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Fig. 2-3 (a) Representation of a two dimensional sili-
con lattice containing donor (P**) atoms. (b) Two-dimen-
sional silicon lattice containing acceptor (B*') atoms.
Each bond consists of two valence electrons. Direction
of carrier motion in electric field & is shown.

enlarged in a controllable way. In this model, conduction electrons hop around
in the open spaces between bonds; holes, on the other hand, are confined to, and
migrate through, the bond network. An applied electric field causes these charge
carriers to move in opposite directions.

b. Bands The electronic structure of undoped as well as doped semiconduc-
tors is popularly represented in terms of the energy band diagrams of Fig. 2-4.
When isolated atoms of Si are brought together to form the solid, individual
electron energy levels collectively broaden to create bands containing an
astounding 10 or so distinct levels (one for each electron) per cubic centime-
ter. They are packed so tightly that the energy difference between the hi ghest and
lowest levels is only a few electron volts. Thus all of the electrons comprising
valence bonds form the valence band, and all of the conduction electrons enter
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meters as possible. Otherwise, defects that severely limit device function will
tend to be present at the film—substrate interface. Typically, mismatches in lattice
parameter of no more than 0.1% can be tolerated.

2.2.2.4 Electrical and Optical Function Semiconductors have several
unique properties that enable them to exhibit unusual electrical and optical
effects. Like metallic conductors they possess sufficient numbers of high-mobility
charge carriers to pass large currents. Unlike conductors, but like insulators, they
are capable of supporting large electric fields; this happens at p—n junctions
under reverse bias where charge carriers are depleted. Remarkably, in semicon-
ductor devices either attribute can be emphasized in applications requiring recti-
fication (diode) and amplification (transistor) of current, or storage of charge
(MOS capacitor). Application of the requisite bias voltages to the device serves
to control the magnitude of current flow.

Optical activity is possible in semiconductors because they possess an impor-
tant pair of electron levels that spans the energy gap. Many states of very nearly
the same energy are either full or empty at levels near the bottom of the conduc-
tion band and the top of the valence band; thus electron transitions can readily
occur. The wavelength (A) associated with the band-gap energy is derived from
the well known Planck equation, E = hc/A (i.e., E; = hc/A), where h is Planck’s
constant and ¢ is the speed of light. A useful formula connecting E, and A is

A (microns) = 1.24/E, (eV). (2-1)

Three basic types of electro-optical phenomena can be simply understood by
referring to Fig. 2-6. Depicted are the valence and conduction bands of the
involved semiconductor or active electro-optical medium, and the radiative tran-
sitions that occur between energy levels in them. Either photons or electronic
signals can trigger mutual electro-optical responses at p—n junctions.

1. Stimulated absorption of incident photons (Fig. 2-6a) excites electrons from
the valence to the conduction band, generating mobile carriers or an electric
signal. After photon detection (e.g., by a photodiode) electron circuitry is acti-
vated to amplify the signal, or deliver external power (e.g., a solar cell).

2. The reverse process of photon emission occurs during deexcitation of elec-
trons from the conduction-to-valence band (Fig. 2-6b). In light-emitting
diodes (LED), for example, the emission is triggered by an electric current
that passes through the junction causing electron-hole recombination and a
corresponding spontaneous emission of monochromatic light. The light can
now be viewed directly in a display, or made to pass through lenses of an
optical system, or enter an optical fiber.
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2.2.4 Insulators

We have already noted that in the scheme of conductors, metals and insulators
are at opposite extremes, with semiconductors occupying a broad middle
ground. When the latter are very pure or lightly doped, they have high resistivi-
ties, and their dielectric character is emphasized. Interestingly, similarities
between semiconductors and insulators exist. Energy gaps exist in both, and the
response of conductivity to doping and temperature is similar. Insulators are
used to isolate conducting regions at different electric potentials so that no cur-
rent flows between them. They also serve vital dielectric functions that enable
circuits to store charge in capacitors that behave as memory elements. High
dielectric constant ferroelectric ceramics such as BaTiO; are important in this
regard for potential inclusion in memory chips. Dielectric property change upon
cyclic electrical stressing is a concern, however.

The insulating materials we are primarily concerned with are oxides (e.g., SiO»,
Al O;) and polymers. Invariably these insulators have amorphous structures.
Interestingly, solid insulators are not the only ones of interest in electrical equip-
ment. Transformer oil is an example, and its breakdown is an important consider-
ation in the reliability of very high voltage equipment. On the IC chip level, thin
films and coatings of silicon dioxide, silicon nitride, and silica-based glasses are
used in assorted insulating, dielectric, processing, and device passivation roles.
These film materials are deposited at relatively low temperatures by both physical
and chemical vapor deposition techniques. The most important insulator in this
book is SiO, because it plays critical roles in two important diverse electronic
technologies, for quite different reasons. Not only does SiO, serve as the thin film
gate insulator in field effect transistors, but in fiber form it is the medium through
which light propagates in optical communications systems. In these applications
it has been the focus of dielectric as well as mechanical breakdown investigations
that will be respectively discussed in Chapters 6 and 10.

Since insulators have very few electron and hole carriers, conduction by these
carriers is limited, a fact due to the large value of E,. Thin oxide and glass films
are actually quite a bit more conductive than bulk insulators. For one thing there
are fuzzy electron-distribution tails at both the top of the valence band and the bot-
tom of the conduction band. These extend into the normally state-free gap and
overlap to create a broad continuum of electron states. Secondly, the electrode
contacts influence the nature of electron injection into the insulator. Lastly,
because dimensions are small, modest applied voltages all too often lead to large
electric fields that, in turn, may foster nonlinear conduction behavior, charge trap-
ping, and sometimes breakdown. Later, in Chapter 6, other conduction mecha-
nisms will be introduced. Questions of how electrons interact with matrix atoms
and other electrons in the insulator to generate damage will be addressed then.
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Fig. 2-8 Energy band representation of a semiconductor
p-n junction under different conditions of bias. (a) Zero bias
voltage—The Fermi levels are equilibrated on both sides of the
junction, creating an internal electric field. (b) Reverse bias—
The Fermi levels are displaced as carriers are depleted from the
Jjunction region. A small reverse current flows. (c¢) Forward
bias—Iarge forward current flows as carriers recombine at the
junction.

This is the behavior desired of rectifiers. In contrast, ohmic characteristics are
linear and display the same current magnitudes, but of opposite sign, when the
voltage polarity reverses.

The ideal junction characteristics, depicted in Fig. 2-9, are succinctly gov-
emed by an equation that describes the current—voltage variation as

b= i [exp(ﬂ) - 1], (2-4)
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/ I Evacuum
/

(b)

Fig. 2-10 (a) Band diagram representation for an idealized
ohmic contact between a metal and semiconductor.
(b) Band diagram for an ohmic contact illustrating tunneling.
@, and Dg are respective work functions.

metric transport of charge across the junction. Despite the fact that the i—V
characteristics appear identical, Schottky-barrier and p—n diodes differ in one
significant way. Under forward bias, majority electrons injected over the barrier
are hotter than normal electrons in the metal. Their excess energy is very
rapidly quenched, and such thermalized electrons cannot flow back into the
semiconductor upon reverse bias because they face a large energy barrier in
that direction. The short recovery time of 10™"" seconds makes Schottky diodes
capable of very fast switching in microwave circuits.

Applications normally require either ohmic or Schottky behavior; interest-
ingly, certain compound-semiconductor field-effect transistors contain both
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case. In poorly made diodes the reverse current may sometimes have a surface
component that leaks around the junction. Charged contaminants and semicon-
ductor surface states foster electrical leakage paths. The proportions of bulk and
surface currents depend on the electrical character of the junction at the point
where the bulk meets the surface. Passivating Si diodes with SiO, layers mini-
mizes such leakage. In good diodes the reverse current remains very small and
then sharply increases at the point of breakdown, a subject discussed in the next
section. Such characteristics are “hard,” distinguishing them from the “softer” i—V
behavior exhibited by junctions possessing weak spots where localized break-
downs cause excessive leakage current.

Finally, there are the characteristics of the open diode that passes no current
irrespective of voltage, and the shorted diode through which large currents flow
at zero voltage.

2.3.3.2 Breakdown Diode breakdown is much less alarming than it sounds
and does not necessarily mean damage. When the applied reverse voltage is
increased beyond certain limits (Fig. 2-9) diodes undergo breakdown. Depend-
ing on doping level, electric fields in the junction ranging from 200 to 1000
kV/cm can develop in Si. Under such conditions minority carriers that produce
the usual reverse or leakage current are accelerated to kinetic energies high
enough for them to ionize matrix atoms upon collisional impact. In the case of a
single incident electron, two electrons (the original one and the impacted valence
electron) will now reside in the conduction band after collision. Each can
impact-ionize lattice atoms repeatedly, and with sufficient electron multiplica-
tion, avalanche breakdown may occur. The reverse current rises to a value lim-
ited only by the external resistance of the circuit. In this state it may operate sat-
isfactorily as a reverse-biased diode. However, if the reverse current is
excessive, the junction can overheat, causing the diode to burn out. Zener diodes
capitalize on operation in the breakdown state and are used as voltage references
in rectifier and control circuits.

2.3.3.3 Punch-through Although the term sounds as ominous as break-
down, punch-through is not necessarily threatening to continued diode function.
Punch-through occurs when lightly doped regions are also physically thin. Upon
reverse biasing, the depletion region widens and may extend directly to the
ohmic contact, thus shorting out the diode or transistor. Provided that the current
flow is limited by the circuit resistance and no overheating occurs, the diode will
recover its former properties when the reverse voltage is reduced. As we shall
see later, punch-through also occurs in transistors.
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device is in the “off” state. Therefore, the channel resistance of the p-device is
much higher than that of the n-device. This causes voltage V to drop mostly across
the p-channel, and the output voltage (V,,,) is “low.” If the input voltage is now
“low,” the n-device is off and most of V,, stems from V which represents the
“high” state. Therefore, in either state a transistor is off, and there is no dc current
path to ground other than leakage current. No drain current flows except during
the very short switching period. The fact that little power is drawn is a primary
reason why CMOS dominates the market for low- power logic and memory ICs
where switching is the principal function.

2.5.5 MOSFET Instabilities and Malfunction

2.5.5.1 Oxide Charge The critical gate oxide is quite hospitable to both ionic
and electronic charge. In addition to mobile alkali ion contaminants, there is both
bulk oxide positive and negative trapped charge, as well as interfacial charge
trapped at the Si-Si0, boundary, and fixed charge some 3 nm away. Area densi-
ties for the latter two are 10'% to 10"'/cm”. Sources of the charge are thought to be
structural defects related to bond breaking and metallic impurity contamination in
the oxidation process. During device operation, energetic, or hot, electrons in the
channel may also get scattered into the oxide. Time-dependent dielectric break-
down and shifts in Vy are two important reliability consequences of such oxide
charge buildup. This subject will be addressed more fully in Chapter 6.

2.5.5.2 Short Channel Effects A concern in VLSI and ULSI circuits is the
existence of anomalous MOS transistors with shorter source—drain spacing than
minimum design rules specify. The creation of a completely depleted area under
the gate will then occur at lower gate voltages, and V; will be effectively
reduced. Electric fields are also higher in the drain region, making such transis-
tors much more susceptible to hot electron effects.

2.5.5.3 Parasitic Bipolar Transistors: Latchup Despite efforts to con-
fine MOS transistor action to a designated region of the substrate, sometimes
unintended parasitic bipolar transistor behavior intrudes into the same or a
neighboring location. So long as no p-n junction is forward biased, the bipolar
transistor is inoperative. But for high enough substrate—source voltages, a large
emitter current is injected, resulting in large device currents.

A more serious parasitic phenomenon known as latchup occurs in CMOS
devices. Here the closely spaced sources and drains of n and p channel MOS-
FETs give rise to two parasitic bipolar transistors, one n—p—n and one p—n—p, as
shown in Fig. 2-19. These transistors are cross connected so that the base—
collector junctions are common. Under bias, the p—n—p collector delivers current
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b. Power Consumption. As indicated above, standby power consumption
of CMOS transistors is much less than that for bipolar transistors. This plus high
packing densities makes CMOS the obvious choice for ULSI applications.

c. Complexity of Fabrication Process. CMOS devices are easier to fab-
ricate than bipolar transistors with typically 20 percent fewer processing steps
required. Part of the simplicity and smaller size of MOS devices stems from the
less stringent isolation required. To isolate or insulate devices from one another
on the same chip, more complex and deeper dielectric structures (trenches) are
required for bipolar than for MOS devices.

d. Current Carrying Capacity. An important advantage of the bipolar tran-
sistor 1s its decidedly superior gain because of its high transconductance. Defined
as the derivative of the output current to input voltage, the transconductance (G,,)
of a transistor is a measure of its quality as an amplifying device. In bipolar transis-
tors, G, = qiJ(kT), where q is the electronic charge, i. is the collector current, and
kT has the usual meaning. For MOS transistors G, = (2l ips Cox Z/L)""?, where L is
the electron mobility, ips is the drain—source current, C,, is the gate—oxide capaci-
tance, and Z and L are the channel length and width, respectively. Substitution of
typical values reveals that to match the bipolar transconductance, the dimensions of
MOS transistors must be a few orders of magnitude larger.

e. Sensitivity and Speed. The exponential dependence of the current on
the base—emitter voltage gives the bipolar transistor superior signal detection
capabilities relative to MOS devices. Bipolar devices are also faster than MOS
transistors and exhibit higher frequency response and gain. This makes them
well suited for high performance analog applications.

f. Market Share. Currently, NMOS and CMOS technologies account for
about 75% and bipolar 20% of the IC market share. Compound semiconductors
and BiCMOS make up the remainder.

For flexible circuit design, BICMOS technology combines the high density of
CMOS with the speed of bipolar transistors. This technology has been used in
the Intel Pentium microprocessor, a chip containing 3.3 million transistors. In
general, BICMOS circuits employ CMOS transistors to perform the logic func-
tions and bipolar transistors to drive the output loads.

2.5.7 Junction Field Effect Transistor (JFET)

Like the MOSFET, the JFET, depicted in Fig. 2-20a, also consists of a
gate—source—drain combination. Rather than an oxide/semiconductor structure,
the active region beneath the gate consists of three vertically stacked semicon-
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devices used in microwave applications. Low power devices that operate at
room temperature have correspondingly low thermal generation of carriers
and leakage currents, hence low noise.

3. Direct band-gap transitions in compound semiconductors make optical emis-
sion and absorption proceéses more efficient than in Si (Sect. 2.2.2.4). This
has enabled the production of efficient lasers, light emitting diodes, and pho-
todetectors.

4. Optical devices can often be made to operate at specific wavelengths within
a broad spectral domain. In Si, only the wavelength corresponding to the
band-gap energy is easily accessible. By alloying compound semiconductors,
ternary and quaternary alloys emerge with energy gaps controllably tuned to
a desired operating wavelength. Optical communications technology capital-
izes on this to create high-performance light sources and detectors that oper-
ate at wavelengths where minimum optical losses occur.

5. A desirable attribute of GaAs is its ability to be produced in semi-insulating
form with resistivities of ~10* Q-cm. Such insulating single crystals make
excellent substrates for GaAs microwave devices and integrated circuits.

Advantages seldom come without drawbacks. In GaAs we are dealing with
a brittle, expensive material that is not easy to process and fabricate into
devices. On the other hand, Si is mechanically robust and cheap, and signifi-
cantly easier to process than GaAs. Silicon can also be protected and passi-
vated by an easily grown, high-quality SiO, film, something that cannot be
done in GaAs.

The subsequent discussion reflects the division of compound semiconductor
devices according to microwave and opto-electronic applications. General tutor-
ial reviews of the operation, reliability, and failure of compound semiconductor
devices can be found in references 14, 15, and 16.

2.7.2 Microwave Applications

Microwave frequencies range between 10° Hz (1 GHz) to 1000 GHz with
respective wavelengths of 30 to 0.03 cm. Within this spectral domain are a
number of communication systems applications that are important in both the
military and civilian sectors. Military applications include ground and airborne
radar, electronic warfare including guided weapons, and satellite communica-
tions; civilian applications include microwave radar (for police, small boats,
intruder alarms, and door openers), direct broadcast satellites (12 GHz) and
mobile (1-3 GHz band) as well as cellular (~1 GHz) communications. To make
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