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116 CHAPTER 4  RELD-EFFECT TRANSISTORS

Figure 4.1 MOS capacitor
structure on p-type silicon.

Chapter 4 explores the characteristics of field-effect transistors (FETs). The metal-oxide-
semiconductor field-effect transistor (MOSFET) is without doubt the most commer-
cially successful solid-state device. Itis the primary component in high-dens'lty VLSI chips,
including microprocessors and memories. A second type of FET, the junction field-effect
transistor (JFET), is based on a pn junction structure.

P-channel MOS (PMOS) transistors were the first MOS devices to be success-
fully fabricated in large-scale integrated circuits (LSI). The first microprocessqr c}‘ups used
PMOS technology. Greater performance was later obtained with the commercial mtroduc-
tion of n-channel MOS (NMOS) technology in both enhancement-mode and depletion-
mode devices.

This chapter discusses the qualitative and quantitative i-v behavior of MOSFETs and
JFETs and investigates the differences between the various types of transistors. Techniques
for biasing the transistors in various regions of operation are also presented.

4.1 CHARACTERISTICS OF THE MOS CAPACITOR

At the heart of the MOSFET is the MOS capacitor structure depicted in Fig. 4.1. The
top electrode of the MOS capacitor is formed of a metal, typically aluminum or heavily
doped polysilicon (polycrystalline silicon). We refer to this electrode as the gate (G) for
reasons that will become apparent shortly. A thin insulating layer, typically silicon diox-
ide, isolates the metal gate from the substrate or body—the semiconductor region that acts
as the second electrode of the capacitor. Silicon dioxide is a stable, high-quality electri-
cal insulator readily formed by thermal oxidation of the silicon substrate. The ability to
form this high-quality insulator is one of the basic reasons that silicon is the dominant
semiconductor material today. The semiconductor region may be n-type or p-type, as in
Fig. 4.1.

The qualitative behavior of the MOS capacitor is the basis for operation of the MOS-
FET. The semiconductor forming the bottom electrode of the capacitor has a substantial
resistivity and a limited supply of holes and electrons. Because the semiconductor there-
fore can be depleted of carriers, as discussed in Chapter 2, the capacitance of this structure
is a nonlinear function of voltage vg. Figure 4.2 shows the conditions in the region of the
substrate immediately below the gate electrode for three different bias voltages.

Metal electrode—"'gate T vg Tog
Oxide
e 77 |
p-type silicon substrate or “body” T

L

Accumulation Region

The situation for a large negative bias on the gate with respect to the substrate is depicted
in Fig. 4.2(a). The large negative charge on the metal plate is balanced by holes attracted to
the silicon-silicon dioxide interface directly below the gate, For the bias condition shown,
the hole density at the surface exceeds that which is present in the ori ginal p-type substrate,
and the surface is said to be operating in the accumulation region or just in accumulation.
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Figure 4.2 MOS capacitor operating in (a) accumulation, (b) depletion, (c) inversion.

This accumulation layer is extremely shallow, existing primarily as a charge sheet directly
below the gate.

Depletion Region

Now consider the situation as the gate voltage is slowly increased. First, holes are re-
pelled from the surface. Eventually, the hole density near the surface is reduced below
the majority-carrier level set by the substrate doping level, as depicted in Fig. 4.2(b). This
condition is called depletion and the region, the depletion region. The region beneath the
metal electrode is depleted of free carriers in much the same way as the depletion region
that exists near the metallurgical junction of the pn junction diode. In Fig. 4.2(b), positive
charge on the gate electrode is balanced by the negative charge of the ionized acceptor
atoms in the depletion layer. The depletion-region width w, can range from a fraction of

a micron to many tens of microns depending on the applied voltage and substrate doping
levels.

Inversion Region

As the voltage on the top electrode increases further, electrons are attracted to the surface.
At some voltage level, the electron density at the surface will exceed the hole density.
At this voltage, the surface has inverted polarity from the p-type of the original substrate
to an n-type inversion layer, or inversion region, directly underneath the top plate. This
inversion region is an extremely shallow layer, existing primarily as a charge sheet directly
below the gate. The high density of electrons in the inversion layer is supplied by the
electron-hole generation process within the depletion layer.

The positive charge on the gate is balanced by the combination of negative charge in
the inversion layer plus negative ionic acceptor charge in the depletion layer. The voltage

at which the surface inversion layer forms plays an extremely important role in field-effect
transistors and is called the threshold voltage Vry.
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Figure 4.3 (a) NMOS tran-
sistor structure; (b) cross sec-
tion; and (c) circuit symbol.

4.2 STRUCTURE OF THE NMOS TRANSISTOR

Figure 4.3 shows a plan view, cross section, and circuit symbol of an ft-channel MOSFET,
usually called an NMOS transistor, or NMOSFET. The central region of 'Lhe MOSFET is
the MOS capacitor discussed in Sec. 4.1, and the top electrode of the capac1tor’1s called the
gate of the MOSFET. In addition, two heavily doped n-type regions (n* n.agmns), called
the source (S) and drain (D), are formed in the p-type substrate aligned with ﬂ"le edge of
the gate. The substrate of the NMOS transistor is a fourth device terminal and is referred
to synonymously as the substrate terminal, or the body terminal (B).

The terminal voltages and currents for the NMOS device are also defined in Fig,
4.3(b). The drain current ip, source current is, gate current ig, and body current ip are
all defined, with the positive direction of current indicated for an NMOS transistor. The
important terminal voltages are the gate-source voltage vgs = vg — Us, the drain-source
voltage ups = up — vs, and the source-bulk voltage vsp = vs — vg. These voltages are all
= 0 during normal operation of the NMOSFET.

Note that the source and drain regions form pn junctions with the substrate. These
two junctions are kept reverse-biased at all times in order to provide isolation between the
Junctions and the substrate as well as between adjacent MOS transistors. Thus, the bulk
voltage must be less than or equal to the voltages applied to the source and drain terminals
to ensure that these pn junctions are properly reverse-biased.
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