contact (Gate). The device uses a surface effect to create a
n-type region in a p-type substrate (or the converse). To understand
this we take a simple capacitor structure using a p-type substrate a
oxide layer and a metal gate, as shown in figure 1. If we apply a
positive potential to the gate (the substrate is grounded) electrons will
be attracted to the gate and will pile up at the surface underneath the
gate.

Figure 1. A Cap Structure

At some voltage Vth called the threshold voltage the region under the
gate will have enough additional electrons that n > p and the material
will be n− type not p− type. The oxide is very important as it stops
the current flow towards the gate and forces the electrons to ”pile up”
underneath the gate and turn the material to be n− type.
The basic MOSFET structure uses the capacitor structure with n−type
regions placed at either edge, known as the source and drain, see figure
2.
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16.1.1. Basic Channel Physics

Figure 2. A MOS Structure
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16.1.2. MOSFET Operation

The basic operation of the device is to bias the gate with VG > Vth

and form a n − type region between the source and the drain. This
provides a simple n− type path between the n− type source and drain
regions for electrons to flow. This region is called a channel. Note that
without forming the channel there are two back to back diodes formed
which will not allow appreciable current to flow. The formation of
this channel provides a simple resistive path between the source and
the drain. The thickness of the channel is function of the difference
between the gate potential and the potential in the substrate near the
surface.
We can place a voltage between the source and the drain and cause a
current to flow. Typically we ground the source and bias the drain with
Vds. The ability to change the thickness of the channel using the gate
potential provides a means of controlling the current from the source
to the drain. We basically can form a voltage controlled resistor.
One thing to note is that the appliction of a drain voltage raises the
potential of the region of the substrate at the surface near the drain.
This results in a thinner channel at that end as shown inf figure 3 (as
the gate to substrate potential is reduced).

Figure 3. Channel formation of a MOSFET
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16.2. Pinch Off

A new condition arises if we increase the drain voltage substantially i.e.
VDS > VDSsat (where VDSsat is called the saturation voltage). The drain
voltage becomes large enough that the gate to substrate potential at
the drain is smaller than threshold. Therefore the channel thickness at
this end goes to zero. We call this pinch off. Electrically, the effect of
pinch off is that the channel no longer acts like a simple resistor. The
current IDS becomes fixed (saturated) at the value just prior to pinch
off, shown inf figure 4.

Figure 4. Pinch Off
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16.2.1. MOSFET Equations

The Triode Region: VGS > Vth , VDS < VDSsat

IDS = I0[(VGS − Vth)VDS − V 2
DS

2
] (16.1)

The V 2
DS/2 term takes the narrowing of the channel at the

gate region into account as VDS approaches VDSsat.

The Saturation Region: VGS > Vth , VDS > VDSsat

VDSsat = VGS − Vth (16.2)

IDS = I0
(VGS − Vth)2

2
(16.3)

In saturation mode the MOSFET acts like a nonlinear voltage
controlled current.
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16.3. Other FET structures

16.3.1. Carbon Nanotube FETS

Carbon comes in a number of forms:

Diamond: Bulk crystal – standard band structure, insulator due
to large bandgap.

Graphite/Graphene: 2D sheets of carbon in hexagonal arrange-
ment. 2D Crystal bonded by weak forces. Cool band structure
with very low mass electrons.

Fullerene/BuckyBalls: Soccer ball like structure. Band struc-
ture determined by size. Small number of atoms so bands with
finite (small) number of states.

Nanotubes: Tube like extension of BuckyBalls or a wrapped
graphene layer. Band structure of bands with small number of
states. Twist/radius determines band-gap (Metal/Insulator/Semiconductor).
High electron mobility. Very strong and hard. Can be doped
in many ways.
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Nanotubes can be created using chemistry.

Fermi level: Ef can be changed by doping with impurities or
molecular attachment.

Versatile: Many sizes and configurations with a wide variety of
electronic and optical properties.
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Doping can be done in many ways!
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IBM very recently announced a new method of fabricating circuits
of FET devices based on nanotube devices. 10,000 working devices on
a chip.

Simple device but with potentially very high speeds and densities.



20 TOM SMY, DEVICES MATERIALS AND PROPERTIES

16.3.2. Polymer Based FETS

Polymers such as PEDOT are semiconductors.

Crystal: 1D crystal along the polymer. De-localized electrons
that conduct. Band structure with gaps and bands with a
finite number of states.

Doping: Can be doped with impurities to produce N and P type
materials.
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Devices: Create a standard type FET.
Performance: Very slow. Mobilities are much lower.
Price: Very low printable electronics.
Size: Much larger.
Optical?: Can be made optical active
Stability: Lots of questions?


