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In this chapter we begin with a discussion of the basic properties of the n-channel, metal-
oxide-semiconductor (MOS), field effect transistor (FET). We then describe and analyze a
number of circuits composed of interconnected MOS field effect transistors. The circuits
described are typical of those we will commonly use in the design of integrated systems.
The analysis, though highly condensed, is conceptually correct and provides a basis for the

solution of most system problems typically encountered.

Integrated systems in MOS technology contain three levels of conducting material separated
by intervening layers of insulating material. Proceeding from top to bottom, these levels are
termed the metal, the polysilicon, and the diffusion levels respectively. Patterns for paths
on these three levels, and the locations of contact cuts through the insulating material to
connect certain points between levels, are transferred into the levels during the fabrication
process from masks simitar 1o photographic negatives. The details of the fabrication process

will be discussed in chapter 2.

In the absence of contact cuts through the insulating material, paths on the metal level may
cross over paths on the polysilicon or diffusion levels with no significant functional effect.
However, wherever a path on the polysilicon level crosses a path on the diffusion level, a
transistor is created. Such a transistor has the characteristics of a simple switch, with a
voltage on the polysilicon level path controlling the flow of current in the diffusion level
path. Circuits composed of such transistors, interconnected by patterned paths on the three
tevels, form our basic building blocks.  With these basic circuits, we will architect

integrated systems. 1o be fabricated on the surfuce of monolithic crystalline chips of silicon.
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The MOS Transistor

An MOS transistor will be produced on the integrated system chip wherever a polysilicon
path crosses a diffusion path, as shown in figure la. The electrical symbol used to represent
the MOS transistor in our circuit diagrams is shown in figure 1b, along with symbols and
polarities of certain voltages of interest. Note that the source and drain terminals of the
device are physically symmetrical. For the n-channel MOSFETS, these terminal labels are
assigned such that V4 is normally positive, A more detailed view of the rectangular region
called the gate, where the polysilicon (poly) crosses the diffusion, is given in figure lc.
During fabrication the diffusion paths are formed after the poly paths are formed, as
explained more fully in chapter 2. The poly gate and thin layer of oxide under masks the
region under the gate during diffusion, thus interrupting the diffusion path under the gate.
Therefore, there is no direct diffusion connection between the source and drain terminals of
ithe transistor. Notice in this discussion that metal, poly, and diffusion paths all conduct

electricity well enough to be considered "wires” until further notice.

In the absence of any charge on the gate, the drain to source path through the transistor is
like an open switch. The gate, separated from the substrate by the layer of thin oxide,
forms a capacitor. If sufficient positive charge is placed on the gate so that Vgs exceed_s a
threshold voliage Vi, electrons will be attracted to the region under the gate to form a
conducting path between drain and source. Most of the transistors we will use in our
systems have threshold voltages greater than zero. These are called enhancement mode
MOSFEETs, and their threshold voltage typically equals ~ 0.2(VDD), where VDD is the

positive supply voltage for the particular technology.

The basic operation performed by the MOS transistor is to use charge on its gate to control
the movement of negative charge between source and drain through the channel under the
gate. The current from source to drain equals the charge induced in the channel divided by
the transit time or average time required for an electron to move from source to drain. The
transit time itself is the distance the electron has to move divided by its average velocity. In
semiconductors under normal conditions, the velocity is proportional to the etectric field
driving the electrons. The relationship between drain to source current Iy, drain to source
voltage Vg, and gate (o source voltage Vgs is sketched in figure 1d. For small Vg, the

transit time Tt is given by equation L

o
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Transit time:

7 = L/velocity = L/pE = Lzl[p\/ds] | [eq.1]

The proportionality constant p is called the mobility of the charge carriers, in this case
electrons, under the influence of an electric field in the conducting material of the channel
region. It is a velocity per unit electric field (cmzlvolt-sec). We shall see that the transit

time is the fundamental time unit of the entire integrated system.

The amount of negative charge in transit is just the gate capacitance times the voltage on the
gate in excess of the threshold voltage. The capacitance of two parallel conductors of area
A, separated by insulating material of thickness D, equals eA/D. The proportionality
constant ¢ is called the permittivity of the insulating material, and has a simple

2, separated by a

interpretation. It is the capacitance of parallel conductors of area A = 1 ¢cm
thickness D = 1 cm of the insulator material, and is in the units farad/cm. Therefore, the
gate capacitance equals ¢WL/D. Thus the charge in transit is given by eq. 2, and the

current is given by eq. 3.

Charge in transit

Q = - CylVgs - Vi) = = EWL(Vgg = Vi) [eq.2]
D

Current

Igs = = lgg = - charge in transit = peW(Vgq = Vip)(Vgo) [eq.3]
transit time LD

Note that for smalt V4, the drain current is proportional to the source-drain voltage and
also to the gate voltage above threshold. Any device with a current through it proportional
to the voltage across it, may be viewed as a resistor, and in the case of an MOS device with

low drain to source voltage, the resistance is controlled by the gate voltage as given in eq. 3a.

Vis/lgs = R = L2/[pCy(Vys = Vip)] [eq.3a]

In both equations 2 and 3a, Cg is the gate to channel capacitance of the turned on transistor.
In the simple case where this transistor is driving the gate of another one identical to iy, the
time response of the system will be an exponential with a time constant R(’g. given 1In

equation 4. This time constant is identical to the transit time r given in equation 1.



