Chapter 5

Junctions

Most semiconductor devices contain at least one junction between p-type and
n-type material. These p-n junctions are fundamental to the performance of func-
tions such as rectification, amplification, switching, and other operations in elec-
tronic circuits. In this chapter we shall discuss the equilibrium state of the junction
and the flow of electrons and holes across a junction under steady state and tran-
sient conditions. This is followed by a discussion of metal-semiconductor junc-
tions and heterojunctions between semiconductors having different band gaps.
With the background provided in this chapter on junction properties, we can
then discuss specific devices in later chapters.

5.1
FABRICATION OF
p-n JUNCTIONS
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Although this book deals primarily with how devices work rather than how
they are made, it is instructive to have an overview of the fabrication process
in order to appreciate device physics. We have already discussed in Chapter
1 how single-crystal substrates and epitaxial layers needed for high quality
devices are grown, and how the doping can be varied as a function of depth.
However, we have not discussed how doping can be varicd laterally across
the surface, which is key to making integrated circuits on a wafer. Hence, it
is necessary to be able to form patterned masks on the wafer corresponding
to the circuitry, and introduce the dopants selectively through windows in
the mask. We will first briefly describe the major process steps that form the
underpinnings of modern integrated circuit manufacturing. Relatively few
unit process steps can be used in different permutations and combinations to
make everything from simple diodes to the most complex microprocessors.

5.1.1 Thermal Oxidation

Many fabrication steps involve heating up the wafer in order to enhance a
chemical process. An important example of this is thermal oxidation of Si to
form SiO,. This involves placing a batch of wafers in a clean silica (quartz)
tube which can be heated to very high temperatures (~800-1000°C) using
heating coils in a furnace with ceramic brick insulating liners. An oxygen-
containing gas such as dry O, or H,Q is flowed into the tube at atmospher-
ic pressure, and flowed out at the other end. Traditionally, horizontal furnaces
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Figure 5-1a
Silicon wafers
being loaded into
a furnace. For 8-
inch and larger
waters, this type
of horizontal load-
ing is often re-
placed by a
vertical furnace.

Figure 5-1b
Vertical furnace
for large Si
wafers. The silica
wafer holder is
loaded with eight-
inch Si wafers
and moved into
the furnace above
for oxidation, dif-
fusien, or deposi-
tion operations.
(Photograph cour
tesy of Tokyo Elec-
tron Ltd.)
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at the bottom, providing more uniform flow than in conventional horizontal
furnaces. The overall reactions that occur during oxidation are:

_ 8i+ 0, — Si0; (dry oxidation)
Si + 2H,0 — SiO,+ 2H, (wet oxidation)

In both cases, Si is consumed from the surface of the substrate. For
every micron of $iO, grown, 0.44 pm of Si is consumed, lealling to a 2.2X vol-
ume expansion of the consumed layer upon oxidation. The oxidation pro-
cceds by having the oxidant (O, or H;O) molecules diffuse through the
already grown oxide to the $i-Si0, interface, where the above reactions take
place. One of the very important reasons why Si integrated circuits exist (and
by extension why modern computers exist) is that a stable thermal oxide can
be grown on Si with excellent interface electrical properties. Other semi-
conductor materials do not have such a useful native oxide. We can argue
that modern clectronics and computer technology owe their existence to this
simple oxidation process.

Plots of oxide thickness as a function of time, at different temperatures,
are shown for dry and wet oxidation of (1 00) Si in Appendix V1.

5.1.2 Diffusion

Anether therma! process that was used extensively in 1C fabrication in the
past is thermal in-diffusion of dopants in furnaces such as those shown in
Fig. 5-1a. The wafers are first oxidized and windows arc opened in the oxide
using the photolithography and etching steps described in Sections 5.1.6 and
5.17, respectively. Dopants such as B, P or As are introduced into these pat-
terned wafers in a high temperature (~800-1100°C) diffusion furnace, gen-
erally using a gas or vapor source. The dopants are gradually transported
from the high concentration region near the surface into the substrate
through diffusion, similar to that described for carriers in Section 4.4. The
maximum number of impurities that can be dissolved (the solid solubility) in
Si is shown for various impurities as a function of temperature in Appendix
VIL The diffusivity of dopants in solids, D, has a strong Arrhenius depen-
dence on temperature, T. It is given by D = Dy exp ~(E 4k T), where Dyis a
constant depending on the material and the dopant,and E,, is the activation
energy. The average distance the dopants diffuse is related to the diffusion
length as in Section 4.4.4. In this case, the diffusion length is \/Dr, where 1 is
the processing time. The product Dt is sometimes called the thermal budget.
The Arrhenius dependence of diffusivity on temperature explains why high
temperatures are required for diffusion; otherwise, the diffusivities are far
too low. Since D varies exponentially with T, it is critical to have very precise
control over the furnace temperatures, within several degrees, in order to
have control over the diffusion profiles (Fig. 5-2). The dopants are effec-
tively blocked or masked by the oxide because their diffusivity in oxide is very
low. The diffusivities of various dopants in Si and SiO, are shown as a func-
tion of temperature in Appendix VIIL Difficulty with profile control and the
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very high temperature requirement has led to diffusion being supplanted by
ion implantation as a doping technique, as discussed in Section 5.1.4.

The trend of using larger Si wafers has changed many processing steps.
For example, eight-inch and larger wafers are best handled in a verticat fur-
nace (Fig. 5-1b) rather than the traditional horizontal furnace (PFrg. 5-1a).
Also, large wafers are often handled individually for a variety of deposition,
etching, and implantation processes. Such single-wafer processing has led to
development of robotic systems for fast and accurate wafer handling,

The distribution of impurities in the sample at any time during the dif-
fusion can be calculated from a solution of the diffusion equation with ap-
propriate boundary conditions. If the source of dopant atoms at the surface
of the sample is limited (e.g., a given number of atoms deposited on the Si sur-
face before diffusion), a gaussian distribution as described by Eq. (4-44) (for
x > 0) is obtained. On the other hand, if the dopant atoms are supplied con-
tinuously, such that the concentration at the surface is maintained at a con-
stant value, the distribution follows what is called a complementary error
function. In Fig. 5-2, there is some point in the sample at which the intro-
duced acceptor concentration just equals the background donor concentra-
tion in the originally n-type sample. This point is the location of the p-n
junction. To the left of this point in the sample of Fig. 5-2, acceptor atoms pre-
dominate and the material is p-type, whereas to the right of the junction, the
background donor atoms predominate and the material is n-type. The depth
of the junction beneath the surface of the sample can be controlled by the
time and temperature of the diffusion (Prob. 5.2).

In the horizontal diffusion furnace shown in Fig. 5-1a, $i wafers are
placed in the tube during diffusion, and the impurity atoms are introduced
into the gas which flows through the silica tube. Common impurity source ma-
terials for diffusions in Si are B,0,, BBr;, and BCl, for boron; phosphorus
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Figure 5-2
Impurity concen-
tration profile for
fabricating a pn
junction by
diffusion.
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sources include PHa, P,Os, and POCls. Solid sources arc placed in the silica
tube upstream from the sample or in a separate heating zone of the furnace;
gaseous sources can be metered directly into the gas flow system; and with
liquid sources inert carrier gas is bubbled through the liquid before being
introduced into the furnace tube. The Si wafers are held in a silica “boat”
(Fig. 5-1a) which can be pushed into position in the furnace and removed by
a silica rod. :

It is important to remember the degree of cleanliness required in these
processing steps. Since typical doping concentrations represent one part per
million or less, cleanliness and purity of materials is critically important. Thus
the impurity source and carrier gas must be extremely pure; the silica tube,
sample holder and pushrod must be cleaned and etched in hydrofluoric acid
(HF) before use (once in use, the tube cleanliness can be maintained if no un-
wanted impurities are introduced); finally, the Si wafers themselves must un-
dergo an elaborate cleaning procedure before diffusion, including a final etch
containing HF to remove any unwanted SiO; from the surface.

5.1.3 Rapid Thermal Processing

Increasingly, many thermal steps formerly performed in furnaces are being
dane using what is called rapid thermal processing (RTP). This includes
rapid thermal oxidation, annealing of ion implantation, and chemical vapor
deposition, which are discussed in the following paragraphs. A simple RTP
system is shown in Fig.'5-3. Instead of having a large batch of wafers in a
conventional furnace where the temperature cannot be changed rapidly, a
single wafer is held (face down to minimize particulates) on low-thermal-
mass quartz pins, surrounded by a bank of high-intensity (tens of KW) tung-
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Schematic diagram of a rapid thermal processor, and typical fimetemperature profile.
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sten-halogen infrared lamps, with gold-plated reflectors around them. By
turning on the lamps, the high intensity infrared radiation shines through
the quartz chamber and is absorbed by the wafer, causing its temperature
to rise very rapidly (~50-100°C/s). The processing temperature can be
reached quickly, after the gas flows have been stabilized in the chamber. At
the end of the process, the lamps are turned off, allowing the wafer tem-
perature to drop rapidly, once again because of the much lower thermal
mass of an RTP system compared to a furnace. In RTP, therefore, temper-
ature is essentially used as a “switch” to start or quench the reaction. Two
critical aspects of RTP are ensuring temperature uniformity across large
wafers, and accurate temperature measurement, for example with thermo-
couples or pyrometers.

A key parameter in ail thermal processing steps is the thermal budget,
Dzt. Generally speaking, we try to minimize this quantity because an exces-
sive Dt product leads to loss of control over compact doping profiles, which
is detrimental to ultra-small devices. In furnace processing, thermal bud-
gets are minimized by operating at as low a temperature as feasible so that
D is small. On the other hand, RTP operates at higher temperatures
(~1000°C) but does so for only a few seconds (compared to minutes or
hours in a furnace).

5.1.4 lon Implantation

A useful alternative to high-temperature diffusion is the direct implantation
of energetic iong into the semiconductor. In this process a beam of impurity
ions is accelerated 1o kinetic energies ranging from several keV to several
MeV and is directed onto the strface of the semiconductor. As the impuri-
ty atoms enter the crystal, they give up their energy to the lattice in colli-
sions and finally come to rest at some average penetration depth, called the
projected range. Depending on the impurity and its implantation energy, the
range in a given semiconductor may vary from a few hundred angstroms to
about 1 pm. For most implantations the ions come to rest distributed almost
evenly about the projected range R, as shown in Fig. 54a. An implanted
dose of ¢ ions/cm? is distributed approximately by a gaussian formula

NG = et [ I(I o R"ﬂ 5-1a)
' - —— - a
' V2mAR, ¥ 2\ AR, ;

where AR, called the straggle, measures the half-width of the distribution at
e~ of the peak Fig. (5-4a). Both R, and AR, increase with increasing im-
plantation energy. These parameters are shown as a function of energy for
various implant species into Si in Appendix [X. By performing several im-
plantations at different energies, it is possible to synthesize a desired impu-
rity distribution, such as the uniformly doped region in Fig. 54b.
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Figure 5-4
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Figure 5-5
Schematic diagram of an ion implantation system.

An ion implanter is shown schematically in Fig. 5-5. A gas containing
the desired impurity is ionized within the source and is then extracted into the
acceleration tube. After acceleration to the desired kinetic energy, the ions are
passed through a mass separator to ensure that only the desired ion species
enters the drift rube." The ion beam is then focused and scanned electrostati-
cally over the surface of the wafer in the target chamber. Repetitive scanning
in a raster pattern provides exceptionally uniform doping of the wafer surface.
The target chamber commonly includes automatic wafer-handling facilities to
speed up the process of implanting many wafers per hour.

An obvious advantage of implantation is that it can be done at relatively
low temperatures; this means that doping layers can be implanted without dis-
turbing previously diffused regions. The ions can be blocked by metal or pho-
toresist layers; therefore, the photolithographic techniques described in Section
5.1.6 can be used to define ion implanted doping patterns. Very shallow (tenths
of a micron) and well-defined doping layers can be achieved by this method. As
we shall see in later chapters, many devices require thin doping regions and
may be improved by ion implantation techniques. Furthermore, it is possible to
implant impurities which do not diffuse conveniently into semiconductors.

One of the major advantages of implantation is the precise control of
doping concentration it provides. Since the ion beam current can be mea-
sured accurately during inaplantation, a precise quantity of impurity can be
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introduced. This control over doping level, along with the uniformity of the
implant over the wafer surface, make ion implantation particularly attrac-
tive for the fabrication of Si integrated circuits (Chapter 9).

One problem with this doping method is the lattice damage which re-
sults from collisions between the ions and the lattice atoms. However, most
of this damage can be removed in S1 by heating the crystal after the implan-
tation. This process is called annealing. Although Si can be heated to tem-
peratures in excess of 1000°C without difficulty, GaAs and some other
compounds tend to dissociate at high temperatures. For example, As evapo-
ration from the surface of GaAs during annealing damages the sample. There-
fore, it is common to encapsulate the GaAs with a thin layer of silicon nitride
during the anneal. Another approach to annealing either Si or compounds is
to heat the sample only briefly (e.g., 10 5) using RTP, rather than a conven-
tional furnace. Annealing leads to some unintended diffusion of the im-
planted species. It is desirable to minimize this diffusion by optimizing the
anncaling time and temperature. The profile after annealing is given by

_ b [ 1((r—R,,)Z)] _
e m— R S e (5-1b
s V2m(AR; + 2D1)"” P T2\aR; + 2D }

5.1.5 Chemical Vapor Deposition (CVD)

At-various stages of device fabrication, thin films of dielectrics, semiconduc-
tors and metals have to be formed on the wafer and then patterned and
etched. We have already discussed one important example of this involving
thermal oxidation of Si. SiO, films can also be formed by low pressure (~100
mTorr)? chemical vapor deposition (LPCVD) (Fig. 5-6) or plasma-enhanced
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CVD (PECVD). The key differences are that thermal oxidation consumes Si
from the substrate, and very high temperatures are required, whereas CVD
of Si0, does not consume Si from the substrate and can be done at much
lower temperatures. The CVD process reacts a Si-containing gas such as SiH,
with an oxygen-containing precursor, causing a chemical reaction. leading
to the deposition of SiO, on the substrate. Being able to deposit Si0, is very
important in certain applications. As a complicated device structure is built
up, the Si substrate may not be available for reaction, or there may be met-
allization on the wafer that cannot withstand very high temperatures. In such
cases, CVD is a necessary alternative.

Although we have used deposition of SiO, as an important example.
LPCVD is also widely used to deposit other dielectrics such as silicon ni
tride (Si;N,), and polycrystalline or amorphous Si. It should also be clear
that the VPE of Si or MOCVD of compound semiconductors discussed in
Chapter 1 is really a special, more challenging example of CVD where
not only must a film be deposited, but single-crystal growth must also be
maintained.

516 Phatolil‘hogruphy

Patterns corresponding to complex circuitry are formed on a wafer using
photolithography. This involves first generating a reficle which is a transpar-
ent silica (quartz) plate containing the pattern (Fig. 5-7a). Opaquezregiens
on the mask are made up of an ultraviolet light-absorbing layer, such as iron
oxide. The reticle typically contains the patterns corresponding to a single
chip or die, rather than the entire wafer (in which case it would be called a
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Figure 5-7a

A photolitho-
graphic reticle
used for one step
in the processing
of a 16 Mb dy-
namic rﬂndom ac-
cess memory
[DRAM). In a
“stepper” projec-
tion exposure sys-
tam, ultraviolet
light shines
through the glass
plate and the
image is project-
ed onfo the wafer
to expose pho-
toresist for one
die in the array of
circuits, then steps
to the next. (Photo-
graph courtesy of
IBM Corp )
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Figure 5-7b
Schematic dic-
gram of an opti-
cal stepper.
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‘mask). It is usually created by a computer controlled electron beam driven

by the circuit layout data, using pattern generation software. A thin layer of
electron beam sensitive material called electron beam resist is placed on the
iron-oxide-covered quartz plate, and the resist is exposed by the electron
beam. A resist is a thin organic polymer layer that undergoes chemical
changes if it is exposed to energetic particles such as clectrons or photons. The
resist is exposed selectively, corresponding to the patterns that are required.
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After exposure, the resist is developed in a chemical solution, There are two
types of resist. The developer is either used 1o remove the exposed (positive
resist) or unexposed (negative resist) material. The iron oxide layer is then se-
lectively etched off in a plasma to generate the appropriate patterns. The ret-
icle can be used repeatedly to pattern Si wafers. To make a typical integraied
circuit, a dozen or more reticles are required, corresponding to different
process steps.

The Si wafers are first covered with an ultraviolet light-sensitive or-
ganic material or photoemulsion called photoresist by dispensing the liquid
resist onto the wafer and spinning it rapidly (~3000 rpm) to form a uni-
form coating (~0.5 um). As mentioned above, there are two types of resist
—negative, which forms the opposite polarity image on the wafer compared
to that on the reticle, and positive (same polarity). Currently, positive re-
sist has supplanted negative because it can achieve far better resolution,
down to ~0.25 wm using ultraviolet light from mercury lamps (wavelength
~0.365 wm). The light shines on the resist-covered wafer through the reti-
cle, causing the exposed regions to become acidified. Subscquently, the ex-
posed wafers are developed in a basic solution of NaOH, which causes the
exposed resist to etch away. Thereby, the pattern on the reticle is trans-
ferred to the die on the wafer. After the remaining resist is cured by bak-
ing at ~125°C in order to harden it, the appropriate process step can be
performed, such as implanting dopants through windows in the resist pat-
tern or plasma etching of the underlying layers,

The exposure of the wafers is achieved die-by-die in a step-and-repeat
system called a stepper (Fig. S-7b). As the name implies, the ultraviolet light
shines selectively through the reticle onto a single die location. After the
photoexposure is done, the wafer mechanically translates on a precisely con-
trolled x-y translation stage to the next die location and is exposed again. It
is very important to be able to precisely align the patterns on the reticle with
respect to pre-existing patierns on the wafer, which is why these tools are
also sometimes known as mask aligners. An advantage of such a “stepper”
projection system is that re-focusing and realignment can be done at each die
to accommodate slight variations in surface flatness across the wafer. This is
especially important in printing ultra-small linewidths over a very large wafer.
The success of modem IC manufacture has depended on numerous advances
in deep ultraviolet light sources, precision optical projection systems, tech-
niques for registration between masking layers, and stepper design.

What makes photolithography (along with etching) so critical is that it
obviously determines how small and closely packed the individual devices
(e.g. transistors) can be made. We shall see that smaller devices operate bet-
ter in terms of higher speed and lower power dissipation. What makes mod-
ern lithography so challenging is the fact that pattern dimensions are
comparable to the wavelength of light that is used. Under these circum-
stances we cannot treat light propagation using simple geometrical ray optics;

.
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rather, the wave nature of light is manifested in terms of diffraction, which
makes it harder to control the patterns. The diffraction-limited minimum
geometry is given by

lmin = 0.8 VNA (5-2a)

where A is the wavelength of the light and NA (~0.5) is the numerical aper-
ture or “size” of the lens used in the aligner. This expressipn implies that for
finer patterns, we should work with larger (and, therefore, more expensive)
lenses and shorter wavelengths. As a result, smaller geometries require short- -
er wavelengths, This has led the push to replace UV mercury lamp sources
(0.365 p.m) with argon fluoride (ArF) excimer lasers (0.193 um), or extreme
ultraviolet (EUV) sources (0.154 um). Novel exposure techniques employ-
ing phase shifting and Fourier optics allow resolutions near the dimension of
the wavelength being used. For a common ultraviolet wavelength of 0.365
pm, for example, one may achieve linewidths of about 0.25 pm. An ArF laser
can be used for 0.15 pum linewidths.

The other key parameter in lithography is the so-called depth-of-focus
(DOF), which is given by

DOF =  (5-2b)

A
2 (NAY
The BPOF tells us the range of distances around the focal plane where the
image quality is sharp. Unfortunately, this expression implies that exposure
with very short wavelengths leads to poor DOF. This is a big challenge be-
cause the topography or the “hills and valleys” on a chip during processing
can be iarger than the DOF allowed by the optics.

We must therefore add steps in the fabrication process to planarize the
surface using chemical mechanical polishing (CMP). As the name implies,
the planarizing process is partly chemical in nature (using a basic solution),
and partly mechanical grinding of the layers using an abrasive slurry. As de-
scribed in Section 1.3.3, CMP can be achieved using a surry of fine SiO, par-
ticles in an NaOH solution.

The expression for diffraction-limited geometry (Eq. 5-2a) explains
why there is so much interest in X-ray and clectron beam lithography. The
de Broglie theorem states that the wavelength of a particle varies inversely
with its momentum:

A=— (5-2c)

Thus more massive particles or energetic photons should be considered to
achieve shorter wavelengths. Viable candidates for this application are elec-
trons, ions, or X-rays. For example, electron beams are easily generated, fo-
cused, and deflected. The basic technology for this process has been
developed over many years in scannin g electron microscopy. Since a 10-keV
electron has a wavelength of about 0.1 A, the linewidth limits become the size
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of the focused beam and its interaction with the photoresist layer. It is pos-
sible to achieve linewidths of 0.1 um by direct electron beam writing on the
wafer photoresist. Furthermore, the computer-controlled electron beam ex-
posure requires no masks. This capability allows extremely dense packing of
circuit elements on the chip, but direct writing of complex patterns is slow.

Because of the time required for electron beam wafer exposure, it is usu-
ally advantageous to use electron beam writing to make the reticle (Fig. 5-7a),
but to expose the wafer photoresist using photons. In addition to the advances
in deep ultraviolet sources mentioned previously, X-rays offer the promise of
even smaller dimensions. For example, if a heavy metal is used in the mask,
X-rays (A ~ 1 A) can be used to expose the wafer with 0.1 pm resolution. A
particularly high flux of X-rays can be obtained from the synchrotron radiation
emitted by electrons accelerated in a storage ring or synchrotron.

5.1.7 Eiching

After the photoresist pattern is formed, it can be used as a mask to etch the ma-
terial underneath. In the early days of Si technology, etching was done using
wet chemicals. For example, dilute HF can be used to etch SiO; layers grown on
a Si substrate with excellent selectiviry. The term selectivity here refers to the fact
that HF attacks SiO,, but does not affect the Si substrate underneath or the pho-
toresist mask. Although many wet etches are selective, they are unfortunately
isotropic, which means that they etch as fast laterally as they etch vertically. This
is unacceptable for ultra-small features Hence, wet etching has been largely
supplanted by dry, plasma-based etching which can be made both selective and
anisotropic (etches vertically but not laterally along the surface). In modern IC
processing the main use of wet chemical processing is in cleaning the wafers.

~ Plasmas are ubiquitous in IC processing, The most popular type of plasma-
based etching is known as reactive ion etching (RIE) (Fig. 5-8). In a typical
process, appropriate etch gases such as chlorofluorocarbons (CFCs) flow
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Figure 5-8
Reactive ion elch-
er. Single or multi-
ple wafers are
placed on the rf
powered cathode
to maximize the
ion bombardment.
Shown in the fig-
ure is a simple
diode etcher in
which we have
just two elec-
trodes. We can
also use o third
electrode to sup-
ply rf power sepo-
rately to the etch
gases in a triode
etcher. The most
commonly used rf
frequency is
13.56 MHz,
which is a fre-
quency dedicated
fo industrial use
so that there is
minimal interfer-
ence with radic
communications.
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into the chamber at reduced pressure (~1-100 mTorr), and a plasma is struck
by applying an rf voltage across a cathode and an anode. The rf voltage ac-
celerates the light electrons in the system to much higher kinetic energies
(~10 eV) than the heavier ions. The high encrgy electrons collide with neu-
tral atoms and molecules to create ions and molecular fragments called rad-
icals. The wafers are held on the rf powered cathode, while the grounded
chamber walls act as the anode. From a study of plasma physics, we can show
that although the bulk of the plasma is a highly conducting, equi-potential re-
gion, less conducting sheath regions form next to the two electrodes. It can
also be shown that the sheath voltage next to the cathode can be increased
by making the (powered) cathode smaller in area than the (grounded) anode.
A high d-c voltage (~100-1000 V) develops across the sheath next to the rf
powered cathode, such that positive ions gain kinetic energy by being accel-
erated in this region, and bombard the wafer normal to the surface. This bom-
bardment at normal incidence contributes a physical component to the etch
that makes it anisotropic. Physical ctching, however, is rather unselective. Si-
multaneously, the highly reactive radicals in the system give rise to a chem-
ical etch component that is very selective, but not anisotropic. The result is
that RIE achieves a good compromise between anisotropy and selectivity, and
has become the mainstay of modern IC etch techniology.

5.1.8 Metallization

After the semiconductor devices are made by the processing methods de-
scribed previously, they have to be connected to each other, and ultimately

Lo the IC package, by metallization. Metal films are generally deposited by

a physical vapor deposition technique such as evaporation (e.g., Auon GaAs)
or sputtering (e.g., Al on Si). Sputtering of Al is achieved by immersing an Al
target (typically alloyed with ~1% Si and ~4% Cu to improve the electrical
and metallurgical properties of the Al, as described in Section 9.3.1) in an
Ar plasma. Argon ions bombard the Al and physically dislodge Al atoms by
momentum transfer (Fig. 5-9). Many of the Al atoms ejected from the tar-
get deposit on the Si wafers held in close proximity to the target. The Al is
then patterned using the metallization reticle and subsequently etched by
RIE. Finally, it is sintered at ~450°C for ~30 minutes to form a good electri-
cal, ohmic contact to the Si. '

After the interconnection metallization is complete, a protective over-
coat of silicon nitride is deposited using plasma-enhanced CVD. Then the
individual integrated circuits can be separated by sawing or by scribing and
breaking the wafer. The final steps of the process are mounting individual de-
vices in appropriate packages and connecting leads to the Al contact regions.
Very precise lead bonders are available for bonding Au or Al wire (about
one thousandth of an inch in diameter) to the device and then to the pack-
age leads. This phase of device fabrication is called back-end processing, and
is discussed in more detail in Chapter 9.
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Figure 5-9

Aluminum sputtering by Ar* ions. The Ar* ions with energies of ~1-3 keV physically dislodge Al atoms
which end up depositing on the Si wafers held in close proximity. The chamber pressures are kept low
such that the mean free path of the ejected Al atoms is long compared io the targetto-wafer separation.

The main steps in making p-n junctions using some of these unit
processes are illustrated in Fig. 5-10. Similarly, we will discuss how the key
semiconductor devices are made using these same unit processes in subse-
quent chapters.

A

In this chapter we wish to develop both a useful mathematical description of 5.2
the p-n junction and a strong qualitative understanding of its properties. EQUILIBRIUM
There must be some compromise in these two goals, since a complete math- CONDITIONS
ematical treatment would obscure the essentially simple physical features of
junction operation, while a completely qualitative description would not be
useful in making calculations. The approach, therefore, will be to describe
the junction mathematically while neglecting small effects which add little to
the basic solution. In Section 5.6 we shall include several deviations from the
simple theory.
The mathematics of p-n junctions is greatly simplified for the case of the
step junction, which has uniform p doping on one side of a sharp junction
and uniform n doping on the other side. This model represents epitaxial junc-
tions quite well; diffused or implanted junctions, however, are actually grad-
ed (N4 — N, varies over a significant distance on either side of the junction).
After the basic ideas of junction theory are explored for the step junction, we
can make the appropriate corrections to extend the theory to the graded
junction. In these discussions we shall assume one-dimensional current flow
in samples of uniform cross-sectional area.
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Top view
Figure 5-10
Simplified description of steps in the fabrication of pn junctions. For simplicity, only four diodes per
wafer are shown, and the relative thicknesses of the oxide, PR, and the Al layers are exaggerated.

In this section we investigate the properties of the step junction at equi-
librium (i.e., with no external excitation and no net currents flowing in the de-
vice ). We shall find that the difference in doping on each side of the junction
causes a potential difference between the two types of material. This is a rea-
sonable result, since we would expect some charge transfer because of dif-
fusion between the p material (many holes) and the n material (many
electrons). In addition, we shall find that there are four components of cur-
rent which flow across the junction due to the drift and diffusion of electrons
and holes. These four components combine to give zero net current for the
equilibrium case. However, the application of bias to the junction increases
some of these current components with respect to others, giving net current
flow. If we understand the nature of these four current components. a sound
view of p-n junction operation, with or without bias, will follow.
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5.2.1 The Contact Potential

Let us consider separate regions of p- and n-type semiconductor material,
brought together to form a junction (Fig. 5-11 ). This is not a practical way of
forming a device, but this “thought experiment” does allow us to discover
the requirements of equilibrium at a junction. Before they are joined, the n
material has a large concentration of electrons and few holes, whereas the
converse is true for the p material. Upon joining the two regions (Fig. 5-11),
we expect diffusion of carriers to take place because of the large carrier con-
centration gradients at the junction. Thus holes diffuse from the p side into
the n side, and electrons diffuse from n to p. The resulting diffusion current
cannot build up indefinitely, however, because an opposing electric field is
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Figure 5-11
Properfies of an
equilibrium pn
junction: (a) isolat-
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the transition re-
gion W, the result-
ing electric field €
and contact po-
tential Vo, and the
separation of the
energy bands; (c]
directions of the
four components
of particle flow
within the transi-
tion region, and
the resulting cur-
rent directions.
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created at the junction (Fig. 5-11b). If the two regions were boxes of red air
molecules and green molecules (perhaps due to appropriate types of pollu-
tion), eventually there would be a homogeneous mixture of the two after the
boxes were joined. This cannot occur in the case of the charged particles in
a p-n junction because of the development of space charge and the electric
field %. If we consider that electrons diffusing from n to p leave behind un-
compensated® donor ions (N7)in the n material, and holes leaving the p re-
gion leave behind uncompensated acceptors (N, ), it is easy to visualize the
development of a region of positive space charge near the n side of the junc-
tion and negative charge near the p side. The resulting electric field is di-
rected from the positive charge toward the negative charge. Thus % is in the
direction oppeosite to that of diffusion current for each type of carrier (recall
electron current is opposite to the direction of clectron flow). Therefore, the
ficld creates a drift component of current from n to p, opposing the diffu-
sion current (Fig. 5-11c).

Since we know that no net current can flow across the junction at equi-
librium, the current due 10 the drift of carriers in the € field must exactly
cancel the diffusion current. Furthermore, since there can be no net buildup
of electrons or holes on either side as a function of time, the drift and diffy-
sion currents must cancel for each type of carrier.

J(drift) + 7 (diff) = 0 (5-3a)
T,(drift) + J,(diff)) = 0 (5-3b)

Therefore, the electric field € builds up to the point where the net current is
zero at equilibrium. The electric field appears in some region W about the
junction, and there is an equilibrium potential difference V|, across W. In the
electrostatic potential diagram of Fig. 5-11b, there is a gradient in potential
in the direction oppesite to €, in accordance with the fundamental relation?
E(x) = —dV(x)ldx. We assume the electric field is zero in the neutral regions
outside W.Thus there is a constant potential V', in the neutral n material, a con-
stant 'V, in the neutral p material, and a potential difference V, =¥, - V, be-
tween the two. The region W is called the transition region,® and the potential
difference V;, is called the contact potential. The contact potential appearing
across Wis a built-in potential barrier, in that it is necessary to the maintenance

*We recall that neukality is maintained in the bulk materials of Fig. 5-11a by the presence of one electron
for each ionized donor (n = Nj) in the n malerial and one hole for sach ianized acceplor (p = N;)in
the p material [neglecting minority corriers). Thus, if electrans leave n, some of tha pasitive donor ions near
the junction are left uncompensated, as in Fig. 5-11b. The denors and occeplors are fixed in tha loMics, in
contrast lo the mobile electrens and halas.

"When we write €(x), we refer Io the value of € as computed in the xdirection. This value will of course
be negative, since it is directed opposite to the frue diraction of € as shown in Fig. 5-11b.

*Other names for this region ara the space charge region, since space charge exists within W while neu-
trality is maintained outside this region, and the depletion region, since W is almost depleted of carriers
compared with the rest of the crystol. The cantact potential V, is also called the diffusion potential, since it
represents a potential barrier which diffusing carriers must surmaunt in going from one side of the junction
to the other. *
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of equilibrium at the junction; it does not imply any external potential. In-
deed, the contact potential cannot be measured by placing a voltmeter across
the devices, because new contact potentials are formed at each probe, just
canceling V. By definition V} is an equilibrium quantity, and no net current
can result from it.

The contact potential separates the bands as in Fig. S-11b; the valence
and conducuon energy bands are higher on the p side of the junction than
on the n side® by the amount gV/,. The separation of the bands at equilibri-
um is just that required to make the Fermi level constant throughout the de-
vice. We discussed the lack of spatial varnation of the Fermi level at
equilibrium in Section 3.5. Thus if we know the band diagram, including E;,
for each separate material (Fig. 5-11a), we can find the band separation for
the junction at equilibrium simply by drawing a diagram such as Fig. 5-11b
with the Fermi levels aligned.

To obtain a quantitative relationship between V,, and the doping con-
centrations on each side of the junction, we must use the requirements for
equilibrium in the drift and diffusion current equations. For example, the
drift and diffusion components of the hole current just cancel at equilibrium:

. dp(x
J(x) = q[ppp(x)‘é‘.(x] = Dp ';fr )] =0 (5-4a)
This equation can be rearranged to obtain
Moy _ 1 dplx) g
ke R (5-4b)

where the x-direction is arbitrarily taken from p to n. The electric field can
be written in terms of the gradient in the potential, €(x) = —-d¥ (x)/dx, so that
Eq. (5-4b) becomes

g dV(x) 1 dplx) (5-5)
kT dx p(x) dx s

with the use of the Einstein relation for . /D,. This equation can be solved -

by integration over the appropriate limits. In this case we are interested in the
potential on either side of the junction, ¥, and ¥,, and the hole concentra-
tion just at the edge of the transition region on either side, p, and p,,. For a
step junction it is reasonable to take the electron and hole concentration in
the neutral regions outside the transition region as their equilibrium values.
Since we have assumed a one-dimensional geometry, p and V" can be taken
reasonably as functions of x only. Integration of Eq. (5-5) gives

“The electron energy diagram of Fig. 5-11b is reloted 1o the elecirostatic potential diagram by —q, the
negotive charge on the electron. Since ¥, is o higher potentiol than ¥, by the amount V;, the electron en-
ergies on the n side are lower thon those on the p side by gV,

161
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Yo Pr
q I
T dV = J pdp
’ Py
q Pn .
_E(vn = an) =lnp,—Inp,= [nF (5 6)

P

The potential difference ¥V, — ¥, is the contact potential V; (Fig. 5-11b).
Thus we can write ¥} in terms of the equilibrium hole concentrations on ei-
ther side of the junction:

kT Pp
Vo=—In— 5-7
0 p = { )

If we consider the step junction to be made up of material with N,
acceptors/cm’ on the p side and a concentration of N, donors on the n side,
we can write Eq. (5-7) as

_kT No _ kT NiNg

V n = n
i q ni/N, q nt

(5-8)

by considering the majority carrier concentration to be the doping concen-
tration on each side.
Another useful form of Eq. (5-7) is

Pr

o™ ke (5-9)
n

By using the equilibrium condition p,n, = n{ = p,n,, we can extend Eq. (5-9)
to include the electron concentrations on either side of the junction:

P, n, ;
f e G e"”ﬂj (5-10)
n P

This relation will be very valuable in calculation of the /-V characteristics of
the junction.

EXAMPLE 5-1

An abrupt Si p-n junction has N, = 107 cm™ on the p side and N, = 10" ¢cm™
on the n side. At 300 K, (a) calculate the Fermi levels, draw an equilibrium
band diagram and find V|, from the diagram; (b) compare the result from (a)
with V, calculated from Eq. (5-8).

(a) Find Eron each side

17
E, - Ep=kT ln% = 00259 In 0

, 15 x 100) _ 2407V



Junctions

16

n 10
— FE. = kT In—=2 = 0.0259 In ————— =
Ef - E, " s X 109) 0.347 eV

qVe = 0407 + 0.347 = 0.754 eV

]
0.754 ¢V

(b) Find V, from Eq. (5-8)

107
n’ 2.25 X 10%

NENG' -
qVo = kT In =52 = 0,0259 In = 0.754 eV
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'5.2.2  Equilibrium Fermi Levels

We have observed that the Fermi level must be constant throughout the de-
vice at equilibrium. This observation can be easily related to the results of the
previous section. Since we have assumed that p, and p, are given by their
equilibrium values outside the transition region, we can write Eq. (5-9) in
terms of the basic definitions of these quantities using Eq. (3-19):

~(Ep,~E.,JKT
L S el (5-112)
Pn N, e~ Era=EJkT ] ’
eq'l-‘,,.-’k;" - e(.F.‘"—.E',,.J__-’lTe!‘E,,—E_,,],'iT {ﬁ—i 1h)
qVo = E., - E,, (5-12)

The Fermi level and valence band energies are written with subscripts to in-
dicate the p side and the n side of the junction.

From Fig. 5-11b the energy bands on either side of the junction are
separated by the contact potential V|, times the electronic charge q; thus the
energy difference E,, = E,, is just gV,,. Equation (5-12) results from the fact
that the Fermi levels on either side of the junction are equal at equilibrium
(Epn — Eg, = 0). When bias is applied to the junction, the potential barrier is
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raised or lowered from the value of the contact potential,and the Fermi lev-
els on either side of the junction are shifted with respect to each other by an
energy in electron volts numerically equal to the applied voltage in volts.
5.2.3 Space Charge at a Junction
Within the transition region, electrons and holes are in transit from one side
of the junction to the other. Some electrons diffuse from n to p, and some are
swept by the electric ficld from p to n (and conversely for holes); there are,
however, very few carriers within the transition region at any given time,
since the electric field serves to sweep out carriers which have wandered
into W.To a good approximation, we can consider the space charge within
the transition region as due only to the uncompensated donor and acceptor
ions. The charge density within W is plotted in Fig. 5-12b. Neglecting carri-
ers within the space charge region, the charge density on the n side is just g
Figure 5-12 Charge density
Space charge ; ’
and electric field AN
distribution within e ,
the transition re- | (+) = Q. = gAxuNg
gion of a p-n junc- P
tion with Ny > N, (b)
[a] the transition ~ 0 (=) *an , *
region, with x = 0 % .
defined at the s Ll
metallurgical junc- Q- = -qAxuNg
_ tion; (b} charge
density within the
transition region, & (&)
neglecting the
free carriers; (c} _
the electric fiald =0 g
distribution, (c) ' '
where the Yefer- Il %n0 %
ence direction for : :
€ is arbitrarily I‘;i = l—(—ff-"'.. 7 . (:ér = 1; LNy
taken as the &y
+xdirection.
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times the concentration of donor ions N, and the negative charge density on
the p side is —g times the concentration of acceptors N,. The assumption of
carrier depletion within W and neutrality outside W is known as the deple-
tion approximation.

Since the dipole about the junction must have an equal number of
charges on either side] (Q, = 10Q_1), the transition region may extend into the
p and n regions unequally, depending on the relative doping of the two sides.
For example, if the p side is more lightly doped than the n side (N, < N,y),the
space charge region must extend farther into the p material than into the n,
to “uncover” an equivalent amount of charge. For a sample of cross-sectional
area A, the total uncompensated charge on either side of the junction is

gAx N, = gAx, N, (5-13)

where x, is the penetration of the space charge region into the p material.
and x,is the penetration into n. The total width of the transition region (W)
is the sum of x,q and x .

To calculate the electric field distribution within the transition region,
we begin with Poisson’s equaiion, which relates the gradient of the electric
field to the local space charge at any point x:

dé
) _ 9, s Ny - W) (5-14)
dx 3

This equation is greatly simplified within the transition region if we neglect
the contribution of the carriers (p — n) to the space charge. With this ap-
proximation we have two regions of constant space charge:

dé€ g

E; = ;Ndv 0<x< Xty {S_]SR)
dé g :
s EN"‘ xp < x<0 (5-15b)

assuming complete ionization of the impurities (N = N, and(N; = N,).
We can see from these two equations that a plot of €(x) vs. x within the tran-
sition region has two slopes, positive (€ increasing with x) on the n side and
negative (€ becoming more negative as x increases) on the p side. There is
some maximum value of the field €, at x = 0 (the metallurgical junction be-
tween the p and n materials), and #(x) is everywhere negative within the
transition region (Fig. 5-12¢). These conclusions come from Gauss's law, but
we could predict the qualitative features of Fig. 5-12 without equations. We

?A simple way of remembering this equol charge requirement is fo riofe fhat electric fiux lines must begin
and end on charges of oppasite sign. Therefore, it @, anc @ were nor of equal mognitude, the electric
field would not be contained within W but would extend fariher into the g of n regions until the enclosed
charges became equal.
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expect the electric ficld €(x) to be negative throughout W_since we know that
the ¥ field actually points in the —x-direction, from n to p (i-e., from the pos-
itive charges of the transition region dipole toward the negative charges).
The electric field is assumed to go to zero at the edges of the transition re-
gion, since we are neglecting any small & field in the neutral n or p regions.
Finally, there must be a maximum %, at the junction, since this point is be-
tween the charges O, and Q on cither side of the transition region. All the
electric flux lines pass through the x =0 plane, so this is the obvious point of
maximum electric field.

The value of &; can be found by integrating either part of Eq. (5-15)
with appropriate limits (see Fig. 5-12c in choosing the limits of integration).

(1] Lo
f dé = EN,IJ dr, Q<x=a, {5-16a)
€, E 0
& g i
J dé = —-é-N“J dx, —Xpp < x <0 (5-16b)
i ~Xa

Therefore, the maximum value of the electric field is

" Iy 7 }
Ii{:“ = _;j.lv"va’xml = "_-Ei-’vux;i} {5-1 ?}

Itis simple to relate the electric field 1o the contact potential V), since
the € field at any x is the negative of the potential gradient at that point:

dV(x)
dx

E(x) = ~ or —WVy= J- 3 &(x)dx (5-18)

Thus the negative of the contact potential is simply the area under the €(x)
vs. x triangle. This relates the contact potential to the width of the deple-
tion region:

Nyx g W {(5-19)

Since the balance of charge requirement is x, N, = Lyi¥,. and Wis simply x4
b X, We can write x,, = WNJ/(N, + N,) in Eq. (5-19):

f?' .-'\';. ‘Nd
£

: w? (5-20)
{'\‘a -+ N{,

Vg =

B |

By solving for W. we have an expression for the width of the transition
region in terms of the contact potential, the doping concentrations, and
known constants g and e.
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” _-r2eVU(N“ - Nd)]'-*'2 N [2(1/0(_1_ & _1_)}“? g 5
|70 WA, 7 \N, "N, el

There are several useful variations of Eq. (5-21); for example, V, can
be written in terms of the doping concentrations with the aid of Eq. (5-8):

2¢kT N‘,N,,)( 1 1 )l‘q ;
= —— e o 5-
w [ = (]n 2 N + N, (5-22)

We can also calculate the penetration of the transition region into the n and
p materials:

WN, W 26V, | N, ne
t0= = — = : (5-23a)
N,+ N, 1+ N,/N, g NN, + N,)

WN w 2eV T N 1z
PSS " |
N,+ N, 1+ NN, g LNAN,+ Ny

As expected, Eqgs. (5-23) predict that the transition region extends far-
ther into the side with the lighter doping. For example, if N, <€ Ny, x,, is large
compared with x,,,. This agrees with our qualitative argument that a deep pen-
etration is necessary in lightly doped material to “uncover” the same amount
of space charge as for a short penetration into heavily doped material.

Another important result of Eq. (5-21) is that the transition width W
varies as the square root of the potential across the region. In the derivation
to this point, we have considered only the equilibrium contact potential V.
In Section 5.3 we shall see that an applied voltage can increase or decrease
the potential across the transition region by aiding or opposing the equilib-
rium electric field. Therefore, Eq. (5-21) predicts that an applied voltage will
increase or decrease the width of the transition region as well.
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Boron is implanted into an n-type Si sample (N, = 10" cm ™), forming an
abrupt junction of square cross section, with area = 2 X 10~* cm’. Assume that
the acceptor concentration in the p-type region is N, =4 X 10'® cm™. Cal-
culate Vi, X0, X0, Q.. and &, for this junction at equilibrium (300 K). Sketch
¢€(x) and charge density to scale, as in Fig. 5-12.

From Eq. (5-8),

kT  N,N, 4 x 10%
U = 00259 In————
g n’ 225 x 10

= 0.0259n(1.78 X 10™) = 0.85 V

EXAMPLE 5-2
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From Eq. (5-21),

W = [2€V¢1:’L+ L)Jlrz
q Nn- Nd

3 [2(11.3 X 8.85 X 10 1)(0.85)
1.6 X 1077

12
(025 x 107" + 10716

=334 x 10 *cm = 0.334 pm

plx)
1"16q
l T
—4x10%g
& (x)
g s
-5.1x104
From Eq. (5-23),
334 x 10°°
Xp = mis— = (.333 pm
334 % 10°°
X0 ‘—‘Wﬁ B3IX 10°%cm =83 A

Note that x,, = W.
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0, = -Q. = gAx N, = (1.6 X 107%)(2 X 107)(3.33 X 107°)(10")
=107 x 107°C
% = ~gNyx _ —(1.6 x 1071%)(10'%)(3.3 :c 1079)
€ (11.8)(8.85 x 10 '9)
= =51 % 10" V/em
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Onz useful feature of a p-n junction is that current flows quite freely in the
p to n direction when the p region has a positive external voltage bias rela-
tive to n (forward bias and forward current), whereas virtually no current
flows when p is made negative relative to n (reverse bias and reverse current).
This asymmetry of the current flow makes the p-n junction diode very use-
ful as a rectifier. While rectification is an important application, it is only the
beginning of a host of uses for the biased junction. Biased p-n junctions can
be used as voltage-variable capacitors, photocells, light emitters, and many
more devices which are basic to modern electronics. Two or more junctions
can be used to form transistors and controlled switches.

In this section we begin with a qualitative description of current flow
in a biased junction. With the background of the previous section, the basic
features of current flow are relatively simple to understand, and these qual-
itative concepts form the basis for the analytical description of forward and
reverse currents in a junction.

5.3.1 Quadlitative Description of Current Flow at a Junction

We assume that an applied voltage bias V appears across the transition re-
gion of the junction rather than in the neutral n and p regions. Of course,
there will be some voltage drop in the neutral material, if a current flows
through it. But in most p-n junction devices, the length of each region is small
compared with its area, and the doping is usually moderate to heavy; thus the
resistance is small in each neutral region, and only a small voltage drop can
be maintained outside the space charge (transition) region. For almost all
calculations it is valid to assume that an applied voltage appears entirely
across the transition region. We shall take V to be positive when the exter-
nal bias is positive on the p side relative to the n side.

5.3
FORWARD- AND
REVERSE-BIASED
JUNCTIONS;
STEADY STATE
CONDITIONS
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Since an applied voltage changes the electrostatic potential barrier and
thus the electric field within the transition region, we would expect changes
in the various components of current at the junction (Fig. 5-13). In addition,
the separation of the energy bands is affected by the applied bias, along with
the width of the depletion region. Let us begin by examining qualitatively the
effects of bias on the important features of the junction.

The electrostatic potential barrier at the junction is lowered by a for-
ward bias V,from the equilibrium contact potential V; to the smaller value
Vi, — V. This lowering of the potential barrier occurs because a forward bias
(p positive with respect to n) raises the electrostatic potential on the p side
relative to the n side. For a reverse bias (V = -V,) the opposite occurs; the
electrostatic potential of the p side is depressed relative to the n side, and
the potential barrier at the junction becomes larger (V, + V,). "

The electric field within the transition region can be deduced from the
potential barrier. We notice that the field decreases with forward bias, since
the applied electric field opposes the built-in field. With reverse bias the field
at the junction is increased by the applied field, which is in the same direc-
tion as the equilibrium field.

The change in electric field at the junction calls for a change in the wan-
sition region width W, since it is still necessary that a proper number of pos-
itive and negative charges (in the form of uncompensated donor and acceptor
ions) be exposed for a given value of the € field. Thus we would expect the
width W to decrease under forward bias (smaller €, fewer uncompensated
charges) and to increase under reverse bias. Equations (5-21) and (5-23) can
be used to calculate W, x,, and x,,, if V; is replaced by the new barrier height'
Vo= V.

The separation of the energy bands is a direct function of the elec-
trostatic potential barrier at the junction. The height of the electron en-
ergy barrier is simply the electronic charge ¢ times the height of the
electrostatic potential barrier. Thus the bands are separated less [g(V, — V)l
under forward bias than at equilibrium, and more [¢(V, + V,)] under re-
verse bias. We assume the Fermi level deep inside each neutral region is
essentially the equilibrium value (we shall return to this assumption later);
therefore, the shifting of the energy bands under bias implies a separa-
tion of the Fermi levels on either side of the junction, as mentioned in
Section 5.2.2. Under forward bias, the Fermi level on the n side Eg, is
above Eg, by the energy qV;: for reverse bias, Ey, is gV, joules higher
than Ej,. In energy units of electron volts, the Fermi levels in the two neu-
tral regions are separated by an energy (eV) numerically equal 1o the ap-
plied voliage (V).

*With bios opplied to the junction, the 0 in the subscripts of x,, and %, does not imply aquilibrium. In-
stead, it signifies the origin of a new set of coordinates, x, = O ond %, = 0, as defined later in Fig. 5-15.
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() (b) (©) Figure 5-13
Equilibrium Forward bias Reverse bias Effects of a bias at
(V=0 (vV=v) |l 4 @ p-n junction;

transition region
width and electric
field, electrostatic
potential, energy
band diagram,
and particle flow
and current direc-
tions within W for
[a) equilibrium,
(b} forward bias,
and (c) reverse
bias.

Particle Current Particle Current Particle Current
flow flow flow
(1) —» — —_— | — - -
(2} --— - -— - -— -—
(3) - - e | cme- S --
(4) ==~ -- - - - -——
(1) Hole diffusion (3) Electron diffusion
(2) Hole drift (4} Electron drift

The diffusion current is composed of majority carrier electrons on the
n side surmounting the potential energy barrier to diffuse to the p side, and
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|

holes surmounting their barrier from p to n.? There:is a distribution of ener-
gies for electrons in the n-side conduction band (Fig. 3-16), and some elec-
trons in the high-energy “tail” of the distribution have enough cnergy to
diffuse from n to p at equilibrium in spite of the barrier. With forward bias,
however, the barrier is lowered (to V;, — V/), and many more electrons in
the n-side conduction band have sufficient energy to diffuse from n to p over
the smaller barrier. Therefore, the electron diffusion current can be quite
large with forward bias. Similarly, more holes can diffuse from p to n under
forward bias because of the lowered barrier. For reverse bias the barrier be-
comes so large (V, + V,) that virtually no electrons in the n-side conduction
band or holes in the p-side valence band have cnough energy to surmount
it. Therefore, the diffusion current is usually negligible for reverse bias.

The drift current is relatively insensitive to the height of the potential
barrier. This sounds strange at first, since we normally think in terms of ma-
terial with ample carriers, and therefore we expect drift current to be simply
proportional to the applied field. The reason for this apparent anomaly is the
fact that the drift current is limited not by how fast carriers are swept down the
barrier, bur rather how often. For example, minority carrier electrons on the p
side which wander into the transition region will be swept down the barrier by
the € field, giving rise to the electron component of drift current. However, this
current is small not because of the size of the barrier, but because there are very
few minority electrons in the p side to participate. Every electron on the p
side-which diffuses to the transition region will be swept down the potential
energy hill, whether the hill is large or small. The electron drift current does
not depend on how fast an individual electron is swept from p to n,but rather
on how many electrons are swept down the barrier per second. Similar com-
ments apply regarding the drift of minority holes from the n side to the p side
of the junction. To a good approximation, therefore, the electron and hole drift
currents at the junction are independent of the applied voltage.

The supply of minority carriers on each side of the junction required to
participate in the drift component of current is generated by thermal exci-
tation of electron-hole pairs. For example, an EHP created near the junc-
tion on the p side provides a minority electron in the p material. If the EHP
is generated within a diffusion length L, of the transition region, this electron
can diffuse to the junction and be swept down the barrier to the n side. The
resulting current due to drift of generated carriers across the junction is com-
monly called the generation current since its magnitude depends entirely on

"Remember that the polential energy barriers for electrons and holes are directed oppositely. The barrier for
electrons is apparent from the energy band diagram, which is abwaye drawn for electron energies. Far holes,
the potential energy barrier ot the junction has the same shape as the slectrostatic potential barrier (the con-
version focior between electrostatic potential and hole energy is +g). A simple check of these two barrier di-
rections can be made by asking the directions in which corriers are swept by the  field within the ransition
region—a hole is swept in the direction of €, from n to p (swept down the potential “hill” for holes); an elec-
fron is swept opposite ko €, from p o n (swept down the potential energy “hill” for electrons).
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the rate of generation of EHPs. As we shall discuss later, this generation cur-
rent can be increased greatly by optical excitation of EHPs near the junction
(the p-n junction photodiode).

The total current crossing the junction is composed of the sum of the dif-
fusion and drift components. As Fig. 5-13 indicates, the electron and hole
diffusion currents are both directed from p ton (although the particle flow
directions are opposite to each other), and the drift currents are from n to p.
The net current crossing the junction is zero at equilibrium, since the drift and
diffusion components cancel for each type of carrier (the equilibrium elec-
tron and hole components need not be equal, as in Fig. 5-13, as long as the
net hole current and the net electron current are each zero). Under reverse
bias, both diffusion components are ne gligible because of the large ba rrier at
the junction, and the only current is the relatively small (and essentially voltage-
independent) generation current from n to p. This generation current is shown
in Fig. 5-14, in a sketch of a typical [V plot for a p-n junction. In this figure
the positive direction for the current I is taken from p to n, and the applied
voltage V is positive when the positive battery terminal is connected to p
and the negative terminal to n. The only current flowing in this p-n junction
diode for negative V' is the small current I(gen.) due to carriers generated in
the transition region or minority carriers which diffuse to the junction and are
collected. The current at V=0 (equilibrium) is zero since the gene ration and
diffusion currents cancel:

I = I(diff) — |[I[(gen)| =0 for V=0 " (5-24)

=

[{diff)
1= (gen)l(e?*T — 1)

[ Igen.)

The fokal current | is the sum of the generation ond diffusion components. However, these compenents
are oppositely directed, /|diff) being posifive and figen.| being negative for the chosen reference direc-
ion. To avoid conlusion of signs, we use here the mognitude of the drift current |f{gen || end include ifs
negative sign in Eq. [5-24). Thus when we wrile the term —ligen ||, there is no doubt that the generation
current is in the negafive current direction. This approoach emphasizes the fact that the two components of
current add with opposite signs fo give the total current.
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As we shall see in the next section, an applied forward bias V = Vin-
creases the probability that a carrier can diffuse across the junction, by the
factor exp (qV;/kT). Thus the diffusion current under forward bias is given
by its equilibrium value multiplied by exp (gV/kT); similarly, for reverse bias
the diffusion current is the equilibrium value reduced by the same factor,
with V = -V _. Since the equilibrium diffusion current is equal in magnitude
to |/(gen.)|, the diffusion current with applied bias is simply |/(gen.)|
exp(gV/kT). The total current / is then the diffusion currént minus the ab-
solute value of the generation current, which we will now refer to as /i

1= L7 - 1) (5-25)

In Eq. (5-25) the applied voltage V can be positive or negative, V = V;
or V =-V,. When Vis positive and greater than a few kTlq (kT/qg =0.0259V
at room temperature), the exponential term is much greater than unity. The
current thus increases exponentially with forward bias. When V is negative (re-
verse bias), the exponential term approaches zero and the current is — [,
which is in the n to p (negative) direction. This negative generation current
is also called the reverse saturation current. The striking feature of Fig. 5-14
is the nonlinearity of the /-V characteristic, Current flows relatively freely
in the forward direction of the diode, but almost no current flows in the re-
verse direction.

5.3.2 Carrier Injection

From the discussion in the previous section, we expect the minority carrier
concentration on each side of a p-n junction to vary with the applied bias
because of variations in the diffusion of carriers across the junction. The equi-
librium ratio of hole concentrations on each side

Pr . gvisr (5-26)

becomes with bias (Fig. 5-13)

A=%0) _ qve-vpr
P(x50)

This equation uses the altered barrier V, — V to relate the steady state
hole concentrations on the two sides of the transition region with either for-
ward or reverse bias (V positive or negative). For low-level injection we can
neglect changes in the majority carrier concentrations. Although the absolute
increase of the majority carrier concentration is equal to the increase of the
minority carrier concentration in order to maintain space charge neutrality,
the relative change in majority carrier concentration can be assumed to vary

(5-27)
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only slightly with bias compared with equilibrium values With this simplifi-
cation we can write the ratio of Eq. (5-26) to (5-27) as

x
%l = ¢™*T  taking p(—x,) = P, (5-28)
With forward bias, Eq. (5-28) suggests a greatly increased minonity carrier hole
concentration at the edge of the transition region on the n side p(x,o) than was
the case at equilibrium. Conversely, the hole concentration p(x,,) under reverse
bias (V negative) is reduced below the equilibrium value p,,. The exponential in-
crease of the hole concentration at x,, with forward bias is an example of #unornry
carricr injection. As Fig. 5-15 suggests, a forward bias V results in a steady state
injection of excess holes into the n region and electrons into the p region. We can
casily calculate the excess hole concentration Ap, at the edge of the transition
region X,y by subtracting the equilibrium hole concentration from Eq. (5-28).

E\ﬂn = plx,0) — Pa = P — 1) : (5-29)

and similarly for excess electrons on the p side,

| An, = n(-*xpu) = Hy= np(e‘fv'!n s m (5-30))

From our study of diffusion of excess carriers in Section 4.4.4, we expect
that injection leading to a steady concentration of Ap, excess holes at x,o will
produce a distribution of excess holes in the n material. As the holes diffuse
deeper into the n region, they recombine with electrons in the n material,
and the resulting excess hole distribution is‘obtained as a solution of the dif-
fusion equation, Eq. (4-34b). If the n region is long compared with the hole
diffusion length L,, the solution is exponential, as in Eq. (4-36). Similarly. the
injected electrons in the p material diffuse and recombine, giving an expo-
nential distribution of excess electrons. For convenience, let us define two
new coordinates (Fig. 5-15): Distances measured in the x-direction in the n
material from x,, will be designated x,; distances in the p material measured
in the —x-direction with —x,, as the origin will be called x,, This convention will
simplify the mathematics considerably. We can write the diffusion equation
as in Eq. (4-34) for each side of the junction and solve for the distributions
of excess carriers (8n and 8p) assuming long p and n regions:

| 8n(x,) = An,e™*br = ny(e? - l)e_‘“""j (5-31a)
L -

i

- Ap”e‘—x,‘a.[., = p"(eqv,-rr i i)e—x.,-l'.,

{5-31h)

| 8p(x,),
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Figure 5-15

Forward-biased junction: (a) minerity carrier distributions on the two sides of the transition region and
definitions of distances x, and x, measured from the transition region edges; (b) variation of the quasi-
Fermi levels with position.

The hole diffusion current at any point x,,, in the n material can be cal-
culated from Eqg. (4-40):

dép(x,) D, D,
=gqA—Ape ™l = qA—=8 5-32
&, g hee oy Pxa) (5-32)

Ip(xn) = *hqADp

where A is the cross-sectional area of the junction. Thus the hole diffusion
current at each position x, is proportional to the excess hole concentration
at that point." The total hole current injected into the n material at the junc-
tion can be obtained simply by evaluating Eq. (5-32) at x,:

qAD, qAD,
L. P™"F
P P

I(x,=0)= P — 1) (5-33)

"'"With corrier injection due o bias, it is clear that the equilibrium Fermi levels connot be used fa describe
carfier concentrations in the device. It is necessary 1o use tha concept of quasiFermi levels, taking into oc-
count tha spafial variations of the carrier concentrations.
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By a similar analysis, the injection of electrons into the p material leads
to an electron current at the junction of

AD, AD,
I(x, =0) = —ﬂf—an, = —EL— (e — 1) (5-34)
n n

The minus sign in Eq. (5-34) means that the electron current is opposite to
the xp-di:ection; that is. the true direction of 1, is in the +x-direction, adding
to I, in the total current (Fig. 5-16). If we neglect recombination in the transi-
tion region, which is known as the Shockley ideal diode approximation. we
can consider that each injected electron reaching —x,, must pass through ;.
Thus the total diode current 7 at x,, can be calculated as the sum of /,(x,, = 0)
and -1,(x, = 0). If we take the +x-direction as the reference direction for the
total current /, we must use a minus sign with /,(x,) to account for the fact that
x,, is defined in the —x-direction:

AD AD
I = 1(x,=0) = Ix, = 0) = ——"ap, + 2=

i L An, (5-35)

D B X o :
‘ I = qA(-—f-p,, + "np}(e"""” - 1) = I(e™* - 1)

5-36
7 L (5-36)

P

Equation (5-36) is the diode equation, having the same form as the
qualitative relation Eq. (5-25). Nothing in the derivation excludes the pos-
sibility that the bias voltage V can be negative: thus the diode equation de-
scribes the total current through the diode for either forward or reverse bias.
We can calculate the current for reverse bias by letting V = -V

D, L N oot
F= q*“('f,,n. + L,,"p)(‘-’ AT 1) (5-37a)

If V, is larger than a few kT7g, the total current is just the reverse satura-
tion current

D D
{= —qA(—"p,, Wil ) = —1I, (5-37b)
L,

One implication of Eq. (5-36) is that the total current at the junction
is dominated by injection of carriers from the more heavily doped side into
the side with lesser doping. For example, if the p material is very heavily
doped and the n region is lightly doped, the minority carrier concentration
on the p side (n,) is negligible compared with the minority carrier concen-
tration on the n side (p,,). Thus the diode equation can be approximated by
injection of holes only, as in Eq. (5-33). This means that the charge stored in
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Figure 5-16

Two methods for
calculating junc-
tion current from
the excess minori-
ty carrier distribu-
tions: (a) diffusion
currents at the
edges of the tran-
sition region; (b)
charge in the dis-
tributions divided
by the minority
carrier lifetimes;
(c) the diode
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the minority carrier distributions is due mostly to holes on the n side. For
example, to double the hole current in this p*-n junction one should not
double the p* doping, but rather reduce the n-type doping by a factor of two.
This structure is called a p*-n junction, where the + superscript simply
means heavy doping. Another characteristic of the p'-n or n’-p structure is
that the transition region extends primarily into the lightly doped region,
as we found in the discussion of Eq. (5-23). Having one side heavily doped
is a useful arrangement for many practical devices, as we shall see in our dis-
cussions of switching diodes and transistors. This type of junction is com-
mon in devices which are fabricated by counterdoping. For example, an n-type
Si sample with N, = 10" em ™ can be used as the substrate for an implanted
or diffused junction. If the doping of the p region is greater than 10" ¢m™*
(typical of diffused junctions), the structure is definitely p’-n, with n, more
than five orders of magnitude smaller than p,. Since this configuration is
common in device technology, we shall return to it in much of the follow-
ing discussion.

Figure 5-15b shows the quasi-Fermi levels as a function of position for
a p-n junction in forward bias The equilibrium Eis split into the quasi-Fermi
levels, F,, and F, which are separated within W by an energy gV caused by the
applied bias, V. This encrgy represents the deviation from equilibrium (see
Section 4.3.3). In forward bias in the depletion region we thus get

pn = nleFFIKT = pleldVID (5-38)

On either side of the junction, it is the minority carrier quasi-Fermi level that
varies the most. The majority carrier concentration is not affected much, so
the majority carrier quasi-Fermi level is close to the original E. We see that
the quasi-Fermi levels are more or less flat within the depletion region, which
appears to be inconsistent with what we learned in Section 4.4.6 about the
current flow being proportional to the gradient of the quasi-Fermi levels.
Keeping in mind that for an ideal diode, the electron (and hole) current is
constant across the depletion region, we see that within the depletion region
the product of the gradient of the quasi-Fermi level and the carrier concen-
{ration must be independent of position. For a given current, the gradient in
the quasi-Fermi level must be significant for minority carriers, since the car-
rier concentration is small (see Eq.4-52). On the other hand, for majority car-
riers, very little gradient is needed in the quasi-Fermi level. Within W there
is an intermediate situation, where the carrier concentration is changing from
majority on one side to minority on the other. Although there is some vari-
ation in £, and F,, within W, it doesn’t show up on the scale used in Fig. 5-15.
A homework problem with typical values should help clarify the concept
(Prob. 5.21). Outside of the depletion regions, the quasi-Fermi levels for the
minority carriers vary linearly and eventually merge with the Fermi levels. In
contrast, the minority carrier concentrations decay exponentially with dis-
tance. In fact it takes many diffusion lengths for the quasi-Fermi level to cross
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E;, where the minority carrier concentration is equal to the intrinsic carrier
concentration, let alone approach E;, where for example 8p(x,) = p,.

Another simple and instructive way of calculating the total current is
to consider the injected current as supplying the carriers for the excess dis-
tributions (Fig. 5-16b). For example, I(x, = 0) must supply enough holes per
second to maintain the steady state exponential distribution &p(x,) as the
holes recombine. The total positive charge stored in the excess carrier dis- -
tribution at any instant of time is '

X

0, = qu ap(x,)dx, = gAA p"J e /b, = gAL,Ap, (5-39)
(] (]

The average lifetime of a hole in the n-type material is 7,. Thus, on
the average, this entire charge distribution recombines and must be re-
plenished cvery 7, seconds. The injected hole current at x,, = 0 needed to
maintain the distribution is simply the total charge divided by the average
time of replacement:

L D
I(x,=0)= & _ gA=2Ap, = gA-ZAp, (5-40)
T Ty L,

P

using D, = L,/7,.

This is the same result as Eq. (5-33), which was caiculated from the dif-
fusion currents. Similarly, we can calculate the negative charge stored in the
distribution &n(x,) and divide by 1, to obtain the injected electron current in
the p material. This method, called the charge control approximation, illus-
trates the important fact that the minority carriers injected into either side of
a p-n junction diffuse into the neutral material and recombine with the ma-
jority carriers. The minority carrier current [for example, /,(x,)] decreases ex-
ponentially with distance into the neutral region. Thus several diffusion lengths
away from the junction, most of the total current is carried by the majority car-
riers. We shall discuss this point in more detail later in this section.

In summary, we can calculate the current at a p-n junction in two ways
(Fig. 5-16): (a) from the slopes of the excess minority carrier distributions at
the two edges of the transition regions and (b) from the steady state charge
stored in each distribution. We add the hole current injected into the n mate-
rial [(x, = 0) to the electron current injected into the p material /,,(x, = 0), after
including a minus sign with 1,(x,) to conform with the conventional definition
of positive current in the +x-direction, We are able to add these two currents
because of the assumption that no recombination takes place within the tran-
sition region. Thus we effectively have the total electron and hole current at
one point in the device (x,,). Since the total current must be constant through-
out the device (despite variations in the current components), / as described
by Eq. (5-36) is the total current at every position x in the diode.

The drift of minority carriers can be neglected in the neutral regions out-
side W, because the minority carrier concentration is small compared with that
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of the majority carriers. If the minority carriers contribute to the total current
at all, their contribution must be through diffusion (dependent on the gradien:
of the carrier concentration). Even a very small concentration of minority car-
riers can have an appreciable effect on the current if the spatial variation is large.

Calculation of the majority carrier currents in the two neutral regions
is simple, once we have found the minority carrier current. Since the total
current  must be constant throughout the device, the majority carrier com-
ponent of current at any point is just the difference between [ and the mi-
nority component (Fig. 5-17). For example, since I (x,) is proportional to the
excess hole concentration at each position in the n material [Eq. (5-32)], it
decreases exponentially in x,, with the decreasing 8p(x,). Thus the electron
component of current must increase appropriately with x, to maintain the
total current /. Far from the junction, the current in the n material is carried
almost entirely by electrons. The physical explanation of this is that electrons
must flow in from the n material (and ultimately from the negative terminal
of the battery), to resupply electrons lost by recombination in the excess hole
distribution near the junction. The electron current /,(x,) includes sufficient

{,rAD

L) = = L Ape~'Lp
P

1(x,) = 1 = Ip(x,)

*»

Figure 5-17

Electron and hole components of current in a forward-biased pn junction. In this example, we have o
higher injected minority hole current on the n-side than electron current on the p side because we have a
lower n doping than p doping.
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electron flow to supply not only recombination near x,,, but also injection of
electrons into the p region. Of course, the flow of electrons in the n materi-
al toward the junction constitutes a current in the +x-direction, contributing
to the total current 1.

One question that still remains to be answered is whether the majori-
ty carrier current is due to drift or diffusion or both, at different points in
the diode. Near the junction (just outside of the depletlon regions) the ma-
jority carrier concentration changes by exactly the same amount as minori-
ty carriers in order to maintain space charge neutrality. The majority carrier
concentration can change rather fast, in a very short time scale known as the
dielectric relaxation time, 7, (=pe), where p is the resistivity and e is the di-
electric constant. The relaxation time Ty, is the analog of the RC time constant
in a circuit. Very far away from the junction (more than 3 to 5 diffusion
lengths), the minority carrier concentration decays to a low, constant back-
ground value. Hence, the majority carrier concentration also becomes inde-
pendent of position. Here, clearly the only possible current component is
majority carrier drift current. When approaching the junction there is a spa-
tially varying majority (and minority) carrier concentration and the majori-
ty carrier current changes from pure drift to drift and diffusion, although
drift always dominates for majority carriers except in cases of very high lev-
els of injection. Throughout the diode, the total current due to majority and
minemrity carriers at any cross section is kept constant.

We thus note that the electric field in the neutral regions cannot be
zero as we previously assumed; otherwise, there would be no drift currents.
Thus our assumption that all of the applied voltage appears across the tran-
sition region is not completely accurate. On the other hand, the majority car-
rier concentrations are usually large in the neutral regions, so that only a
smaf! field is needed to drive the drift currents. Thus the assumption that
junction voltage equals applied voltage is acceptable for most calculations,

EXAMPLE 5-3

Find an expression for the electron current in the n-type material of a forward-
biased p-n junction.

The total current is

D, D
= S e pAVIRT _ 1
! qA( 7P L"np)( )

The hole current on the n side is

D,
(xn} QA—P,f xJL,(eqv,.fkT )
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Thus the electron current in the n material is

D" —x L D, V/kT
Iix,) =1-1,(x,) =qA }:‘U = et Ty e — 3}
(2

n

This expression includes the supplying of electrons for recombination
with the injected holes, and the injection of electrons across the junction
into the p side,

5.3.3 Reverse Bias

In our discussion of carrier injection and minority carrier distributions,
we have primarily assumed forward bias. The distributions for reverse bias
can be obtained from the same equations (Fig. 5-18). if a negative value of
V is introduced. For example. if V = -V, (p negatively biased with respect to
n), we can approximate Eq. (5-29) as

Ap, = ple® VYT — 1) = —p, forV, > kT/q (5-41)

and similarly An, = -n,,.

Thus for a reverse bias of more than a few tenths of a volt, the minori-
ty carrier concentration at each cdge of the transition region becomes es-
sentially zero as the excess concentration approaches the negative of the
equilibrium concentration. The excess minority carrier concentrations in the
neutral regions are still given by Eq. (5-31).so that depletion of carriers below
the equilibrium values extends approximately a diffusion length beyond each
side of the transition region. This reverse-bias depletion of minority carriers
can be thought of as minority carrier extraction. analogous to the injection of
forward bias. Physically, extraction occurs because minority carriers at the
edges of the depletion region are swept down the barrier at the junction to
the other side and are not replaced by an opposing diffusion of carriers For
example, when holes at x,, are swept across the junction to the p side by the
€ field, a gradient in the hole distribution in the n material exists, and holes
in the n region diffuse toward the junction. The steady state hole distribution
in the n region has the inverted exponential shape of Fig. 5-18a. It is impor-
tant to remember that although the reverse saturation current occurs at the
junction by drift of carriers down the barrier. this current is fed from each
side by diffusion toward the junction of minority carriers in the neutral re-
gions. The rate of carrier drift across the junction (reverse saturation current)
depends on the rate at which holes arrive at x,,, (and electrons at x,) by dif-
fusion from the neutral material. These minority carriers are supplied by ther-
mal generation. and we can show that the expression for the reverse saturation
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Figure 5-18

Reverse-biased p-n junction: (a) minority carrier distributions near the reverse-biased junction; (b) varia-
tion of the quasi-Fermi levels.
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current, Eq. (5-38). represents the rate at which carriers are generated ther-
mally within a diffusion length of each side of the transition region.

185

Consider a volume of n-type material of area A, with a length of one hole dif-
fusion length L. The rate of thermal generation of holes within the volume is

Pn . — P _ Pa
‘F"T_ SINCE gy = Oty = on,p, = ;_

P P

Al

Assume that each thermally generated hole diffuses out of the volume be-
fore it can recombine. The resulting hole current is / = gALp,/7p, which is
the same as the saturation current for a p*-n junction. We conclude that sat-
uration current is due to the collection of minority carriers thermally gen-
erated within a diffusion length of the junction.

In reverse bias, the quasi-Fermi levels split in the opposite sense than
in forward bias (Fig. 5-18b) The F, moves farther away from E, (closeto E,)
and F, moves farther away from E,, reflecting the fact that in reverse bias
we have fewer carriers than in equilibrium, unlike the forward bias case where
we have an excess of carriers. In reverse bias, in the depletion region,we have

pn = nle' ENET = (5-42)

It is interesting to note that the quasi-Fermi levels in reverse bias can go in-
side the bands. For example, F, goes inside the conduction band on the n-side
of the depletion region. However, we must remember that F, is a measure of
the hole concentration, and should be correlated with the valence band edge,
E..and not with E.. Hence, the band diagram simply reflects the fact that we
have very few holes in this region, even fewer than the already small equi-
librium minority carrier hole concentration (Fig. 5-18a). Similar observa-
tions can be made about the electrons.

EXAMPLE 5-4

We have found that a p-n junction biased in the reverse direction exhibits a
small, essentially voltage-independent saturation current.This is true until a crit-
ical reverse bias is reached, for which reverse breakdown occurs (Fig. 5-19).
At this critical voltage (V),) the reverse current through the diode increases
sharply, and relatively large currents can flow with little further increase in
voltage. The existence of a critical breakdown voltage introduces almost a
right-angle appearance to the reverse characteristic of most diodes.

There is nothing inherently destructive about reverse breakdown. If the
current is limited to a raasonable value by the external circuit, the p-n junction
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Figure 5-19
Reverse break-
down in a pn

junction.

Reverse satluration
current

Reverse breakdown
current

can be operated in reverse breakdown as safely as in the forward-bias condi-
tion. For example, the maximum reverse current which can flow in the device
of Fig. 5-19is (E — V|, )/R; the series resistance R can be chosen to limit the
current to a safe level for the particular diode used. If the current is not limit-
ed externally, the junction can be damaged by excessive reverse current, which
overheats the device as the maximum power rating is exceeded. It is important
to remember, however, that such destruction of the device is not necessarily due
to mechanisms unique to reverse breakdown; similar results occur if the device
passes excessive current in the forward direction.'? As we shall see in Section
5.4.4, useful devices called breakdown diodes are designed to operate in the re-
verse breakdown regime of their characteristics.

Reverse breakdown can occur by two mechanisms, each of which re-
quires a critical electric field in the junction transition region. The first mech-
anism, called the Zener effect, is operative at low voltages (up to a few volts
reverse bias). If the breakdown occurs at higher voltages (from a few volts
to thousands of volts), the mechanism is avalanche breakdown. We shall dis-
cuss these two mechanisms in this section.

5.4.1 Zener Breakdown

When a heavily doped junction is reverse biased, the energy bands become
crossed at relatively low voltages (i.e., the n-side conduction band appears

"*The dissipated power IV} in the junction is of course greater for o given current in the braakdown regime
than would be the case for forward bios, simply because V is greater.
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opposite the p-side valence band). As Fig. 5-20 indicates, the crossing of the
bands aligns the large number of empty states in the n-side conduction band
opposite the many filled states of the p-side valence band. If the barrier sep-
arating these two bands is narrow, tunneling of electrons can occur, as dis-
cussed in Section 2.4.4. Tunneling of electrons from the p-side valence band
to the n-side conduction band constitutes a reverse current from n to p; this
is the Zener effect.

The basic requirements for tunneling current are a large number of
electrons separated from a large number of empty states by a narrow bar-
rier of finite height. Since the tunneling probability depends upon the
width of the barrier (4 in Fig. 5-20), it is important that the metallurgical
junction be sharp and the doping high, so that the transition region W ex-
tends only a very short distance from each side of the junction. If the junc-
tion is not abrupt, or if either side of the junction is lightly doped, the
transition region W will be too wide for tunneling.

As the bands are crossed (at a few tenths of a volt for a heavily doped
junction), the tunneling distance d may be too large for appreciable tun-
neling. However, d becomes smaller as the reverse bias is increased, be-
cause the higher electric fields result in steeper slopes for the band edges.
This assumes that the transition region width W does not increase appre-
ciably with reverse bias. For low voltages and heavy doping on each side of
the junction, this is a good assumption. However, if Zener breakdown does
not occur with reverse bias of a few volts, avalanche breakdown will be-
come dominant.

In the simple covalent bonding model (Fig. 3-1), the Zener effect can be
thought of as field ionization of the host atoms at the junction. That is, the re-
verse bias of a heavily doped junction causes a large electric field within W
at a critical field strength, electrons participating in covalent bonds may be torm
from the bonds by the field and accelerated to the n side of the Jjunction. The
electric field required for this type of ionization is on the order of 10° V/cm.

O e

TN \ I
E
E o w—— e~ tunneling

(a) (b) (c)
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188 Chapter 5

Figure 5-21
Electron-hole pairs
created by impact

ionization: (a]
band diagram of
a p-n junciton in
reverse bias show-
ing (primary] elec-
fron gaining
kinetic energy in
the field of the de-
pletion regicn,
and creating a
(secondary)
eleciron-hole pair
by impact ioniza-
tion, the primary
electron losing
most of its kinetic
energy in the
process; [b] a sin-
gle ionizing colli
sion by an
incoming eleciron
in the depletion
region of the junc-
tion; (¢} primary,
secondary and
tertiary collisions.

5.4.2 Avalanche Breakdown

For lightly doped junctions electron tunneling is negligible, and instead, the
breakdown mechanism involves the impact ionization of host atoms by en-
ergetic carriers. Normal lattice-scattering events can result in the creation of
EHPs if the carrier being scattered has sufficient energy. For example, if the
electric field % in the transition region is large, an electron entering from the
p side may be accelerated to high enough kinetic energy to cause an ioniz-
ing collision with the lattice (Fig. 5-21a). A single such interaction results in
carrier multiplication; the original electron and the generated electron are
both swept to the n side of the junction, and the generated hole is swept to
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the p side (Fig. 5-21b). The degree of multiplication can become very high if
carriers generated within the transition region also have ionizing collisions
with the lattice. For example, an incoming electron may have a collision with
the lattice and create an EHP; each of these carriers has a chance of creat-
ing a new EHP, and each of those can also create an EHP, and so forth (Fig.
5-21c). This is an avalanche process, since each incoming carrier can initiate
the creation of a large number of new carriers.

We can make an approximate analysis of avalanche multiplication by
assuming that a carrier of either type has a probability P of having an ioniz-
ing collision with the lattice while being accelerated a distance W through the
transition region. Thus for ny, electrons entering from the p side, there will be
Pn,, ionizing collisions and an EHP (secondary carriers) for each collision.
After the Pny, collisions by the primary electrons, we have the primary plus
the secondary electrons, n1,,(1 + P). After a collision, each EHP moves effec-
tively a distance of W within the transition region. For example, if an EHP is
created at the center of the region, the electron drifts a distance W/2 to n
and the hole W/2 to p. Thus the probability that an ionizing collision will
occur due to the motion of the secondary carriers is still 2 in this simplified
model. For n;,P secondary pairs there will be (n,,P)P ionizing collisions and
n, P tertiary pairs. Summing up the total number of electrons out of the re-
gion at n after many collisions, we have

oy =Np(L+P+ P+ P+ . ..) (5-43)

assuming no recombination. In a more comprehensive theory we would
include recombination as well as different probabilities for ionizing colli-
sions by electrons and holes. In our simple theory, the electron multipli-
cation M, is

Moy
M, = 1+P+P+ P S

(5-44a)

as can be verified by direct division. As the probability of ionization P ap-
proaches unity, the carrier multiplication (and therefore the reverse current
through the junction) increases without limit. Actually, the limit on the cur-
rent will be dictated by the external circuit.

The relation between multiplication and P was easy to write in Eq.
(5-44a); however, the relation of P to parameters of the junction is much
more complicated. Physically, we expect the ionization probability to increase
with increasing electric field, and therefore to depend on the reverse bias.
Measurements of carrier multiplication M in junctions near breakdown lead
to an empirical relation

1

M=—— 5-44b
T=(V/Var e

where the exponent n varies from about 3 to 6,depending on the type of ma-
terial used for the junction,
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In general, the critical reverse voltage for breakdown increases with
the band gap of the material, since more energy is required for an ionizing
collision. Also, the peak electric field within W increases with increased dop-
ing on the more lightly doped side of the junction. Therefore, V., decreases
as the doping increases, as Fig. 5-22 indicates.

5.4.3 Rectifiers

The most obvious property of a p-n junction is its unilateral nature; that is,
to a good approximation it conducts current in only one direction. We can
think of an ideal diode as a short circuit when forward biased and as an open
circuit when reverse biased (Fig. 5-23a). The p-n junction diode does not
quite fit this description, but the I~V characteristics of many junctions can be
approximated by the ideal diode in series with other circuit elements to form
an equivalent circuit. For example, most forward-biased diodes exhibit an
offset voltage E, (see Fig. 5-33), which can be approximated in a circuit model
by a battery in series with the ideal diode (Fig. 5-23b). The series battery in
the model keeps the ideal diode turned off for applied voltages less than E,,.
From Section 5.6.1 we expect £ to be approximately the contact potential
of the junction. In some cases the approximation to the actual diode char-
acteristic is improved by adding a series resistor R to the circuit equivalent
(Fig. 5-23¢). The equivalent circuit approximations illustrated in Fig. 5-23
are called piecewise-linear equivalents, since the approximate characteristics
are linear over specific ranges of voltage and current.
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An ideal diode can be placed in series with an a-c voltage source to
provide rectification of the signal. Since current can flow only in the forward
direction through the diode, only the positive half-cycles of the input sine
wave are passed. The output voltage is a half-rectified sine wave. Whereas
the input sinusoid has zero average value, the rectified signal has a positive
average value and therefore contains a d-c component. By appropriate fil-
tering, this d-c level can be extracted from the rectified signal.

The unilateral nature of diodes is useful for many other circuit appli-
cations that require waveshaping. This involves alteration of a-c signals by
passing only certain portions of the signal while blocking other portions,

Junction diodes designed for use as rectifiers should have I-V charac-
teristics as close as possible 1o that of the ideal diode. The reverse current
should be negligible, and the forward current should exhibit little voltage
dependence (negligible forward resistance R). The reverse breakdown volt-
age should be large, and the offset voltage E; in the forward direction should
be small. Unfortunately, not all of these requirements can be met by a single
device; compromises must be made in the design of the junction to provide
the best diode for the intended application.

From the theory derived in Section 5.3 we can easily list the various
requirements for good rectifier junctions. Band gap is obviously an impor-
tant consideration in choosing a material for rectifier diodes. Since n, is
small for large band gap materials, the reverse saturation current (which
depends on thermally generated carriers) decreases with increasing E,. A
rectifier made with a wide band gap material can be operated at higher
temperatures, because thermal excitation of EHPs is reduced by the in-
creased band gap. Such temperature effects are critically important in rec-
tifiers, which must carry large currents in the forward direction and are
thereby subjected to appreciable heating. On the other hand, the contact po-
tential and offset voltage E, generally increase with E,.This drawback is usu-
ally outweighed by the advantages of low n;: for cxamplc Si is generally
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Figure 5-24
Beveled edge and
guard ring to pre-

vent edge break-
down under
reverse bias: (a)
diode with
beveled edge; (b)
closeup view of
edge, showing re-
duction of deple-
tion region near
the bevel; (c]
guard ring.

preferred over Ge for power rectifiers because of its wider band gap, lower
leakage current, and higher breakdown voltage, as well as its more conve-
nient fabrication properties.

The doping concentration on each side of the junction influences the
avalanche breakdown voltage, the contact potential, and the series resistance
of the diode. If the junction has one highly doped side and one lightly doped
side (such as a p*-n junction), the lightly doped region determines many of
the properties of the junction. From Fig. 5-22 we see that a high-resistivity
region should be used for at least one side of the junction to increase the
breakdown voltage V.. However, this approach tends to increase the for-
ward resistance R of Fig. 5-23c, and therefore contributes to the problems of
thermal effects due to R heating. To reduce the resistance of the lightly
doped region, it is necessary 1o make its area large and reduce its length.
Therefore, the physical geomerry of the diode is another important design
variable. Limitations on the practical area for a diode include problems of ob-
taining uniform starting material and junction processing over large areas. Lo-
catized flaws in junction uniformity can cause premature reverse breakdown
in a small region of the device. Similarly, the lightly doped region of the junc-
tion cannot be made arbiirarily short. One of the primary problems with a
short, lightly doped region is an effect called punch-through. Since the tran-
sition region width W increases with reverse bias and extends primarily into
the lightly doped region, it is possible for W to increase until it fills the en-
tire length of this region (Prob. 5.33). The result of punch-through is a break-
down below the value of V), expected from Fig. 5-22.

In devices designed for use at high reverse bias, care must be taken to
avoid premature breakdown across the edge of the sample. This effect can be
reduced by beveling the edge or by diffusing a guard ring to isolate the junc-
tion from the edge of the sample (Fig. 5-24). The electric field is lower at the
beveled edge of the sample in Fig. 5-24b than it is in the main body of the de-
vice. Similarly, the junction at the lightly doped p guard ring of Fig. 5-24¢
breaks down at higher voltage than the p*-n junction. Since the depletion
region is wider in the p ring than in the p* region, the average electric field
is smaller at the ring for a given diode reverse voltage.

(a) (b) (c)
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(a) (b) (c)

In fabricating a p*-n or a p-n” junction, it is common to terminate the
lightly doped region with a heavily doped layer of the same type (Fig. 5-25a),
to ease the problem of making ohmic contact to the device. The result is a
p'-n-n’ structure with the p*-n layer serving as the active junction, or a p*-p-n°
device with an active p-n* junction. The lightly doped center region deter-
mines the avalanche breakdown voltage. If this region is short compared
with the minority carrier diffusion length, the excess carrier injection for
large forward currents can inctease the conductivity of the region signifi-
cantly. This type of conductivity modulation, which reduces the forward re-
sistance R, can be very useful for high-current devices. On the other hand, a
short, lightly doped center region can also lead to punch-through under re-
verse bias, as in Fig. 5-25¢c.

The mounting of a rectifier junction is critical to its ability to handle
power. For diodes used in low-power circuits, glass or plastic encapsulation
or a simple header mounting is adequate. However, high-current devices that
must dissipate large amounts of heat require special mountings to transfer
thermal energy away from the junction. A typical Si power rectifier is mount-
ed on a molybdenum or tungsten disk to match the thermal expansion prop-
erties of the Si. This disk is fastened to a large stud of copper or other
thermally conductive material that can be bolted to a heat sink with appro-
priate cooling.

5.4.4 The Breckdown Diode

As we discussed earlier in this section, the reverse-bias breakdown voltage
of a junction can be varied by choice of junction doping concentrations. The
breakdown mechanism is the Zener effect (tunneling) for abrupt junctions
with extremely heavy doping; however, the more common breakdown is
avalanche (impact ionization), typical of more lightly doped or graded junc-
tions. By varying the doping we can fabricate diodes with specific breakdown
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Figure 5-26
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voltages ranging from less than one volt to several hundred volts. If the junc-
tion is well designed, the breakdown will be sharp and the current after break-
down will be essentially independent of voliage (Fig. 5-26a). When a diode
is designed for a specific breakdown voltage, it is called a breakdown diode.
Such diodes are also called Zener diodes, despite the fact that the actual
breakdown mechanism is usually the avalanche effect. This error in termi-
nology is due to an early mistake in identifying the first observations of break-
down in p-n junctions.

Brcakdown diodes can be used as voltage regulators in circuits with
varying inputs, The 15-V breakdown diode of Fig, 5-26 holds the circuit out-
put voltage v, constant at 15 V, while the input varies at voitages greater than
15 V. For example, if v, is a rectified and filtered signal composed of a 17-V
d-c component and a 1-V ripple variation above and below 17 V, the output
v, will remain constant at 15 V. More complicated voltage regulator circuits
can be designed using breakdown diodes, depending on the type of signal
being regulated and the nature of the output load. In a similar application,
such a device can be used as a reference diode; since the breakdown voltage
of a particular diode is known, the voltage across it during breakdown can be
used as a reference in circuits that require a known value of voltage.

55
TRANSIENT AND
A-C CONDITIONS

We have considered the properties of p-n junctions under equilibrium con-
ditions and with steady state current flow, Most of the basic concepts of junc-
tion devices can be obtained from these properties, except for the important
behavior of junctions under transient or a-c conditions. Since most solid state
devices are used for switching or for processing a-c signals, we cannot claim
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to understand p-n junctions without knowing at least the basics of time-
dependent processes. Unfortunately, a complete analysis of these effects involves
more mathematical manipulation than is appropriate for an introductory dis-
cussion. Basically, the problem involves solving the various current flow equations
in two simultaneous variables, space and time. We can, however, obtain the basic
results for several special cases which represent typical time-dependent appli-
cations of junction devices.

In this section we investigate the important influence of excess carriers
in transient and a-c problems. The switching of a diode from its forward state
to its reverse state is analyzed to illustrate a typical transient problem. Fi-
nally, these concepts are applied to the case of small a-c signals to determine
the equivalent capacitance of a p-n junction.

5.5.1 Time Variation of Stored Charge

Another look at the excess carrier distributions of a p-n junction under bias
(e.g., Fig. 5-15) tells us that any change in current must lead to a change of
charge stored in the carrier distributions. Since time is required in building
up or depleting a charge distribution, however, the stored charge must in-
evitably lag behind the current in a time-dependent problem. This is inher-
ently a capacitive effect, as we shall see in Section 5.5.4.

For a proper solution of-a transient problem, we must use the time-
dependent continuity equations, Egs. (4-31). We can obtain each component
of the current at position x and time ¢ from these equations; for example,
from Eq. (4-31a) we can write

aJ y(x. 1) Spix,t) ap(x, 1)
1 =q +q
x Ts at

(5-45)

To obtain the instantaneous current density, we can integrate both sides
at time ¢ to obtain

T ép(x, ap(x,
0

For injection into a long n region from a p* region, we can take the cur-
rent at x,, = 0 to be all hole current, and J » at x,, = o to be zero. Then the total
injected current, including time variations, is

A x a o
i(t) = i(x, = 0,2) = LJ. §p(x,, tdx, + qA—J oplx,, t)dx,
T do at Jy

=t (5-47)
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Figure 5-27
Effects of a step
turn-off Iransient in
a p*-n diode: [(a)
current through
the diode; (b}
decay of stored
charge in the
n<egion;

(c) excess hole
distribution in the
n-region as a func-
tion of time during
the transient.

This result indicates that the hole current injected across the p™-n junc-
tion (and therefore approximately the total diode current) is determined by
two charge storage effects: (1) the usual recombination term Q, /7, in which
the excess carrier distribution is replaced every 7, scconds, and (2) a charge
buildup (or depletion) term dQ,/dt, which allows for the fact that the distri-
bution of excess carriers can be increasing or decreasing in a time-dependent
problem. For steady state the dQ,/dt term is zero, and Eq. (5-47) reduces to
Eq. (5-40), as expected. In fact, we could have written Eq. (5-47) intuitively
rather than having obtained it from the continuity equation, since it is rea-
sonable that the hole current injected at any given time must supply minor-
ity carriers for recombination and for whatever variations occur in the total
stored charge.

We can solve for the stored charge as a function of time for a given cur-
rent transient. For example, the step turn-off transient (Fig. 5-27a),in which a cur-
rent ! is suddenly removed at 1 =0, leaves the diode with stored charge. Since the
excess holes in the n region must die out by recombination with the matching ex-
cess electron population, some time is required for Q,(f) to reach zero. Solving
Eq. (5-47) with Laplace transforms, with i(t > 0) = 0 and Q,(0) = Ir,, we obtain

0= ;I—Qp{s) + 5Q,(s) — I,

s I,
Q,ls) = s+ 1/1,
Q1) = Ir,e”™ (5-48)

As expected, the stored charge dies out exponentially from its initial value
I, with a time constant equal to the hole lifetime in the n material.

Increasing
time

Ap

(a) (b) (<)
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An important implication of Fig. 5-27 is that even though the current is sud-
denly terminated, the voltage across the junction persists until O, disappears.
Since the excess hole concentration can be related to junction voltage by formulas
derived in Section 5.3.2, we can presumably solve for v(t). We already know that
at any time during the transient, the excess hole concentration at x,=0is

Ap,(1) = p, ("4 - 1) (5-49)

so that finding Ap,(1) will easily give us the transient voltage. Unfortunate-
ly,it is not simple to obtain Ap, (r) exactly from our expression for Q,(z). The
problem is that the hole distribution does not remain in the convenient ex-
ponential form it has in steady state. As Fig. 5-27¢ suggests, the quantity
5p(x,, 1) becomes markedly nonexponential as the transient proceeds. For
example, since the injected hole current is proportional to the gradient of
the hole distribution at x, = 0 (Fig. 5-16a), zero current implies zero gradi-
ent. Thus the slope of the distribution must be exactly zero at x,, = 0 through-
out the transient."® This zero slope at the point of injection distorts the
exponential distribution, particularly in the region near the junction. As time
progresses in Fig. 5-27c, 3p (and therefore 8n) decreases as the excess elec-
trons and holes recombine. To find the exact expression for 8p(x,, ) during
the transient would require a rather difficult solution of the time-dependent
continuity equation. '

An approximate solution for v(z) can be obtained by assuming an ex-
ponential distribution for 8p at every instant during the decay. This type of
quasi-steady state approximation neglects distortion due to the slope re-
quirement at x,, = 0 and the effects of diffusion durin & the transient. Thus we
would expect the calculation to give rather crude results, On the other hand,
such a solution can give us a feeling for the variation of junction voltage dur-
ing the transient. If we take

8p(xn, t) = Ap,(t)e 'L (5-50)

we have for the stored charge at any instant

Q1) = gA I Api(t)e *Lrdx, = qAL,Ap,(1) (5-51)
0
Relating Ap,(1) to v(z) by Eq. (5-49) we have
Q,(r)

Apa(t) = pu(e™T — 1) = (5-52)

qAL,

'Wmﬁubﬁ,d‘ibﬁn mognitude of Bp cannot change instantoneously, the slope must go to zero immeds-
ately. This can occur in o small region neor the junction with negligible redistribution of charge of F= 0.
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Thus in the quasi-steady state approximation, the junction voltage
varies according to

kT I, ) )
W) = —In{ ———e™"" + 1 !
) q (qALpp..e G5
during the turn-off transient of Fig. 5-27. This analysis, while not accurate in
its details, does indicate clearly that the voltage across a p-n junction cannot
be changed instantaneously, and that stored charge can present a problem in
a diode intended for switching applications.
~ Many of the problems of stored charge can be reduced by designing a
p*-n diode (for example) with a very narrow n region. If the n region is short-
er than a hole diffusion length, very little charge is stored. Thus, little time is
required to switch the diode on and off. This type of structure, called the nar-
row base diode, is considered in Prob. 5.35. The switching process can be
made still faster by purposely adding recombination centers, such as Au atoms
in Si, to increase the recombination rate.

5.5.2 Reverse Recovery Transient

In most switching applications a diode is switched from forward conduction
to a reverse-biased state, and vice versa. The resulting stored charge tran-
sient is somewhat more complicated than for assimple turn-off transient, and
therefore it requires slightly more analysis. An important result of this ex-
ample is that a reverse current much larger than the normal reverse satura-
tion current can flow in a junction during the time required for readjustment
of the stored charge.

Let us assume a p*-n junction is driven by a square wave generator that
periodically switches from + to —E volts (Fig, 5-28a). While E is positive
the diode is forward biased, and in steady state the current /; flows through
the junction. If E is much larger than the small forward voitage of the junc-
tion, the source voltage appears almost entirely across the resistor, and the
current is approximately i = [, = E/R. After the generator voltage is reversed
(£ > 0), the current must initially reverse to i = /, = — E/R.The reason for this
unusually large reverse current through the diode is that the stored charge
(and hence the junction voltage) cannot be changed instantancously. There-
fore, just as the current is reversed, the junction voltage remains at the small
forward-bias value it had before ¢ = 0. A voltage loop equation then tells us
that the large reverse current — £/R must flow temporarily. While the current
is negative through the junction, the slope of the 5p(x,) distribution must be
positive at x, = 0.

As the stored charge is depleted from the neighborhood of the junction
(Fig. 5-28b), we can find the junction voltage again from Eq. (5-49). As long
as Ap, is positive, the junction voltage v(1) is positive and small: thus i =
— E/R until Ap,. goes to zero. When the stored charge is depleted and Ap,, be-
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comes negative, the junction exhibits a negative voltage. Since the reverse-
bias voltage of a junction can be large, the source voltage begins to divide be-
tween R and the junction. As time proceeds, the magnitude of the reverse
current becomes smaller as more of — E appears across the reverse-biased
junction, until finally the only current is the small reverse saturation current
which is characteristic of the diode. The time 14 required for the stored charge
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Figuro 5-29 v
Effects of storage
delay time on
switching signal:
(@) switching valt-
age; (b diode (2) t
current.
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(and therefore the junction voltage) to become zero is called the storage

delay time.This delay time is an important figure of merit in evaluating diodes

for switching applications. It is usually desirable that 1,y be small compared

with the switching times required (Fig. 5-29). The critical parameter deter-

mining f is the carrier lifetime (7, for the example of the p™-n junction).

Since the recombination rate determines the speed with which excess holes

can disappear from the n region, we would expect t,4 to be proportional to

r,. In fact, an exact analysis of the problem of Fig. 5-28 leads to the result
I, ‘
= o = : 5-54

) 1"|:Cl'f (!! if: Ir)] ( )

where the error function (erf) is a tabulated function. Although the exact so-

lution leading to Eq. (5-54) is too lengthy for us to consider here, an ap-

proximate result can be obtained from the quasi-steady state assumption.
EXAMPLE 5-5

Assume a p*-n diode is biased in the forward direction, with a current I At
time ¢ = 0 the current is switched to — .. Use the appropriate boundary con-
ditions to solve Eq. (5-47) for Q,(1). Apply the quasi-steady state approxi-
mation to find the storage delay time 1.

L
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From Egq. (5-47),

L Q1) dQ,(r)
I(f) = T—, = T forr < U‘QP = Iﬂp
Using Laplace transforms,
1,  Qpls)
e T, + 5Q,(s) = Iy,
Ifr : 1,-
Q) =~7=

s+ 1/1, a s(s + 1/1,)
Qy(0) = Iyrpe™ + Iayfe™ = 1) = [ —1, + (Iy + 1)e™"]
Assuming that Q,(r) = gAL,Ap,(1) as in Eq. (5-52),
Tp
qAL,

This is set to equal zero when ¢ = £,4, and we obtain:

5!?"(‘) 2 ["]r + (’f +* !rk—m,]
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An important result of Eq. (5-54) is that 7, can be calculated in a
straight-forward way from a measurement of storage delay time. In fact, mea-
surement of t, from an experimental arrangement such as Fig. 5-28a is a
common method of measuring lifetimes In some cases this is a more conve-
nient technique than the photoconductive decay measurement discussed in
Section 4.3.2.

As in the case of the turn-off transient of the previous section, the stor-
age delay time can be reduced by introducing recombination centers into
the diode material, thus reducing the carrier lifetimes, or by utilizing the nar-
row base diode configuration.

5.5.3 Switching Diodes

In discussing rectifiers we emphasized the importance of minimizing the
reverse-bias current and the power losses under forward bias. In many ap-
plications, time response can be important as well. If a junction diode is to be
used to switch rapidly from the conducting to the nonconducting state and
back again, special consideration must be given to its charge control prop-
erties. We have discussed the equations governing the turn-on time and the
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reverse recovery time of a junction. From Eqgs. (5-47) and (5-54) it is clear
that a diode with fast switching properties must either store very little charge
in the neutral regions for steady forward currents, or have a very short car-
rier lifetime, or both.

As mentioned above, we can improve the switching speed of a diode by
adding efficient recombination centers to the bulk material. For Si diodes, Au
doping is useful for this purpose. To a good approximation the carrier lifetime
varies with the reciprocal of the recombination center concentration. Thus,
for example, a p"-n Si diode may have 7, = 1 ps and a reverse recovery time
of 0.1 pus before Au doping. If the addition of 10" Au atoms/cm® reduces the
lifetime t0 0.1 s and £y to 0.01 ps, 10" em ™ Au atoms could reduce 7, 1o 0.01
ws and £, to 1 ns (10 s). This process cannot be continued indefinitely, how-
ever, The reverse current due to generation of carriers from the Au centers
in the depletion region becomes appreciable with large Au concentration
(Section 5.6.2). In addition, as the Au concentration approaches the lightest
doping of the junction, the equilibrium carrier concentration of that region
can be affected.

A second approach to improving the diode switching time is to make
the lightly doped neutral region shorter than a minority carrier diffusion
length. This is the narrow base diode (Prob. 5.35). In this case the stored charge
for forward conduction is very small, since most of the injected carriers dif-
fuse through the lightly doped region to the end contact. When such a diode
is switched to reverse conduction, very little time is required to eliminate the
stored charge in the narrow neutral region. The mathematics involved in Prob.
5.35 is particularly interesting, because it closely resembles the calculations
we shall make in analyzing the bipolar junction transistor in Chapter 7.

5.5.4 Capacitance of p-n Junctions

There are basically two types of capacitance associated with a junction: (1)
the junction capacitance due to the dipole in the transition region and (2)
the charge storage capacitance arising from the lagging behind of voltage as
current changes, due to charge storage effects." Both of these capacitances
are important, and they must be considered in designing p-n junction de-
vices for use with time-varying signals. The junction capacitance (1) is dom-
inant under reverse-bias conditions, and the charge storage capacitance (2)
is dominant when the junction is forward biased. In many applications of p-n
junctions, the capacitance is a limiting factor in the usefulness of the device:
on the other hand, there are important applications in which the capacitance
discussed here can be useful in circuil applications and in providing impor-
tant information about the structure of the p-n junction.

18T} copacitence (1] above is clso referred to as transition region capacitance or depletion laysr copaci-
tance; (2 is ohten called the diffusion capacitance.
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The junction capacitance of a diode is easy to visualize from the charge
distribution in the transition region (Fig. 5-12). The uncompensated accep-
{or jons on the p side provide a negative charge, and an equal positive charge
results from the ionized donors on the n side of the transition region. The
capacitance of the resulting dipole is slightly more difficult to calculate than
is the usual parallel plate capacitance, but we can obtain it in a few steps.

Instead of the common expression C = |Q/V], which applies to capaci-
tors in which charge is a linear function of voltage, we must use the more
general definition

5 192

C=lav

(5-35)

since the charge Q on cach side of the transition region varies nonlinearly
with the applied voltage (Fig. 5-30a). We can demonstrate this nonlinear de-
pendence by reviewing the equations for the width of the transition region
(W) and the resulting charge. The equilibrium value of W was found in Eq.
(5-21) to be

_ {EEV" Na + Nd‘

12
> NN, )} (equilibrium) (3-56)

Since we are dealing with the nonequilibrium case with voltage V applied,
we must use the altered value of the electrostatic potential barrier (V5 — W), as
discussed in relation to Fig. 5-13. The proper expression for the width of the
transition region is then

_[2Ve = VYN + N,
_|. q. . Nn‘wd

In this expression the applied voltage V can be either positive or negative to
account for forward or reverse bias, As expected, the width of the transition
region is increased for reverse bias and is decreased under forward bias Since
the uncompensated charge Q on each side of the junction varies with the
transition region width, variations in the applied voltage result in corre-
sponding variations in the charge, as required for a capacitor. The value of Q
can be written in terms of the doping concentration and transition region
width on each side of the junction (Fig. 5-12):

|Q| = gAX, N4 = gAX, N, (5-58)
Relating the total width of the transition region W to the individual
widths x,o and x,, from Egs. (5-23) we have
N Ny
_ —_'!—W. - — W
=N IN, D PTN N,

1/2
)} (with bias) (5-57)

(5-59)

and therefore the charge on each side of the dipole is
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Depletion capacitance of a junction: (a] p*-n junction showing variation of depletion edge on n side with
reverse bias. Electrically, the structure looks like o parallel plafe capacitor whose dielectric is the deple-
tion region, and the plates are the space charge neutral regions; (b) variation of depletion capacitance
with reverse bias [Eq. {5-63)]. We neglect Xz in the heavilydoped p* material.

NN, NN, 1172
— 2% W - _tTd s
N, + N, = A Vs V)N,, +N,

Thus the charge is indeed a nonlinear function of applied voltage. From
this expression and the definition of capacitance in Eq. (5-55), we can cal-
 culate the junction capacitance C;. Since the voltage that varies the charge in

19| = qA (5-60)
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the transition region is the barrier height (V, — V), we must take the deriv-
ative with respect to this potential difference:

dQ ’_é{ 2ge NN, 17
dVo— V)|  2[(Vo—-V) Ny+ N,

(5-61)

C =

The quantity C, is a voltage-variable capacitance, since C; is propor-
tional to (V, — V) '“. There are several important applications for variable
capacitors, including use in tuned circuits. The p-n junction device which
makes use of the voltage-variable properties of C; is called a varactor. We
shall discuss this device further in Section 5.5.5.

Although the dipole charge is distributed in the transition region of
the junction, the form of the parallel plate capacitor formula is obtained from
the expressions for C; and W (Fig. 5-30a):

[ q NN, 1% €A

6= ‘A{ze(v., “VYN,+N,] W

(5-62)

In analogy with the parallel plate capacitor, the transition region width W
corresponds with the plate separation of the conventional capacitor.

In the casc of an asymmetrically doped junction, the transition region
extends primarily into the less heavily doped side, and the capacitance is de-
termined by only one of the doping concentrations (Fig. 5-30a). For ap*-n
junction, N, > N, and x,, = W, while x,, is negligible. The capacitance is then
(Fig. 5-30b)

12
‘ Geal=——7 Nd] forp™-n (5-63)

It is therefore possible to obtain the doping concentration of the lightly doped
n region from a measurement of capacitance. For example, in a reverse-
biased junction the applied voltage V = -V, can be made much larger than
the contact potential V, so that the latter becomes negligible. If the area of
the junction can be measured, a reliable value of N, results from a mea-
surement of C;. However, these equations were obtained by assuming a sharp
step junction. Certain modifications must be made in the case of a graded
junction (Section 5.6.4 and Prob. 5.38).
' The junction capacitance dominates the reactance of a p-n junction
under reverse bias; for forward bias, however, the charge storage, or diffusion
capacitance C, becomes dominant. It has been recently shown'? that the var-
ious time-dependent current components as well as the boundary conditions
affect the diffusion capacitance in forward bias. We need to specify where
the stored charges are extracted, and where the relevant voltage drops occur.

135, Loux ond K. Hess, “Revisiting the Analytic Theory of P-N Junction Impedance: Improvements Guided
by Computer Simulation Leading o @ New Equivalent Circuit,” IEEE Trans. Elec. Dev., 46(2), p. 376 (Feb
1999). f



206

Chapter 5

\
To illustrate the calculation let us look at the simplified case of a symmetric,
abrupt p-n junction where the doping levels N, and N, are equal.

We will consider two cases. For the long diode, which we have been
dealing with so far, the diffusion lengths are assumed to be small compared
to the lengths of the p and n regions. In this case, the injected minority carri-
ers on either side of the depletion region decay exponentially to their equi-
librium value long before they reach the ohmic contacts (Fig. 5-31a). On the
other hand, the diffusion lengths in a short diode are assumed to be long
compared to the length of the p and n regions (Fig. 5-31b). In the short diode,
the injected excess minority carrier concentrations decrease almost linearly
to zero at the ohmic contacts designated x = —a and x = ¢ in Fig. 5-31b. Mi-
nority carrier distributions are discussed in Probs. 5.34-5.36 and Section 5.3.2.
We will discuss the almost linear excess carrier distribution in a narrow re-
gion in Section 7.4.1.

‘The total current in the diode is the sum of the particle currents and the
displacement current evaluated at any suitable location (chosen here at x = 0).

Ji=T1,(0) + 1,(0) + J40) (5-64)

For the general case of time-dependent voltage and currents, we need to solve
the hole and electron current continuity equations (Eq.4-31a and 4-31b) for J,
and J, and also take the time-derivative of Poisson’s equation (Eq. 5~14) to ob-
tam#hedisplacement current;

Tx) = a%{e‘é;(x)} (5-65a)

We can integrate Poisson’s equation between 0 and ¢, and take the derivative
with respect Lo time to get

140) = q},ffn - il i) (5-65b)

We notice that the dopant charges do not appear here because they are time
independent. Laux and Hess show in their paper that for most practical cases
J4(c) = 0,and that the displacement current J(0) originates from a time-varying
voltage across the depletion capacitance that was discussed earlier in this section.

Integrating the electron continuity equation (Eq. 4-31b) from —a to 0
in the p-region, and the hole continuity equation (Eq.4-31a) from 0 to ¢ in
the n-region, we can get the sum of the electron and hole particle current
densities, at x = ().

€

0 ¢
d
Rdx + qJ Eqd'x + qJ Pax + Jo(—a) + T (c)
. ot b o el
S¢

J(0) + 1,0) = qJ

where R is the net recombination rate at each point x.
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Diffusion capacitance in p-n junctions. (c) Steady-state minority carrier distribution for o forward bias, V
(colored lines), ond reduced forward bias, V-AV [dashed colored lines) in @ long dicde. The transient
case when the current is reduced suddenly is shown by the black, dashed lines. Although the carrier dis-
tributions can change quickly near the junctions, they stay close to the original steady-state distributions
far from the junclions at first. Gradually, the carrier distributions approach the new steady-state distribu-
tions for V-AV (dashed colpred lines); [b) minority carrier disiributions in o short diode; (c] diffusion ca-

pacitance as a function of forward bias in long and short diodes.
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Let us see what the physical interpretation of each term in Eq (5-65¢)
is. For a long base diode, since the minority carrier concentrations reduce to
zero before we reach the ohmic contacts at —a and c, the terms J.(—a) and
/,(c) are zero. Furthermore. for the steady state case, the terms

5 2
q’ 2'ﬂ:ix + q[ P-de
I ot , ot

are also zero because the time derivatives are zero. We see then that the dc
current is given by the first term, which is the integrated carrier recombina-
tion rate. This is exactly the charge control model of the diode that we dis-
cussed in regard to Fig, 5-16.

For the time-dependent case, the integrands in the second and third
terms in Eq. (5-65c) can be expressed, for example for the holes, by the
chain rule as

‘Op ‘ap aVv 0 {J" 101/ &
—dx = —— ey = = S—€
qJ; dx QL AT dx qhav ) pdxj Py (5-66)

We have interchanged the order of integration with respect to x and differ-
entiation with respect 10 1. Equation (5-66) is in the form of a current, with
a (diffusion) capacitance times the voltage ramp rate. There is a similar con-
tribution from the electrons.

in conventional theories of the diffusion capacitance due to stored mi-
nority carriers, the second and third terms in Eq. (5-65¢) are erroneously
considered to be the only contributors. Furthermore, the stored charge, for
example for holes, is approximately set equal to
qJ pdx

Xt

in the neutral region, rather than the correct expression in Eq. (5-65c) which
considers both the neutral and the depletion regions. Also, in conventional
theories, we assume that all the applied voltage is dropped across the deple-
tion region. In reality, there can be a significant fraction of the applied bias
dropped across the neutral region from x,, to ¢ and from —a to ~ Kot

More importantly, Laux and Hess have shown that the first term in Eq.
(5-65¢) due to carrier recombination cancels most of the diffusion capacitance
in long base diodes Physically, the reason for this cancellation of the capacitance
effect is that if the injected minority carriers (holes) recombine on the n side be-
tween 0 and ¢, they cannot be fully “reclaimed” at the injecting ohmic contact at
—a where the external voltage is changed, and similarly for electron injection.

For steady state, holes lost due to EHP recombination in the diode
must be replenished at —a (and electrons at ¢). For capacitive effects to be
manifested, however, we must consider the transient case, We must deter-
mine the transfer of charge through the external terminals, as a function of
the applied voltage variation at those terminals. To understand why the re-
claimable charge is less than the total stored minority carrier charge, let us
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consider the transicnt conditions in a p*-n diode, as discussed in Section 5.5.2.
As shown in Fig. 5-28, when the forward bias is reduced, the minority carri-
er hole concentration at the edge of the depletion region is reduced, and
therefore the slope of the hole distribution changes near the junction. This
reduction occurs by some holes near x, = 0 moving to the left towards the p~
ohmic contact. The arrival of holes at the p* contact is referred to as reclaimed
charge. Not all of the reduction in the hole distribution (shown in color in Fig.
5-31a) occurs by reclaiming holes at the p* contact, however. From the shape
of the hole distribution within the n region, there obviously continues to be
a diffusion of holes to the right also, toward the n* ohmic contact. In a long
diode. these holes do not make it all the way to the n* ohmic contact because
they recombine with electrons on the way. These recombined electrons have
to be replenished by the n* ohmic contact. The key point is that because some
of the holes are diffusing to the right, not all the holes in the stored distrib-
ution can be extracted (reclaimed) at the p” ohmic contact at the left, when
the forward bias is reduced by a small amount in the transient case. The re-
sulting capacitance -voltage behavior (Fig. 5- 31¢) for long base diodes shows
almost zero diffusion capacitance.

The situation is somewhat different for narrow or short-base diodes
Since the minority carrier diffusion lengths are much longer than the length
of the diode, there is negligible carrier recombination within the charge dis-
tribution, and the term

qJ Rdx

il

in Eq. (5-65¢) is small. On the other hand, since most of the injected minority
carriers now reach the ohmic contacts, the fourth and fifth terms in Eq. (5-65c¢)
are large, unlike for the long base case. To understand physically why the re-
claimed hole charge at —a s less than the total stored charge in the short diode,
we must recognize once again that for capacitive effects to be manifested, we
need to consider the transient case. When the current is reduced suddenly, the
slope of the hole distribution at x,, = 0 reduces, but the slope at x = ¢ does not (Fig.
5-31b). Because most holes reach the n” contact (at ¢). there is a reduction in the
“reclaimable™ hole charge at the p*-ohmic contact (at —a). Hence, the net charge
that is driven through the external circuit is reduced, and the diffusion ¢apaci-
tance due to minority carrier storage is reduced for the short diode, although not
as drastically as for the long diode case. An exact solution of the continuity equa-
tion in this case shows that the reclaimable charge is 2/3 of the total stored charge.
There is an exponentially increasing diffusion capacitance with applied
forward bias for the short diede (Fig. 5-31c), For a tnangular minority carri-
er charge distribution (Fig. 5-31b), the stored hole charge on the n side is given
by half the product of the height times the base of the triangle (Prob. 5.34).

qv

1 \ . 1 o
Q,= EQA{C = Xulkdp,) = EQA(C - ,x'm.)Pn(e” - l) (3-67a)
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Since the reclaimable charge is 2/3 of this, the diffusion capacitance is:

aQ, 1 o8
- g.ﬁ(c = Xpo)PuEXT (5-67b)
There is a similar contribution from the stored electrons on the p-side. Laux
and Hess show in their paper that because of the voltage drop in the neu-
tral regions, and the possibility of conductivity modulation occurring there
due to high carrier concentration at large forward biases, the diffusion ca-
pacitance becomes negative around the built-in voltage, V. Most Si p-n
junctions in practice behave like short-base diodes, while laser diodes made
in direct bandgap (short lifetime) semiconductors often correspond to the
long base case.
Similarly, we can determine the a-c conductance by allowing small
changes in the current. For example, for a long diode, we get:
dl _ qAL,p,

REG T

d q
d—v(e‘!"f”) =l (5-67c)

5.5.5 The Varactor Diode

The term varactor is a shortened form of variable reactor, referring to the
voltage-variable capacitance of a reverse-biased p-n junction. The equations
derived in Section 5.5.4 indicate that junction capacitance depends on the ap-
plied voltage and the design of the junction. In some cases a junction with
fixed reverse bias may be used as a capacitance of a set value. More com-
monly the varactor diode is designed to exploit the voltage-variable prop-
erties of the junction capacitance. For example, a varactor (or a set of
varactors) may be used in the tuning stage of a radio receiver to replace the
bulky variable plate capacitor. The size of the resulting circuit can be great-
ly reduced, and its dependability is improved. Other applications of varac-
tors include use in harmonic generation, microwave frequency multiplication,
and active filters.

If the p-n junction is abrupt, the capacitance varies as the square root
of the reverse bias V, [Eq. (5-61)]. In a graded junction, however, the ca-
pacitance can usually be written in the form

CixV,* forV, >V, (5-68a)

For example, in a linearly graded junction the exponent n is one-third (Prob.
5.38). Thus the voltage sensitivity of C, is greater for an abrupt junction than
for a linearly graded junction. For this reason, varactor diodes are often made
by epitaxial growth techniques, or by ion implantation. The epitaxial layer and
the substrate doping profile can be designed to obtain junctions for which the
exponent n in Eq. (5-68a) is greater than one-half. Such junctions are called
hyperabrupt junctions.

In the set of doping profiles shown in Fig, 5-32, the junction is assumed
p'-n so that the depletion layer width W extends primarily into the n side.
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N(x) Doping profiles Figure 5-32
N ] p*side:N =N, Graded junction
: | n side: N = Gx™ profiles: linearly
i graded, abrupt,
hyperabrupt.
Linecarly graded, m = |
Abrupt, m = 0
Hyperabrupt,m = =372
RS-
P X

Three types of doping profiles on the n side are illustrated, with the donor dis-
tribution Nd(.:.} given by Gx™ where G is a constant and the exponent m is
0,1, 0r —3. We can show (Prob. 5.37) that the exponent n in Eq. (5-68a) is
1/(m + 2) for the p* -n junction. Thus for the profiles of Fig. 5-32, nis ! for the
abrupl junction and for the linearly graded junction. The hyperabrupt junc-
tion'® with m = —3 is particularly interesting for certain varactor apphca-
tions, since for this case n = 2 and the capacitance is proportional to V2

When such a capacitor is used with an inductor L in a resonant cinﬁlhc
resonant frequency varies linearly with the voltage applied to the varactor.

1 1
W, = ——F—
VILC Vv
Because of the wide variety of C, vs. V, dependencies available by
choosing doping profiles, varactor diodes can be designed for specific appli-

cations. For some high-frequency applications, varactors can be designed to
exploit the forward-bias charge storage capacitance in short diodes.

x V., form=2 (5-68b)

The approach we have taken in studying p-n junctions has focused on the 5.6
basic principles of operation, neglecting secondary effects, This allows fora  DEVIATIONS
relatively uncluttered view of carrier injection and other junction proper- FROM THE SIMPLE
ties, and illuminates the essential features of diode operation. To complete the  THEORY
description, however, we must now fill in a few details which can affect the
operation of junction devices under special circumstances.

Most of the deviations from the simple theory can be treated by fairly
straightforward medifications of the basic equations. In this section we shall
investigate the most important deviations and alter the theory wherever pos-
sible. In a few cases, we shall simply indicate the approach to be taken and

\
"1t is clear that N4xj cannot become arbitrarily large af x = 0. However, the m = —4 profile can be op-
proximated o short distance away from the junction.
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Figure 5-33

I~V characteristics
of heavily doped
p-n junction
diodes at 77 K,
illustrating the ef-
fects of contact
potential on the
forward current:
[a) Ce, E; =
0.7 eV;

(b} Si, Eg =

1.4 eV;

(c) GaAs, E; =
1.4 eV,

(d) GeAsP, E,
=1.9eV.

the result. The most important alterations to the simple diode theory are the
effects of contact potential and changes in majority carrier concentration on
carrier injection, recombination and generation within the transition region,
ohmic effects, and the effects of graded junctions.

5.6.1 Effects of Contact Potential on Carrier Injection

If the forward-bias /-V characteristics of various semiconductor diodes are
compared, it becomes clear that the band gap has an important influence on
carrier injection. For example, Fig. 5-33 compares the low-temperature char-
acteristics of heavily doped diodes having various band gaps. One obvious
feature of this figure is that the /-V characteristics appear “square™; that s,
the current is very small until a critical forward bias is reached, and then the
current increases rapidly. This.is typical of exponentials plotted on such a
scale. However, il is significant that the limiting voltage is slightly less than
the value of the band gap in electron volts.

The reason for the small current at low voltages for these devices can be
understood from a simple rearrangement of the diode equation. If we rewrite
Eq. (5-36) for a forward-biased p*-n diode (with V' = kT/g) and include the ex-
ponential form for the minority carrier concentration p,,, we obtain
» ‘f“:‘E_rf : {;AI)PF\:,(‘E'” b, - JUKT (5-69)

i L

(,\il' ' —

I

Hole injection into the n material is small if the forward bias V is much
less than (Ey, — E,,)/g. For a p™-n diode, this quantity is essentially the con-
tact potential, since the Fermi level is near the valence band on the p side. If
the n region is also heavily doped, the contact potential is almost equal to the
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band gap (Fig. 5-34).This accounts for the dramatic increase in diode current
near the band gap voltage in Fig. 5-33. Contributing to the small current at
lower voltages is the fact that the minority carrier concentration p, = n?/N,
is very small at low temperature (n;small) and with heavy doping (N, large).

The limiting forward bias across a p-n junction is equal to the contact
potential, as in Fig. 5-34(b). This effect is not predicted by the simple diode
equation, for which the current increases exponentially with applied volt-
age. The reason this important result is excluded in the simple theory is that
in Eq. (5-28) we neglect changes in the majority carrier concentrationsemet-
ther side of the junction. This assumption is valid only for low injection lev-
els; for large injected carrier concentrations, the excess majority carriers
become important compared with the majority doping. For example, at low
injection An, = Ap, is important compared with the equilibrium minority
electron concentration n,, but is negligible compared with the majority hole
concentration p,; this was the basis for neglecting Ap,, in Eq. (5-28). For high
injection levels, however, Ap, can be comparable to p, and we must write
Eq. (5-27) in the form

Pt Bt ohy A o Tt 20 (5-70)

P(xn0) Pn+ Ap, n, + An,
From Eq. (5-38), we get at either edge of the depletion region,

\ F-_'F.v
Pn = p(—x, (= X,0) = pEan(xg) = nle B = nle™T  (5-71a)

For example at —x,, we then get
(p, + Ap,)n, + An,) = nre?V /AT (5-71b)

Keeping in mind that Ap, = An,, n, < An,, and in high level injection p, < Ap,,
we approximately get

213

Figure 5-34
Examples of con-
tact potential for a
heavily doped p-n
junction: (a) at
equilibrium; (b)
approaching the
maximum forward
bias V= Vj.
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An, = e (5-72)

The rest of the derivation is very similar to that in Section 5.3.2. Hence, the
diode current in high level injection scales as

I o 87T ' (5-73)

5.6.2 Recombination and Generation in the Transition Region

In analyzing the p-n junction, we have assumed that recombination and ther-
mal generation of carriers occur primarily in the neutral p and n regions, out-
side the transition region. In this model, forward current in the diode is
carried by recombination of excess minority carriers injected into each neu-
tral region by the junction. Similarly, the reverse saturation current is due to
the thermal generation of EHPs in the neutral regions and the subsequent
diffusion of the generated minority carriers to the transition region, where
they are swept to the other side by the field. In many devices this model is
adequate; however, a more complete description of junction operation should
include recombination and generation within the transition region itself.

When a junction is forward biased, the transition region contains excess
carriers of both types, which are in transit from one side of the junction to the
other. Unless the width of the transition region W is very small compared
with the carrier diffusion lengths L, and L, significant recombination can
take place within W. An accurate calculation of this recombination current
is complicated by the fact that the recombination rate, which depends on the
carrier concentrations [Eq. (4-5)], varies with position within the transition
region. Analysis of the recombination kinetics shows that the current due to
recombination within W is proportional to n, and increases with forward bias
according to approximately exp(qV/2kT). On the other hand, current due to
recombination in the neutral regions is proportional to p, and n, [Eq. (5-36)]
and therefore to n}/N, and n!/N,, and increases according to exp(gV/kT).
'The diode equatien can be modified to include this effect by including the pa-
rameter n:

I = I,(e?™T — 1) (5-74)

where n varies between 1 and 2, depending on the material and tempera-
ture. Since n determines the departure from the ideal diode characteristic, it
is often called the ideality factor.

The ratio of the two currents

I(recombination in neutral regions)  ne?"/¥"

—— : : VAT (5-75
/(recombination in transition region) * ne?¥ AT S =1
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becomes small for wide band gap materials, low temperatures (small n,),and
for low voltage. Thus the forward current for low injection in a Si diode is
likely to be dominated by recombination in the transition region, while a
Ge diode may follow the usual diode equation. In either case, injection
through W into the neutral regions becomes more important with increased
voltage. Therefore, m in Eq. (5-74) may vary from -2 at low voltage to ~1 at
higher voltage.

Just as recombination within W can affect the forward characteristics,
the reverse current through a junction can be influenced by carrier genera-
tion in the transition region. We found in Section 5.3.3 that the reverse satu-
ration current can be accounted for by the thermal generation of EHPs within
a diffusion length of either side of the transition region. The generated mi-
nority carriers diffuse to the transition region, where they are swept to the
other side of the junction by the electric field (Fig. 5-35). However, carrer
generation can take place within the transition region itself. If W is small
compared with L, or I, band-to-band generation of EHPs within the tran-
sition region is not important compared with generation in the neutral re-
gions. However, the lack of free carriers within the space charge of the
transition region can create a current due to the net generation of carriers by
emission from recombination centers. Of the four generation-recombination
processes depicted in Fig. 5-36, the two capture rates R, and R, are negligible

e—ias
Reverse current
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Figure 5-35
Current in @
reverse-biased p-n
junction due fo
thermal generc-
tion of carriers by
(o) band-+o-band
EHP generation,
and (b} genera-
tion from a recom-
bination level.
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Figure 5-36
Capture and gen-
eration of carriers

at a recombing-
tion center: (a)
capture and gen-
eration of elec-
trons and holes;
(b] hole capture
and generation
processes re-
drawn in terms of
valence band
electron excitation
to £, (hele genera-
tion} and electron
deexcitation from
E to E, (hole cap-
ture by E).
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within W because of the very small carrier concentrations in the reverse-bias
space charge region. Therefore, a recombination level £, near the center of
the band gap can provide carriers through the thermal generation rates G,
and G,. Each recombination center alternately emits an electron and a hole;
physically, this means that an electron at E, is thermally excited to the con-
ductinband (G,) and a valence band electron is subsequently excited ther-
mally to the empty state on the recombination level, leaving a hole behind
in the valence band (G,). The process can then be repeated over and over,
providing electrons for the conduction band and holes for the valence band.
Normally, these emission processes are exactly balanced by the correspond-
ing capture processes R, and R,. However, in the reverse-bias transition re-
gion, generated carriers are swept out before recombination can occur, and
net generation results,

Of course, the importance of thermal generation within W depends on
the temperature and the nature of the recombination centers. A level near
the middle of the band gap is most effective, since for such centers neither G,
nor G, requires thermal excitation of an electron over more than about half
the band gap. If no recombination level is available, this type of generation
is negligible. However, in most materials recombination centers exist near
the middle of the gap due to trace impurities or lattice defects. Generation
from centers within W is most important in materials with large band gaps,
for which band-to-band generation in the neutral regions is small. Thus for
Si, generation within W is generally more important than for a narrower
band gap material such as Ge.

The saturation current due to generation in the neutral regions was
found to be essentially independent of reverse bias. However, generation
within W naturally increases as W increases with reverse bias. As a result,
the reverse current can increase almost linearly with W, or with the square
root of reverse-bias voltage.
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5.6.3 Ohmic Losses

In deriving the diode equation we assumed that the voltage applied to the de-
vice appears entirely across the junction. Thus we neglected any voltage drop
in the neutral regions or at the external contacts. For most devices this is a
valid assumption: the doping is usually fairly high, so that the resistivity of
cach neutral region is low, and the area of a typical diode is large compared
with its length. However. some devices do exhibit ohmic effects, which cause
significant deviation from the expected /-V characteristic.

We can seldom represent ohmic losses in a diode accurately by including
asimple resistance in series with the junction. The effects of voltage drops out-
side the transition region are complicated by the fact that the voltage drop de-
pends on the current, which in turn is dictated by the voltage across the junction.
For example, if we represent the series resistance of the p and n regions by R,
and R,, respectively, we can write the junction voltage V as

V=V, - IR,(I) + R,(I)] (5-76)

where V, is the external voltage applied to the device. As the current in-
creases, there is an increasing voltage drop in R, and R, and the junction
voltage V decreases. This reduction in V lowers the level of injection so that
the current increases more slowly with increased bias. A further complication
in calculating the ohmic loss is that the conductivity of each neutral-region
increases with increasing carrier injection, Since the effects of Eq.(5-76) are
most pronounced at high injection levels, this conducti vity modularion by the
injected excess carriers can reduce R, and R, significantly.

Ohmic losses are purposely avoided in properly designed devices by
appropriate choices of doping and geometry. Therefore, deviations of the
current generally appear only for very high currents, outside the normal op-
erating range of the device.

Figure 5-37 shows the forward and reverse curre nt-voltage character-
istics of a p-n junction on a semi-log scale, both for an ideal Shockley diode
as well as for non-ideal devices. For an ideal forward-based diode, we get a
straight line on a semi-log plot reflecting the exponential dependence of cur-
rent on voltage. On the other hand, taking into account all the second order
eftects discussed in Section 5.6, we see various regions of operation. At low
current levels, we see the enhanced generation-recombination current, lead-
ing to a higher diode ideality factor (n = 2). For moderate currents, we get
ideal low-level injection and diffusion-limited current (n=1). At higher cur-
rents, we get high level injection and n = 2, while at even higher currents, the
ohmic drops in the space charge neutral regions become important.

Similarly, in reverse bias, in an ideal diode, we have a constant, volt-
age-independent reverse saturation current. However. in actuality, we gel
an enhanced, voltage-dependent generation-recombination leakage cur-
rent. At very high reverse biases, the diode breaks down reversibly due to
avalanche effects. \
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Figure 5-37

Forward ond reverse current-voltage characteristics plotted on semilog scales, with current normalized
with respect 1o soturation current, k; (a) the ideal forward characteristic is an exponenfial with an ideali-
ty factor, n = 1 (dashed straight line on log-linear plot). The actual forward characteristics of a typical
diode (colored line} have four regimes of operation; (b) ideal reverse characteristic (dashed line} is a
voltage-independent current = —l. Actual leakage choracteristics (colored fine) are higher due to gener-
ation in the depletion region, and also show breakdown at high voltages.

5.6.4 Graded Junctions

While the abrupt junction approximation accurately describes the properties
of many epitaxially grown junctions, it is often inadequate in analyzing dif-
fused or implanted junction devices. For shallow diffusions, in which the dif-
fused impurity profile is very steep (Fig. 5-38a), the abrupt approximation is
usually acceptable. If the impurity profile is spread out into the sample, how-
ever, a graded junction can result (Fig. 5-38b). Several of the expressions we
have derived for the abrupt junction must be modified for this case (see Sec-
tion 5.5.5).

The graded junction problem can be solved analytically if, for example,
we make a linear approximation of the net impurity distribution near the
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junction (Fig. 5-38c). We assume that the graded region can be described ap-
proximately by
N;—N,=Gx (5-77)

a

where G is a grade constant giving the slope of the net impurity distribution.
In Poisson’s equation [Eq. (5-14)]. the linear approximation becomes

d%
: =Lp—n+ N - N =2Gx (5-78)
x € €

within the transition region. In this approximation we assume complete ion-
ization of the impurities and neglect the carrier concentrations in the tran-
sition region, as before. The net space charge varies linearly over W, and the
electric field distribution is therefore parabolic. The expressions for contact
potential and junction capacitance are different from the abrupt junction
case (Fig. 5-39 and Prob. 5.38), since the electric field is no longer linear on
each side of the junction.

In a graded junction the usual depletion approximation is often inac-
curate. If the grade constant G is small, the carrier concentrations (p — n) can
be important in Eq. (5-78). Similarly, the usual assumption of negligible space
charge outside the transition region is questionable for small G. It would be
more accurate 1o refer to the regions just outside the transition region as
quasi-neutral rather than neutral. Thus the edges of the transition region are
not sharp as Fig. 5-39 implies but are spread out in x. These effects compli-
cate calculations of junction properties, and a computer must be used in solv-
ing the problem accurately.

Most of the conclusions we have made regarding carrier injection, re-
combination and generation currents, and other properties are qualitatively
applicable to graded junctions, with some alterations in the functional form
of the resulting equations. Therefore, we can apply most of our basic con-
cepts of junction theory to reasonably graded junctions as long as we re-
member that certain modifications should be made in accurate computations.
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Figure 5-38
Approximations to
diffused junctions:
(0] shallow diffu-
sion (abrupt]; (b)
deep drive-in
diffusion with
source removed
(graded);

(¢) linear approxi-
mation te the
graded junction.
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Figure 5-39
Properties of the
graded junction

transition region:
(@) net impurity
profile; (b} net
charge distribu-
tion; (¢) electric
field; (d) electro-
stafic potential.
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5.7

METAL-
SEMICONDUCTOR
JUNCTIONS

Many of the useful properties of a p-n junction can be achieved by simply
forming an appropriate metal-semiconductor contact. This approach is ob-
viously attractive because of its simplicity of fabrication; also, as we shall see
in this section, metal-semiconductor junctions are particularly useful when
high-speed rectification is required. On the other hand, we also must be able
to form nonrectifying (ohmic) contacts to semiconductors. Therefore, this
section deals with both rectifying and ohmic contacts,

5.7.1 Schottky Barriers

In Section 2.2.1 we discussed the work function q®,, of ametal in a vacuum,
An energy of g®,, is required to remove an electron at the Fermi level to
the vacuum outside the metal. Typical values of &, for very clean surfaces are
4.3V for Al and 4.8V for Au. When negative charges are brought near the
metal surface, positive (image) charges are induced in the metal. When this
image force is combined with an applied electric field, the effective work
function is somewhat reduced. Such barrier lowering is called the Schortky
effect, and this terminology is carried over to the discussion of potential bar-
riers arising in metal-semiconductor contacts. Although the Schottky effect
is only a part of the explanation of metal-semiconductor contacts, rectifying
contacts are generally referred to as Schottky barrier diodes. In this section
we shall see how such barriers arise in metal-semiconductor contacts. First
we consider barriers in ideal metal-semiconductor junctions, and then in Sec-
tion 5.7.4 we will include effects which alter the barrier height.
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When a metal with work function g, is brought in contact with a semi-
conductor having a work function g®,, charge transfer occurs until the Fermi
levels align at equilibrium (Fig. 5-40). For example, when ®,, > &, the semi-
conductor Fermi level is initially higher than that of the metal before contact is
made. To align the two Fermi levels, the electrostatic potential of the semicon-
ductor must be raised (i.c., the electron energies must be lowered) relative to
that of the metal. In the n-type semiconductor of Fig. 5-40 a depletion region
W is formed near the junction. The positive charge due to uncompensated donor
ions within W matches the negative charge on the metal. The electric field and
the bending of the bands within W are similar to effects already discussed for
p-n junctions. For example, the depletion width W in the semiconductor can be
calculated from Eq. (5-21) by using the P’-n approximation (i.e., by assuming
the negative charge in the dipole is a thin shect of charge to the left of the junc-
tion). Similarly, the junction capacitance is Ae/W, as in the p’-n junction.”

The equilibrium contact potential Vi, which prevents further net elec-
tron diffusion from the semiconductor conduction band into the metal, is the
difference in work function potentials ®,, — ®,. The potential barrier height
®y, for electron injection from the metal into the semiconductor conduction

qbp = G{dpm — x)
[

EF‘»? T

g Semiconductor

(a) ()

Figure 5-40

A Schottky barrier formed by contacting an n-type semiconducior with o metal having a larger work

20

function: (a) band diagrams for the metal and the semiconductor before joining; (b) equilibrium band di-

agram for the junction.

"While the properties of the Schotiky barrier depletion region are similar fo the pn, it is clear that the
analogy does not include forward-bias hole injection, which is dominant for the p*n but not For the confact
of Fig. 5-40.
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Figure 541
Schottky barrier
between a ptype
semiconductor
and a melal hav-
ing a smaller
work function: (o]
band diagrams
before joining; (b
band diagram for
the junction ot
equilibrium.

band is &, — x, where gx (called the electron affinity) is measured from the
vacuum level to the semiconductor conduction band edge. The equilibrium
potential difference V/, can be decreased or increased by the application of
cither forward- or reverse-bias voltage, as in the p-n junction.

Figure 5-41 illustrates a Schottky barrier on a p-type semiconductor,
with @,, < @, In this case aligning the Fermi levels at equilibrium requires
a positive charge on the metal side and a negative charge on the semicon-
ductor side of the junction. The negative charge is accommodated by a de-
pletion region W in which ionized acceptors (N ) are left uncompensated by
holes. The potential barrier V; retarding hole diffusion from the semicon-
ductor to the metal is &, — @,,, and as before this barrier can be raised or low-
cred by the application of voltage across the junction. In visualizing the barrier
for holes, we recall from Fig. 5-11 that the electrostatic potential barrier for
positive charge is opposite to the barrier on the electron energy diagram.

The two other cases of ideal metal-semiconductor contacts (®,, < ®,
for n-type semiconductors, and @, > ®, for p-type) result in nonrectifying
contacts. We will save treatment of these cases for Section 5.7.3, where ohmic
contacts are discussed.

5.7.2 Rectifying Contacts

When a forward-bias voltage V is applied 1o the Schottky barrier of Fig. 5-40b,
the contact potential is reduced from Vi to V, — V (Fig.5-42a).As a result, elec-
trons in the semiconductor conduction band can diffuse across the depletion

Metal Semiconductor

________ s
E,

Semiconductor qlebs — bm) = gV

—

(a) ()
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Figure 5-42
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Effects of forward and reverse bias on the junction of Fig. 5-40: [(a) forward bias; (b) reverse bias; (c)

typical currentvoltage choracteristic.

region to the metal. This gives rise to a forward current (metal to semicon-
ductor) through the junction. Conversely, a reverse bias increases the barri-
er to V, + V,, and electron flow from semiconductor to metal becomes
negligible. In either case flow of electrons from the metal to the semicon-
ductor is retarded by the barrier @, — x. The resulting diode equation is sim-
ilar in form to that of the p-n junction

1= Ip(e?"*" - 1) (5-79)

as Fig. 5-42c suggests. In this case the reverse saturation current /; is not sim-
ply derived as it was for the p-n junction. One important feature we can pre-
dict intuitively, however, is that the saturation currenf should depend upon
the size of the barrier ®g for electron injection from the metal into the semi-
conductor. This barrier (which is @,, — x for the ideal case shown in Fig. 542)
is unaffected by the bias voltage. We expect the probability of an electron in
the metal surmounting this barrier to be given by a Boltzmann factor. Thus
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Iy oc e~ 9PkT (5-80)

The diode equation (5-79) applies also to the metal-p-type semi-
conductor junction of Fig. 5-41. In this case forward voltage is defined
with the semiconductor biased positively with respect to the metal. For-
ward current increases as this voltage lowers the potential barrier to V, — V
and holes flow from the semiconductor to the metal. Of course, a reverse
voltage increases the barrier for hole flow and the current becomes neg-
ligible.

In both of these cases the Schottky barrier diode is rectifying, with easy
current flow in the forward direction and little current in the reverse direc-
tion. We also note that the forward current in each case is due to the injec-
tion of majority carriers from the semiconductor into the metal. The absence
of minority carrier injection and the associated storage delay time is an im-
portant feature of Schottky barricr diodes. Although some minority carrier
injection occurs at high current levels, these are essentially majority carrier
devices. Their high-frequency properties and switchin g speed are therefore
generally better than typical p-n junctions.

In the early days of semiconductor technology, rectifying contacts were
made simply by pressing a wire against the surface of the semiconductor. In
modern devices, however, the metal—semiconductor contact is made by de-
positing an appropriate metal film on a clean semiconductor surface and
defining the contact pattern photolithographically. Schottky barrier devices
are particularly well suited for use in densely packed integrated circuits, be-
cause fewer photolithographic masking steps are required compared to p-n
junction devices.

5.7.3 GChmic Contacts

In many cases we wish to have an ohmic metal-semiconductor contact, hav-
ing a linear I-V characteristic in both biasing directions. For example, the
surface of a typical integrated circuit is a maze of p and n regions, which must
be contacted and interconnected. It is important that such contacts be ohmic,
with minimal resistance and no tendency to rectify signals.

Ideal metal-semiconductor contacts are ohmic when the charge in-
duced in the semiconductor in aligning the Fermi levels is provided by
majority carriers (Fig. 5-43). For example, in the ®,, < ®, (n-type) case of
Fig. 5-43a, the Fermi levels are aligned at equilibrium by transferring elec-
trons from the metal to the semiconductor. This raises the semiconductor
clectron energies (lowers the electrostatic potential) relative to the metal
at equilibrium (Fig. 5-43b). In this case the barrier to electron flow be-
tween the metal and the semiconductor is small and easily overcome by
a small voltage. Similarly, the case ®,, > ®, (p-type) results in casy hole
flow across the junction (Fig. 5-43d). Unlike the rectifying contacts dis-

3
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Ohmic metal-semiconductor contacts: (a) @, < @, for an ntype semiconductor, and (b) the equilibrium
band diagram for the junction; (c) ®,, > ®, for a plype semiconductor, and (d) the junction at equilibrium.
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cussed previously, no depletion region occurs in the semiconductor in
these cases since the electrostatic potential difference required to align the
Fermi levels at equilibrium calls for accumulation of majority carriers in
the semiconductor.

A practical method for forming ohmic contacts is by doping the semi-
conductor heavily in the contact region. Thus if a barrier exists at the interface,
the depletion width is small enough to allow carriers to tunnel through the bar-
rier. For example, Au containing a small percentage of Sb can be alloyed to
n-type Si, forming an n* layer at the semiconductor surface and an excellent
ohmic contact. Similarly, p-type material requires a p' surface layer in contact
with the metal. In the case of Al on p-type Si, the metal contact also provides
the acceplor dopant. Thus the required p* surface layer is formed during a brief
heat treatment of the contact after the Al is deposited.

5.7.4 Typical Schottky Barriers

The discussion of ideal metal-semiconductor contacts does not include cer-
tain effects of the junction between the two dissimilar materials Unlike a
p-n junction. which occurs within a single crystal, a Schottky barrier junction
includes a termination of the semiconductor crystal. The semiconductor sur-
face contains surface states due to incomplete covalent bonds and other ef-
fects,which can lead to charges at the metal-semiconductor interface.
Furthermore, the contact is seldom an atomically sharp discontinuity between
the semiconductor crystal and the metal. There is typically a thin interfacial
layer, which is neither semiconductor nor metal. For example, silicon crystals
are covered by a thin (10-20 A) oxide layer even after etching or cleaving in
atmospheric conditions. Therefore, deposition of a metal on such a Si surface
leaves a glassy interfacial layer at the junction. Although electrons can tunnel
through this thin layer, it does affect the barrier to current transport through
the junction.

Because of surface states, the interfacial fayer, microscopic clusiers of
metal-semiconductor phases, and other effects, it is difficult to fabricate junc-
tions with barriers near the ideal values predicted from the work functions
of the two isolated materials. Therefore, measured barrier heights are used
in device design. In compound semiconductors the interfacial layer intro-
duces states in the semiconductor band gap that pin the Fermi level at a fixed
position, regardless of the metal used (Fig. 5-44). For example, a collection
of interface states located 0.7 ~ (.9 eV below the conduction band pins £
at the surface of n-type GaAs, and the Schottky barrier height is determined
from this pinning effect rather than by the work function of the metal. An in-

" teresting case is n-type InAs (Fig. 5-44b), in which Ej at the interface is

pinned above the conduction band edge. As a result, ohmic contact to n-type
InAs can be made by depositing virtually any metal on the surface. For Si,
good Schottky barriers are formed by various metals, such as Au or Pt. In

1
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Interface
stales

Metal n{ m.:.' Metal n=InAs
(a) . (b)
Figure 5-44
Fermi level pinning by interface states in compound semiconductors: (a) E; is pinned near E- — 0.8 eV
in ntype GoAs, regardless of the choice of metal; (b} E; is pinned above E in n-type InAs, providing on
excellent ohmic contact.

the case of Pt, heat treatment results in a platinum silicide layer, which pro-
vides a reliable Schottky barrier with ®, = 0.85 V on n-type Si.

A full treatment of Schottky barrier diodes results in a forward cur-
rent equation of the form

I = ABT % 9®s/kT qV (kT (5-81)

where B is a constant containing parameters of the junction properties and
n is a2 number between 1 and 2, similar to the ideality factor in Eq. (5-74)
but arising from different reasons. The mathematics of this derivation is sim-
ilar to that of thermionic emission, and the factor B corresponds to an effec-
tive Richardson constant in the thermionic problem.

Thus far we have discussed p-n junctions formed within a single semicon- 5.8
ductor (homojunctions) and junctions between a metal and a semiconductor.  HETERO-
The third important class of junctions consist of those between two lattice-  JUNCTIONS
matched semiconductors with different band gaps (heterojunctions). We dis-

cussed lattice-matching in Section 1.4.1. The interface between two such
semiconductors may be virtually free of defects, and continuous crystals con-

taining single or multiple heterojunctions can be formed. The availability of
heterojunctions and multilayer structures in compound semiconductors opens

a broad range of possibilities for device development. We will discuss many

of these applications in later chapters, including heterojunction bipolar tran-

sistors, field-effect transistors, and semiconductor lasers.
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When semiconductors of different band gaps, work functions, and elec-
tron affinities are brought together to form a junction, we expect discontinu-
ities in the energy bands as the Fermi levels line up at equilibrium (Fig. 5-45).
The discontinuities in the conduction band AE_ and the valence band AE ac-
commodate the difference in band gap between the two semiconductors AE,,
In an ideal case, AE, would be the difference in clectron affinitics gy, — x,),
and AE, would be found from AE, — AE,. This is known as the Anderson affin-
ity rule. In practice, the band discontinuities are found experimentally for par-
ticular semiconductor pairs. For example, in the commonly used system
GaAs-AlGaAs (see Figs 3-6 and 3-13), the direct band gap difference A £} be-
tween the wider band gap AlGaAs and the narrower band gap GaAs is ap-
portioned approximately 3 in the conduction band and { in the valence band
for the heterojunction. The built-in contact potential is divided between the two
semiconductors as required to align the Ferm levels at equilibrium. The re-
sulting depletion region on each side of the heterojunction and the amount of
built-in potential on each side (making up the contact potential V) are found
by solving Poisson's equation with the boundary condition of continuous elec-
tric flux density. €€, = €,¢. al the junction. The barrier that electrons must
overcome in moving from the n side to the p side may be quite different from
the barrier for holes moving from p to n. The depletion region on each side is
analogous to that described in Eq. (5-23). except that we must account for the
different dielectric constants in the two semiconductors.

To draw the band diagram for any semiconductor device involving
homojunctions or heterojunctions, we need material parameters such as
the bandgap and the electron affinity which depend on the semiconductor
material but not on the doping, and the workfunction which depends on the
semiconductor as well as the doping. The electron affinity and workfune-
tion are referenced to the vacuum level. The true vacuum level (or global
vacuum level), E, ., is the potential energy reference when an electron is
taken out of the semiconductor to infinity, where it sees no forces. Hence,
the true vacuum level is a constant (Fig. 5-45). That introduces an appar-
ent contradiction, however, because looking at the band bending in a semi-
conductor device, it seems to imply that the electron affinity in the
semiconductor changes as a function of position. which is impossible be-
cause the electron affinity is a material parameter. Therefore. we need to
introduce the new concept of the local vacuum level, £,,. (loc). which varies
along with and parallel to the conduction band edge. thereby keeping the
electron affinity constant. The local vacuum level tracks the potential en-
ergy of an electron if it is moved just outside of the semiconductor. but not
far away. The difference between the focal and global vacuum levels is due
to the electrical work done against the fringing electric fields of the deple-
tion region, and is equal to the potential energy gV, due to the built-in con-
tact potential V|, in equilibrium. This potential energy can. of course, be
modified by an applied bias.
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To draw the band diagram for a heterojunction accurately, we must not
only use the proper values for the band discontinuities but also account for
the band bending in the junction. To do this, we must solve Poisson’s equa-
tion across the heterojunction, taking into account the details of doping and
space charge, which generally requires a computer solution. We can, howev-
er, sketch an approximate diagram without a detailed calculation. Given the
¢xperimental band offsets AE, and AE_, we can proceed as follows:

1. Align the Fermi level with the two semiconductor bands separated.
Leave space for the transition region.
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Figure 5-45

An ideal hetero-
junction between
a p-type, wide
band gap semi-
conductor an n-
type narrower
band gap semi-
conductor: (g
band diagrams
before joining; (b)
band discontinu-
ities and band
bending at

equilibrium.
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2. The metallurgical junctien (x = 0) is located near the more heavily
doped side. At x = 0 put AE, and AE_, separated by the appropriate
band gaps.

3. Connect the conduction band and valence band regions, keeping the
band gap constant in each material.

Steps 2 and 3 of this procedure are where the exact band bending is
important and must be obtained by solving Poisson’s equation. In step 2 we
must use the band offset values AE, and AE, for the specific pair of semi-
conductors in the heterojunction.

EXAMPLE 5-6 For heterojunctions in the GaAs-AlGaAs system, the direct (I') band gap
difference AE} is accommodated approximately § in the conduction band
and 1 in the valence band. For an Al composition of 0.3, the AlGaAs is direct
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(see Fig. 3-6) with AE, = 1.85 eV. Sketch the band diagrams for two het-
erojunction cases: N'-Al, ;Ga, ;As on n-type GaAs, and N*-Al,;Ga,,As on
p*-GaAs.'®

Taking AE, = 1.85 — 1.43 = 0.42 eV, the band offsets are AE.=028eVand SOWTION
AE, = 0.14 eV. In each case we draw the equilibrium Fermi level, add the ap-

propriate bands far from the junction, add the band offsets while estimating the

relative amounts of band bending and position of x = 0 for the particular dop-

ing on the two sides, and finally sketch the band edges so that E ¢ is maintained

in each separate semiconductor right up to the heterojunction at x = 0,

" AlGaAs | Glalks

—W

s .+__..+___— +——=
0

"®In discussing heterojunctions, i is common fo use copital N or P o designate the wide band gap moterial.
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Figure 5-46

A heterojunction
between
N*.AlGaAs and
lightly doped
GaAs, illustrafing
the patential well
for electrons
formed in the
GahAs conduction
band. If this well
is sufficiently thin,
discrefe shates
(such as E; and
£,) are formed,
as discussed in
Section 2.4 3

A particularly important example of a heterojunction is shown in Fig-
ure 546, in which heavily n-type AlGaAs is grown on lightly doped GaAs.
In this example the discontinuity in the conduction band allows electrons to
spill over from the N'-AlGaAs into the GaAs, where they become trapped
in the potential well. As a result, electrons collect on the GaAs side of the het-
erojunction and move the Fermi level above the conduction band in the
GaAs near the interface. These electrons are confined in a narrow potential
well in the GaAs conduction band. If we construct a device in which con-
duction occurs parallel to the interface, the electrons in such a potzntial well
form a two-dirnensional efectron gas with very interesting device properties.
As we shall see in Chapter 6, electron conduction in such a potential well
can result in very high mobility electrons. This high mobility is due to the
fact that the electrons in this well come from the AlGaAs, and not from dop-
ing in the GaAs. As a resuli, there is negligible impurity scattering in the
GaAs well, and the mobility is controlled almost entirely by lattice scatter-
g (phonons). At low temperatures, where phonon scattering is low, the mo-
bility in this region can be very high. If the band-bending in the GaAs
conduction band is strong enough, the potential well may be extremely nar-
row, so that discrete states such as £ and E, in Fig. 546 are formed. We will
return to this example in Chapier 6.

Another obvious feature of Fig, 5-46 is that the concept of a contact po-
tential barrier gV, for both electrons and holes in a homojunction is no longer
valid for the heterojunction. In Fig. 5-46 the barrier for electrons gV, is small-
er than the barrier for holes gV,. This property of a heterojunction can be
used to alter the relative injection of electrons and holes, as we shall see in
Section 7.9.

T

AlGaAs GaAs

—
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Design an oxide mask to block P diffusion in Si at 1000°C for 30 minutes using
a design criterion that the mask thickness should be eight times the diffusion
length. If we grow this oxide using a wet oxidation process at 1100°C, how long
must we do the oxidation? Calculate the total number of S atoms that are con-
sumed from the wafer in the process, for a 200 mm diameter wafer.

When impurities are diffused into a sample from an unlimited source such that

the surface concentration N, is held constant. the impurity distribution (profile)
is given by

x
N(x,1)= N, rfc( _)
W A 2/ Dr

where D is the diffusion coefficient for the impurity, ¢ is the diffusion time, and
erfc is the complementary error function,

If a certain number of impurities are placed in a thin layer on the surface be-
fore diffusion, and if no impurities are added and none escape during diffu-
sion, a gaussian distribution is obtained:
rN‘, R gt
N(x, 1) = —=e VDY
VDt
where N, is the quantity of impurity placed on the surface (atoms/em?) prior to
= 0. Notice that this expression differs from Eq. (4-44) by a factor of two. Why?

Figure P5-2 gives curves of the complementary error function and gaussian
factors for the variable u, which in our case is r/2\/?)?. Assume that boron is
diffused into n-type Si (uniform N, = § X 10'%cm ) at 1000°C for 30 min. The
diffusion coefficient for B in Si at this temperature is D = 3 x 10-1¢ cm?/s.

(a) Plot N,(x) after the diffusion, assuming that the surface concentration is
held constant at N, = 5 x 10™ cm™. Locate the position of the junction
below the surface.

(b) Plot N,(x) after the diffusion, assuming that B is deposited in a thin layer
on the surface prior to diffusion (V. = 5 X 10" em %), and no additional B
atoms are available during the diffusion. Locate the junction for this case.

Hint: Plot the curves on five-cycle semilog paper, with an abscissa varying
from zero to } pm. In plotting N, (x), choose values of x that are simple mul-
tiples of 2\ Drt.

A 900 nm oxide is grown on (100) Si in wet oxygen at 1100°C. How long does
it take (o grow the first 200 nm, the next 300 nm and the final 400 nm?

A square window (1 mm X 1 mm) is etched in this oxide and the wafer is re-
oxidized at 1150°C in wet oxygen such that the oxide thickness ousside of the win-
dow region increases to 2000 nm. Draw a cross section of the wafer and mark off
all the thicknesses, dimensions and oxide-Si interfaces relative to the original Si sur-
face. Calculate the step heights in Si and in the oxide at the edge of the window.

PROBLEMS
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Figure P5-2
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5.4 We wish to do an As implant into a Si wafer with a 0.1 um oxide such that the

un
n

peak lies at the oxide-silicon interface, with a peak value-of 5 X 10" cm ™.
What implant parameters (encrgy, dose and beam current) would you choose?
The scan area is 200 cm?, and the desired implant time is 20 s Assume similar
range statistics in oxide and Si.

We want to implant 5 X 10" cm™2 B into Si at an average depth of 0.5 um. We
have an implanter which has a maximum acceleration voltage of 150 kV. How
can we achieve this profile if we have singly and doubly charged B in the ma-
chine? Suppose the doubly ionized beam current is 0.1 mA, how long will the
implant take if the scan area is 100 cm”? By doing clever ion implanter source
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design, Dr. Boron Maximus has increased the beam current by a factor of 1000.
From a dose uniformity point of view is this good or bad?

5.6 Assuming aconstant (unlimited) source diffusion of P at 1000°C into p-type Si
(N, = 2 x 10" cm ), calculate the time required to achieve a junction depth
of 1 micron. See equations in Prob. 5.2.

5.7 We are interested in'patterning the structure shown in Fig. P5-7. Design the
mask aligner optics in terms of numerical aperture of the lens and the wave-
length of the source.

Figure P5-7

—»  lpm -

5.8 Inap’-njunction the hole diffusion current in the neutral n material is given
by Eq. (5-32). What are the electron diffusion and electron drift components
of current at point x,, in the neutral n region?

59 An abrupt Si p-n junction has N, = 10'® em? on one side and N, = 5 x 10"
em 2 on the other.

(a) Calculate the Fermi level positions at 300 K in the p and n regions,

(b) Draw an equilibrium band diagram for the junction and determine the
contact potential V;, from the diagram.

(c) Compare the results of part (b) with V; as calculated from Eq. (5-8).

5.10 The junction described in Prob. 5.9 has a circular cross section with diameter
of 10 um. Calculate X4, X4, Q,,and %, for this junction at equilibrium (300 K).
Sketch €(x) and charge density to scale, as in Fig. 5-12.

5.11 The electron injection efficiency of a junction is /,/] at x, = 0.

(a) Assuming the junction follows the simple diode equation, express I/7 in
terms of the diffusion constants, diffusion lengths, and equilibrium minor-
ity carrier concentrations.

(b) Show that 1,/ can be written as [1 + LEp,up/Lynaur] ' where the su-
perscripts refer to the n and p regions. What should be done to increase the
electron injection efficiency of a junction?

5.12 A Sip*-njunction has a donor doping of 5 X 10'®cm™ on the n side and a cross-
sectional area of 10~* cm?. 1f 7, = 1 psand D, = 10 cm®/s, calculate the current

with a forward bias of 0.5 V at 300 K.

5.13 (a) Explain physically why the charge storage capacitance is unimportant for

reverse-biased junctions.
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516

5.18

519

5.20

(b) Assuming that a GaAs junction is doped to equal concentrations on the n
and p sides, would you expect electron or hole injection to dominate in
forward bias? Explain,

(a) A Sip*-njunction 10 ?cm? in area has N, = 10'° cm™ doping on the n side. ;

Calculate the junction capacitance with a reverse bias of 10 V.
(b) An abrupt p*-n junction is formed in Si with a donor doping of N, = 10" cm ™.
‘What is the depletion region thickness W just prior to avalanche breakdown?
Using Eqgs. (5-17) and (5-23), show that the peak electric field in the transition
region is controlled by the doping on the more lightly doped side of the junction,
An abrupt Si p-n junction has the following properties at 300 K:
pside nside A=10"cm?
N,=10"em™ Ny=10"%
1, =01 us 7,=10 ps
Hy = 200 em*/V-s By = 1300
B, = 700 u, = 450
Draw an equilibrium band diagram for this junction, including numerical vai-
ues for the Fermi level position relative to the intrinsic level on each side, Find
the contact potential from the diagram and check your answer with the ana-
lytical expression for V.
A long p*-n diode is forward biased with current / flowing. The current is sud-
denly tripled at r = 0.
{a) What is the slope of the hole distribution at x, = 0 just after the current
is tripled?
(b) Assuming the voltage is always > kT/qg, relate the final junction voltage (at
t = =) to the initial voltage (before ¢ = 0).
Assume that the doping concentration N, on the p side of an abrupt junction

is the same as N, on the n side. Each side is many diffusion lengths long. Find
the expression for the hole current I, in the p-type material.

A Si p-n junction with cross-sectional arca, A = 0.001 cm? is formed with

N, =10% ecm ™, N, = 10" cm . Calculate:

(a) Contact potential, V.

(b) Space-charge width at equilibrium (zero bias).

(c) Current with a forward bias of 0.5 V. Assume that the current is diffusion
dominated. Assume p,, = 1500 cm¥/V-s, p, = 450 cm?/V-s, 1, = 7, = 2.5 ps.
Which carries most of the current, electrons or holes and why? If you want-
ed to double the electron current, what should you do?

An n*-p junction with a long p-region has the following properies: N, = 10'° cm ™,

D, =13 cm?s; p,, = 1000 cm*/V-s; 7, = 2pus; n, = 10'® cm >, If we apply 0.7 V for-

ward bias to the junction at 300 K, what is the electric field in the p-region far

from the junction?
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For the diode in Problem 5.16, draw the band diagram qualitatively under for-
ward and reverse bias showing the quasi-Fermi levels.

In a p*-n junction, the n-doping N, is doubled. How do the following change if
everything else remains unchanged? Indicate only increase or decrease.

(a) Junction capacitance
(b) Built-in potential
(c) Breakdown voliage
(d) Ohmic losses

The junction of problem (5.16) is forward biased by 0.5 V. What is the forward
current? What is the current at a reverse bias of 0.5 V?

In the junction of problem (5.16), what is the total depletion capacitance at - V?

A p*-n Si diode (V, = 0.956 V) has a donor doping of 10" em ~* and an n-region
width = 1um. Does it break down by avalanche or punchthrough?

Calculate the capacitance for the following Si n*-p junction.

N,=10%cm?

Area = 0.001 cm®

Reverse bias=1,5and 10V

Plot 1/C* vs. Vi

Demonstrate that the slope yields N,. Repeat calculations for N, =107 cm ™.
Since the doping is not specified on the n* side, use a suitable approximation.

We assumed in Section 5.2.3 that carriers are exciuded within W and that the
semiconductor is neutral outside W. This is known as the depletion approxi-
mation. Obviously, such a sharp transition is unrcalistic. In fact, the space charge
varies over a distance of several Debye lengths, given by

[ kT ]uz
Lp= on the n side.
& qud

Calculate the Debye length on the n side for Si junctions having N, = 10" em ™

on the p-side and N, = 10',10',and 10" cm ™ on the n-side and compare with
the size of Win each case.

We have a symmetric p-n silicon junction (N, = Ny = 10" em ). If the peak elec-
tric field in'the junction at breakdown is 5 X 10° Viem, what is the reverse
breakdown voltage in this junction?

We wish to design a p~-n diode such that the avalanche breakdown and
punchthrough both occur at 15 V. Assume the relative dielectric constant of
the semiconductor is 10, ¥, is 0.5 V, and the breakdown field is | MV/em. De-
termine the width and doping of the n-region.

A long p*-n junction has its forward bias current switched from Iy, 10 [ at £ = 0.
Find an expression for the stored charge @, as a function of time in the n-region.
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A long p*-n diode is forward biased with current / flowing, The current is sud-
denly doubled at ¢ = 0.

Assume that the stored charge in the n region can be represented by an expo-
nential at each instant, for simplicity. Write the expression for the instanta-
neous current as a sum of recombination current and current due to changes
in the stored charge. Using proper boundary conditions, solve this equation for
the instantaneous hole distribution and find the cxpression for the instanta-
neous junction voltage.

The diode of Fig, 5-23¢ is used in a simple half-wave rectifier circuit in which
the diode is placed in series with a load resistor. Assume that the diode offset
voltage F, is 0.4 V and that R = dv/di = 400 §). For a load resistor of 1 k{} and
a sinusoidal input of 2 sin wr, sketch the output voltage (across the load resis-
tor) over two cycles.

-3

An abrupt p*-n junction is formed in Si with a donor doping of N, = 10" cm
What is the minimum thickness of the n region to ensure avalanche breakdown
rather than punchthrough?

Assume holes are injected from a p*-n junction into a short n region of length .
1f 8p(x,) varies lincarly from Ap, at x, = 0 to zero at the ohmic contact (x,. = {).
find the steady state charge in the excess hole distribution (), and the current /.

Assume that a p'-n diode is built with an n region width / smaller than a hole
diffusion length (/ < L,). This is the so-called narrow base diode. Since for this
asc holes are injected into a short n region under forward bias, we cannol use
the assumption dp(x, = %) = 0 in Eq. (4-35). Instead, we must use as a bound-
ary condition the fact that dp =0 atx, = .

(a) Solve the diffusion equation to obtain

Ap"[ef-'—x,)/i,,. s tA:,,—l'}.-’L,.]

8p(xn) = ity — gk

(b) Show that the current in the diode is
= (QADPPH )eq'v ¥

Given the narrow base diode result (Prob. 5.35), (a) calculate the current due
to recombination in the n region, and (h) show that the current due to recom-
bination at the ohmic contact is

F{ohmic contact) = (q—ADPPN csch L)(e""m —1)
L, L,
Assume that a p*-n junction is built with a graded n region in which the dop-
ing is described by N (x) = Gx™. The depletion region (W = x,) extends from
essentially the junction at x = 0 to a point W within the n region. The singular-
ity at x = 0 for negative m can be neglected.
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(a) Integrate Gauss's law across the depletion region to obtain the maximum
value of the electric field €= —gGW™"/e(m + 1).

(b) Find the expression for %(x), and usc the result to obtain Vy — V =
qGW™/¢(m + 2).
(c) Find the charge  due to ionized donors in the depletion region; write O
explicitly in terms of (V, = V).
(d) Using the results of (c), take the derivative dQ/d(Vy, — V) to show that the
capacitance is
I]GE(MH') 1/(m +72)
i g ]
(m + 2)(Vo = V)

Assume a linearly graded junction as in Fig. 5-39, with a doping distribution de-
scribed by Eq. (5-77). The doping is symmetrical, so that x,q = X,p = WI2.

(a) Integrate Eq. (5-78) to show that

on 94 . LAY
wr= 1ol (2]

(b) Show that the width of the depletion region is

12¢(V,y — V)}w
W=|—————
{ qG

(c) Show that the junction capacitance is

) qGE?‘ 143
i A{I—Z(Vu ~v 1

Design an ohmic contact for n-type GaAs using InAs, with an intervening grad-
ed InGaAs region (sce Fig 5-44).

(a) Using Eq.(5-8),calculate the contact potential ¥, of a Si p-n junction op-
erating at 300 K for N, = 10" and 10" em ™, with Ny = 10",10'%, 10,107, 10%,
and 101" em ™7 in each case and plot vs. N

(b) Plot the maximum electric field €, vs. N, for the junctions described in (a).

A Schottky barrier is formed between a metal having a work function of 4.3 eV
and p-type Sk (electron affinity = 4 €V). The acceptor doping in the Siis 107 cm .

(a) Draw the equilibrium band diagram, showing a numerical value for gV,
(b) Draw the band diagram with 0.3V forward bias. Repeat for 2 V reverse bias.

What is the conductivity of a piece of Ge (n; = 2.5 X 10" ¢m ) doped with
5 x 10* em~? donors and 2.5 X 10'* em ™~ acceptors? (D, = 100 cm*s, D, =
S0 cm?/s). If the electron affinity of Ge = 4.0 eV, and we put down a metal elec-
trode with work fun"qtion = 4.5 ¢V, what is the work function difference? Do you
expect this to be a Schottky barrier or an ohmic contact?
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Chapter 6
Field-Effect Transistors

The modern era of semiconductor electronics was ushered in by the inven-
tion of the bipolar transistor in 1948 by Bardeen, Brattain, and Shockley at
the Bell Telephone Laboratories. This device, along with its field-effect coun-
terpart, has had an enormous impact on virtually every area of modern life.
In this chapter we will learn about the operation, applications, and fabrica-
tion of the field-effect transistor (FET).

The field-effect transistor comes in several forms. In a junction FET (called
a JFET) the control (gate) voltage varies the depletion width of a reverse-
biased p-n junction. A similar device results if the junction is replaced by a Schot-
tky barrier (metal-semiconductor FET, called a MESFET). Alternatively, the
metal gate electrode may be separated from the semiconductor by an inssfator
(metal-insulator-semiconductor FET, called a MISFET). A common special case
of this type uses an oxide layer as the insulator (MOSFET).

In Chapter 5 we found that two dominant features of p-n junctions are
the injection of minority carriers with forward bias and a variation of the de-
pletion width W with reverse bias. These two p-n junction properties are used
in two important types of transistors. The bipolar junction transistor (BJT) dis-
cussed in Chapter 7 uses the injection of minority carriers across a forward-
biased junction, and the junction field effect transistor discussed in this chap-
ter depends on control of a junction depletion width under reverse bias. The
FET is a majority carrier device, and is therefore often called a unipolar tran-
sistor. The BJT, on the other hand, operates by the injection and collection of
minority carriers. Since the action of both electrons and holes is important in
this device, it is called a bipolar transistor. Like its bipolar counterpart, the
FET is a three-terminal device in which the current through two terminals is
controlled at the third. Unlike the BJT, however, ficld-effect devices are con-
trotled by a voltage at the third terminal rather than by a current.

The history of BJTs and FETs is rather interesting, It was the FET that
was proposed first in 1930 by Lilienfeld, but he never got it to work ‘because
he did not fully appreciate the role of surface defects or surface states. In the
process of trying to demonstrate experimentally such a field effect transistor,
Bardeen and Brattain somewhat serendipitously invented the first bipolar
transistor, the Ge point contact transistor. This major breakthrough was rapid-
ly followed by Shockley’s extension of the concept to the BIT. It was only
much later, after the problem of surface states was resolved by growing an
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oxide insulator on Si, that the first MOSFET was demonstrated in 1960 by
Kahng and Atalla. Although the BJT reigned supreme in the early days of
semiconductor integrated electronics, it has been gradually supplanted in
most applications by the Si MOSFET. The main reason is, unlike BJTs, the
various types of FET are characterized by a high input impedance, since the
control voltage is applied to a reverse-biased junction or Schottky barrier, or
across an insulator. These devices are particularly well suited for controlled
switching between a conducting state and a nonconducting state, and are
therefore useful in digital circuits. They are also suitable for integration of
many devices on a single chip, as we shall see in Chapter 9.In fact, millions
of MOS transistors are commonly used together in semiconductor memory
devices and microprocessors.

6.1
TRANSISTOR
OPERATION

Figure 6-1

A two-terminal
nonlinear device:
(a) biasing
circuit; (b) -V
characteristic and
load line.

We begin this section with a general discussion of amplification and switch-
ing, the basic circuit functions performed by transistors. The transistor is a
three-terminal device with the important feature that the current through
two terminals can be controlled by small changes we make in the current or
voltage at the third terminal. This control feature allows us to amplify small
a-c signals or to switch the device from an on state to an off state and back.
These two operations, amplification and switching, are the basis of a host of
electronic functions. This section provides a brief introduction to these op-
erations, as a foundation for understanding both bipolar and field-effect
transistors.

6.1.1 The Load Line

Consider a two-terminal device that has a nonlinear -V characteristic, as in
Fig. 6-1. We might determine this curve experimentally by measuring the
current far various applied voltages, or by using an oscilloscope called a curve
trdée. , wawit vanws I and V repetitively and displays the resulting curve.
When such a device is biased with the simple battery-resistor combination

ip

E/R

Load hine

(a) (b)
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shown in the figure, steady state values of I and V) are attained. To {ind
these values we begin by writing a loop equation around the circuit:'

E=ipR+vp (6-1)

This gives us one equation describing the circuit, but it contains two unknowns
(ip and vp). Fortunately. we have another equation of the form ip = f{v,) in the
curve of Fig. 6-1b, giving us two equations with two unknowns. The steady
state current and voltage are found by a simultaneous solution of these two
equations. However, since one equation is analytical and the other is graphi-
cal, we must first put them into the same form. It is easy to make the linear
equation (6-1) graphicai, so we plot it on Fig. 6-1b to find the simultaneous so-
lution. The end points of the line described by Eq. (6-1) are at £ when ip =0
and at E/R when v, = 0. The two graphs cross at v = V), and i, = I, the steady
state values of current and voltage for the device with this biasing circuit.
Now let's add a third terminal which somehow controls the /-V char-
acteristic of the device. For example, assume that the device current-voltage
curve can be moved up the current axis by increasing the control voltage as
in Fig, 6-2b. This results in a family of ip-vp curves, depending upon the choice
of vg. We can still write the loop equation (6-1) and draw it on the set of
curves, but now the simuitaneous solution depends on the value of v¢. In the
example of Fig. 6-2, V; is 0.5 V and the d-c values of {;, and V|, are found at
the intersection to be 10 mA and 5V, respectively. Whatever the value efithe
control voltage v at the third terminal, values of /, and V, are obtained
from points along the line representing Eq.(6-1). This is called the load line.

t'“ (TIIAJ I 10V

i |
P r 20

i f'rl \1
= vp /,' il k0 15
v '
Ip 10
15V “

- T :

T |

(a) (b)

Figure 6-2

A three-terminal nonlinear device that can be controlled by the voltage at the third terminal vg: (a) bias-
ing circuit: [b) -V characteristic and load line. If Vg = 0.5 V, the dc values of I and V), are as shown
by the dashed lines.

"We use ip 'o symbolize the fotal cprrent, Iy for the d< value, and i, for the a< component. A similar
scheme is used for other currents and voltoges.
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6.1.2 Amplification and Switching

If an a-c source is added to the control voltage, we can achieve large varia-
tions in i, by making small changes in v,;. For example, as v; varies about its
d-c value by 0.25V in Fig. 6-2, v, varies about its d-c value V, by 2 V. Thus
the amplification of the a-c signal is 2/0.25 = 8. If the curves for equai changes
in v are equally spaced on the ip axis, a faithful amplified version of the
small control signal can be obtained. This type of voltage-controlled ampli-
fication is typical of field-effect transistors For bipolar transistors, a small
control current is used to achieve large changes in the device current, achiev-
ing current amplification.

Another important circuit function of transistors is the controlled
switching of the device off and on. In the example of Fig. 6-2, we can switch
from the bottom of the load line (i, = 0) to almost the top (ip = E/R) by ap-
propriate changes in v. This type of switching with control at a third termi-
nal is particularly useful in digital circuits.

THE JUNCTION

Figure 6-3

6.2

FET

In a junction FET (JFET) the voltage-variable depletion region width of a
junction is used to control the effective cross-sectional area of a conducting
channel. In the device of Fig. 6-3, the current /;, flows through an n-type
channel between two p* regions. A reverse bias between these p* regions

vV, Gate \

(a)

(b)

Simplified cross-sectional view of a junction FET: (a) transistor geometry; (b detail of the channel and
voltage variation along the channel with V; = 0 and small I,
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and the channel causes the depletion regions to intrude into the n material,
and therefore the effective width of the channe! can be restricted. Since the
resistivity of the channel region is fixed by its doping, the channel resistance
varies with changes in the effective cross-sectional area. By analogy, the vari-
able depletion regions serve as the two doors of a gate, which open and close
on the conducting channel.

In Fig. 6-3 electrons in the n-type channel drift from left to right,
opposite to current flow. The end of the channel from which electrons
flow is called the source, and the end toward which they flow is called the
drain. The p* regions are called gates. If the channel were p-type. holes
would flow from the source to the drain, in the same direction as the cur-
rent flow, and the gate regions would be n*. It is common practice to con-
nect the two gate regions electrically; therefore, the voltage V; refers to
the potential from each gate region G to the source §. Since the conduc-
tivity of the heavily doped p* regions is high, we can assume that the po-
tential is uniform throughout each gate. In the lightly doped channel
material, however, the potential varies with position (Fig. 6-3b). If the
channel of Fig. 6-3 is considered as a distributed resistor carrying a cur-
rent I, it is clear that the voltage from the drain end of the channel D to
the source electrede § must be greater than the voltage from a point near
the source end to §. For low values of current we can assume a linear vari-
ation of voltage V, in the channel, varying from V at the draim end to
zero at the source end (Fig. 6-3b).

6.2.1 Pinch-off and Saturation

In Figure 6-4 we consider the channel in a simplified way by neglecting
voltage drops between the source and drain electrodes and the respec-
tive ends of the channel. For example, we assume that the potential at the
drain end of the channel is the same as the potential at the electrode D.
This is a good approximation if the source and drain regions are relative-
ly large, so that there is little resistance between the ends of the channel
and the electrodes. In Fig. 64 the gates are short circuited to the source
(Vi = 0),such that the potential at x = 0 is the same as the potential every-
where in the pate regions. For very small currents, the widths of the de-
pletion regions are close to the equilibrium values (Fig. 6-4a). As the
current I, is increased, however, it becomes important that V, is large
near the drain end and small near the source end of the channel. Since
the reverse bias across each point in the gate-to-channel junction is sim-
ply V, when Vg is zero, we can estimate the shape of the depletion re-
gions as in Fig. 6-4b. The reverse bias is relatively large near the drain
(Vsp = — Vp) and decreases toward zero near the source. As a result, the
depletion region intrudes into the channel near the drain, and the effec-
tive channel area is con'stricted.
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Figure 6-4
Depletion regions
in the channel of
a JFET with zero
gate bias for sev-
eral values of Vj :
{a) linear range;
(b) near pinch-off;
(c) beyond pinch-
off.
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Pinched-off channel

Since the resistance of the constricted channel is higher, the I-V plot for
the channel begins to depart from the straight line that was valid at low cur-
rent levels. As the voltage V), and current [, are increased still further, the
channel region near the drain becomes more constricted by the depletion
regions and the channel resistance continues to increase. As V) is increased,
there must be some bias voltage at which the depletion regions meet near the
drain and essentially pinch off the channel (Fig. 6-4¢). When this happens, the
current I cannot increase significantly with further increase in V. Beyond
pinch-off the current is saturated approximately at its value at pinch-off.2
Once electrons from the channel enter the electric field of the depletion re-
gion, they are swept through and ultimately flow to the positive drain con-
tact. After the current saturates beyond pinch-off, the differential channel
resistance dV p/dl, becomes very high. To a good approximation, we can cal-
culate the current at the critical pinch-off voltage and assume there is no fur-
ther increase in current as V, is increased.

*5aturation is used by device engineers in more different contexts than any other word. We have dis-
eussad velocily saturation, reverse saturation current of a junction, and now the scturation of FET charocter-
istics. In Chapter 7, we will discuss saturation of a BJT. The student has probably also reached saturation
by now in trying to absorb these various meanings.
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Ip Pinch-off

1."‘:‘ =NV

(b)

6.2.2 Gate Conirol

The effect of a negative gate bias — V,; is to increase the resistance of the
channel and induce pinch-off at a lower value of current (Fig.6-5). Since the
depletion regions are larger with V; negative, the effective channel width is
smaller and its resistance is higher in the low-current range of the charac-
teristic. Therefore, the slopes of the /,, vs. V), curves below pinch-off become
smaller as the gate voltage is made more negative (Fig. 6-5b). The pinetsoff
condition is reached at a lower drain-to-source voltage, and the saturation
current is lower than for the case of zero gate bias. As V; is varied, a family
of curves is obtained for the I- V characteristic of the channel. as in Fig. 6-5b,

Beyond the pinch-off voltage the drain current /,, is controlled by V.
By varying the gate bias we can obtain amplification of an a-c signal. Since
the input control voltage V; appears across the reverse-biased gate junc-
tions, the input impedance of the device is high.

We can calculate the pinch-off voltage rather simply by representing
the channel in the approximate form of Fig. 6-6. If the channel is sym-
metrical and the effects of the gates are the same in each half of the chan-
nel region. we can restrict our attention to the channel half-width h(x),
measured from the center line (y = ). The metallurgical half-width of the
channel (i.e.. neglecting the depletion region) is a. We can find the pinch-
off voltage by calculating the reverse bias between the n channel and the
p’. gate at the drain end of the channel (x = L). For simplicity we shall as-
sume that the channel width at the drain decreases uniformly as the re-
verse bias increases to pinch-off. If the reverse bias between the gate and
the drain is — V;p, the width of the depletion region at x = L can be found
from Eq. (5-57):

:—] . (Vo negative) (6-2)
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Figure 6-5

Effects of a nega-
tive gate bias: (a)
increase of deple-
tion region widths
with Vi, negative;
(b) family of
curre.m-voliage
curves for the
channels as V. is
varied.



248 Chapter 6

|

Figure 6—6
Simplified diagram of the channel with definitions of dimensions and differentiol volume for calculations.

In s expression we assume the equilibrium contact potential V is negligi-
ble compared with V¢ and the depletion region extends primarily into the
channel for the p*-n junction. Including V, is left for Prob. 6.2.

Pinch-off occurs at the drain end of the channel when

hx=L)=a—Wkx=L)=0 (6-3)

that is, when W(x = L) = a. If we define the value of —Vp at pinch-off as

V,, we have
|:2€VP]I'I2
£ g~
qu

Ve 2e

(6-4)

The pinch-off voltage V, is a positive number; its relation to Vpand Vi is
Vp = Vgn(pinch'off) = _VG + VD {6—5)

where V;is zero or negative for proper device operation. A forward bias on
the gate would cause hole injection from the p* regions into the channel,
eliminating the field-effect control of the device. From Eq. (6-5) it is clear that
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pinch-off results from a combination of gate-to-source voltage and drain-to-
source voltage. Pinch-off is reached at a lower value of V,, (and therefore a
lower Ip) when a negative gate bias is applied, in agreement with Fig. 6-5b.

6.2.3 Current-Voltage Characteristics

Calculation of the exact channel current is complicated, although the math-
ematics is relatively straightforward below pinch-off. The approach we shall
take is to find the expression for i}, just at pinch-off, and then assume the
saturation current beyond pinch-off remains fairly constant at this value.

In the coordinate system defined in Fig. 6-6, the center of the channel
at the source end is taken as the origin. The length of the channel in the
x-direction is L, and the depth of channel in the z-direction is Z. We shall
call the resistivity of the n-type channel material p (valid only in the neutral
n material, outside the depletion regions). If we consider the differential vol-
ume of neutral channel material Z2A(x)dx, the resistance of the volume el-
ement is pdx/Z2h(x) [see Eq. (3-44)]. Since the current does not change with
distance along the channel, I, is related to the differential voltage change in
the element d¥, Uy the conductance of the element:

 Z2h(x) av,

-
D p e (6-0)

The term 2h(x) is the channel width at x.

The half-width of the channel at point x depends on the lacal reverse
bias between gate and channel —V,;,:

FZE{_V(-;_.}“Q [ '(V_. = VG)iRJ .
Ax)=a—-W(x)=a- | ——= = = = 6-7
""(”"[qh'dJ‘”va =

since Vg, = Vi — V, and V, = qa’N,/2e. Implicit in Eq. (6-7) is the assump-
tion that the expression for W(x) can be obtained by a simple extension of
Eq. (6-2) to point x in the channel. This is called the gradual channel approxi-
mation; it is valid if h(x) does not vary abruptly in any element dx.

The voltage Vi;, will be negative since the gate voltage V.. is chosen
zero or negative for proper operation. Substituting Eq. (6-7) into Eq. (6-6),

we have
) ]
il = = dV, = [pdx (6-8)

p Ve pAx

We can solve this equation to obtain

[ v T s 327 |
i) 2 VG) L VD VG)’ :I .

= —— —— — —_— H-Y

! 1y GDVP{:V + —{3 Vv, ‘{3 v, | (H-Y)

\
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where V, is negative and G, = 2aZ/pL is the conductance of the channel
for negligible W(x),i.e., with no gate voltage and low values of /. This equa-
tion is valid only up to pinch-off, where ¥, — V5 = V.. If we assume the sat-
uration current remains essentially constant at its value at pinch-off, we have

|7 2 ¥ 372 2
R o G A

Ve . 2, VG)-%-"’- 1]
— — +— + =
G.,VF[VP + —13 v, = (6-10)
where
Vv
¥o_ .76
Ve Ve

The resulting family of -V curves for the channel agrees with the results we
predicted qualitatively (Fig. 6-5b). The saturation current is greatest when Vg
is zero and becomes smaller as V; is made negative.

We can represent the device biased in the saturation region by an
equivalent circuit where changes in drain current are related to gate volt-

age changes by
_alp(sat) B (_1‘_{)"}
gn(sat.) = P - Gg[l v, (6-11)

The quantity g, is the mutual transconductance, with units (A/V) called
siemens (S), sometimes called mhos. As a figure of merit for FET devices it
is common to describe the transconductance per unit channel width Z. This
quantity g,/Z is usually given in units of millisiemens per millimeter.

It is found experimentally that a square-law characteristic closely ap-
proximates the drain current in saturation:

Vv

G
Ve

2
I (sat.) = Iﬂ_g,(l + ) , (V¢ negarive) (6-12)
where I is the saturated drain current with V; = 0.

The appearance of a constant value of channel resistivity (in the Gy
term) in Egs. (6-9)-(6-11) implies that the electron mobility is constant. As
mentioned in Sec. 3.4.4, electron velocity saturation at high fields may make
this assumption invalid. This is particularly likely for very short channels,
where even moderate drain voltage can result in a high field along the chan-
nel. Another departure from the ideal model results from the fact that the ef-
fective channel length decreases as the drain voltage is increased beyond
pinch-off, as Fig. 6-4(c) suggests. In short-channel devices this effect can cause
I, to increase beyond pinch-off, since L appears in the denominator of Eq.
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(6-10),in G,. Therefore, the assumption of constant saturation current is not
valid for very short-channel devices.

The depletion of the channel discussed above for a JFET can be accomplished
by the use of a reverse-biased Schottky barrier instead of a p-n junction. The
resulting device is called a MESFET, indicating that a metal-semiconductor
junction is used. This device is useful in high-speed digital or microwave cir-
cuits, where the simplicity of Schottky barriers allows fabrication to close geo-
metrical tolerances. There are particular speed advantages for MESFET
devices in I11-V compounds such as GaAs or InP, which have higher mobili-
ties and carrier drift velocities than Si.

6.3.1 The GaAs MESFET

Figure 6-7 shows schematically a simple MESFET in GaAs The substrate is
undoped or doped with chromium, which has an energy level near the cen-
ter of the GaAs band gap. In either case the Fermi level is near the center of
the gap, resulting in very high resistivity material (~10° Q-cm), generally
called semi-insulating GaAs. On this nonconducting substrate a thin layer of
lightly-doped n-type GaAs is grown epitaxially, to form the channel region
of the FET.? The photolithographic processing consists of defining patterns
in the metal layers for source and drain ochmic contacts (e.g., Au-Ge) and
for the Schottky barrier gate (¢.g., Al). By reverse biasing the Schottky gate,
the channel can be depleted to the semi-insulating substrate, and the result-
ing I-V characteristics are similar to the JFET device.

By using GaAs instead of Si, a higher electron mobility is available (see
Appendix III), and furthermore GaAs can be operated at higher tempera-
tures (and therefore higher power levels). Since no diffusions are involved
in Fig. 6-7, close geometrical tolerances can be achieved and the MESFET
can be made very small. Gate lengths L < 0.25 pm are common in these de-
vices, This is important at high frequencies, since drift time and capacitances
must be kept to a minimum.

- Itis possible to avoid the epitaxial growth of the n-type layer and the
etched isolation in Fig. 6-7 by using ion implantation. Starting with a semi-
insulating GaAs substrate, a thin n-type layer at the surface of each transis-
tor region can be formed by implanting Si or a column VI donor impurity
such as Se. This implantation requires an anneal to remove the radiation
damage, but the epitaxial growth step is eliminated. In either the fully im-
planted device or the epitaxial device of Fig. 6-7, the source and drain con-
tacts may be improved by further n* implantation in these regions. Because

%in many cases o high resistivity GoAs epitaxiol layer (called o buffer layer is grown between the wo hary-
ers shown in Fig. 6-7.
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Figure 6~7 s G D
GaAs MESFET o o =

formed on an
n-type GoAs layer
grown epitaxially
on a semi-
insulating sub-
strate. Common
metals for the
Schottky gate in
GaAs are Al or
alloys of Ti, W,
and Au. The
ohmic source and
drain contacts
may be an alloy
of Au and Ge. In
this example the
device is isolated
from cthers on the
same chip by
efching through
the n region to the
semi-insulating
substrate.

n GaAs

-— Semi-insulating GaAs

of the relative simplicity of implanted GaAs MESFETs and the isolation be-
tween devices provided by the semi-insulating substrate, these structures are
commonly used in GaAs integrated circuits.

6.3.2 The High Electron Mobility Transistor (HEMT)

Since the metal-semiconductor field effect transistor (MESFET) is compat-
ible with the use of III-V compounds, it is possible to exploit the band gap en-
gineering available with heterojunctions in these materials, In order to
maintain high transconductance in a MESFET, the channel conductivity must
be as high as possible. Obviously, the conductivity can be increased by in-
creasing the doping in the channel and thus the carrier concentration. How-
ever, increased doping also causes increased scattering by the ionized
impurities, which leads to a degradation of mobility (see Fig. 3-23). What is
needed is a way of creating a high electron ¢oncentration in the channel of a
MESFET by some means other than doping. A clever approach to this re-
quirement is to grow a thin undoped well (e.g., GaAs) bounded by wider band
gap, doped barriers (e.g., AlGaAs). This configuration, called modulation dop-
ing, results in conductive GaAs when electrons from the doped AlGaAs bar-
riers fall into the well and become trapped there, as shown in Fig. 6-8a. Since
the donors are in the AlGaAs rather than the GaAs, there is no impurity scat-
tering of electrons in the well. If a MESFET is constructed with the channel
along the GaAs well (perpendicular to the page in Fig-6-8), we can take ad-
vantage of this reduced scatlering and resulting higher mobility. The effect is
especially strong at low temperature where lattice (phonon) scattering is also
low. This device is called a moduiation doped field-effect transistor (MODFET)
and is also called a high electron mobility transistor (HEMT).

In Fig. 6-8a we have left out the band-bending expected at the AlGaAs/
(GaAs interfaces. Based upon the discussion in Section 5.8, we expect the
electrons to accumulate at the corners of the well due to band-bending at
the heterojunction. In fact, only one heterojunction is required to trap ¢lec-
trons, as shown in Fig. 6-8b. Generally, the donors in the AlGaAs layer are
purposely separated from the interface by ~100 A. Using this configuration,
we can achieve a high electron concentration in the channel while retaining
high mobility, since the GaAs channel region is spatially separated from the
ionized impurities which provide the free carriers.
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Figure 6-8

{a) Simplified view of modulation doping, showing only the conduction band. Electrons in the donor-
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doped AlGaAs fall into the GaAs potential well and become trapped. As o result, the undoped GaAs
becomes n-type, without the scaltering by ionized donors which is typical of bulk ntype material. (b} Use

of a single AlGaAs/GaAs heterojunction to frap electrons in the undoped GaAs. The thin sheet of

charge due fo free electrons ot the interface forms a two-dimensional electron gas (2-DEG), which can

be exploited in HEMT devices.

In Fig. 6-8b, mobile electrons generated by the donors in the AlGaAs
diffuse into the small band gap GaAs layer, and they are prevented from re-
turning to the AlGaAs by the potential barrier at the AlGaAs/GaAs inter-
face. The electrons in the (almost) triangular well form a two-dimensional
electron gas (sometimes abbreviated 2-DEG). Sheet carrier densities as high
as 102cm™2 can be obtained at a single interface such as that shown in Fig.
6-8b. Ionized impurity scattering is greatly reduced simply by separating the
electrons from the donors. Also, screening effects due to the extremely high
density of the two-dimensional electron gas can reduce ionized impurity scat-
tering further. In properly designed structures, the electron transport ap-
proaches that of bulk GaAs with no impurities, so that mobility is limited by
lattice scattering. As a result, mobilities above 250,000 cm?/V-s at 77 K and
2,000,000 cm’/V-s at 4 K can be achieved.

The advantages of a HEMT are its ability to locate a large electron
density (~10" cm™?) in a very thin layer (< 100 A thick) very close to the gate
while simultaneously eliminating ionized impurity scattering. The AlGaAs
layer in a HEMT is fully depleted under normal operating conditions, and
since the electrons are confined to the heterojunction, device behavior close-
ly resembles that of a MOSFET. The advantages of the HEMT over the Si
MOSFET are the higher mobility and maximum electron velocity in GaAs
compared with Si, and the smoother interfaces possible with an AlGaAs/
GaAs heterojunction compared with the Si/SiO, interface. The high perfor-
mance of the HEMT translates into an extremely high cutoff frequency, and
devices with fast access times. t

Although we have discussed the HEMT in terms of the AlGaAs/GaAs
heterojunction, other materials are also promising, such as the InGaAsP/InP
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system. A motivation for avoiding Al,Ga, _,As is the presence of a deep-level
defect called the DX genter for x > 0.2, which traps electrons and impairs the
HEMT operation. Since very thin layers are involved, materials with slight
lattice mismatch can be grown to form pseudomorphic HEMTs. An example
of such a system is the use of a thin layer of InGaAs grown pseudomorphi-
cally on GaAs, followed by AlGaAs. An advantage of this system is that a use-
ful band discontinuity can be achieved using AlGaAs of low enough Al
composition to avoid the DX center problem.

‘The HEMT, or MODFET, is also referred to as a two-dimensional elec-
tron gas FET (2-DEG FET, or TEGFET) to emphasize the fact that con-
duction along the channel occurs in a thin sheet of charge. The device has also
been called a separately doped FET (SEDFET), to emphasize the fact that
the doping occurs in a separate region from the channel.

6.3.3 Short Channel Effects

As mentioned in Section 6.2.3, a variety of modifications to the simple the-
ory of JFET and MESFET operation must be made when the channel length
is small (typically < 1 wm).In the past, these short-channel c¢ffects would be
considered unusual, but now it is common to encounter FET devices in which
these effects dominate the I-V characteristics. For example, high-ficld effects
occur when 1 V appears across a channel length of 1 um (10" em), giving an
electric field of 10 kV/cm, '

A simple piecewise-linear approximation to the velocity-field curve
assumes a constant mobility (linear) dependence up to some critical field €,
and a constant saturation velocity v, for higher fields. For Si a better ap-
proximation is

- »e
T I1E u,

(6-13)

where . is the low-field mobility. These two approximations are shown in
Fig. 6-9 (a).If we assume that the electrons passing through the channel drift
with a constant saturation velocity v,, the currerit takes a simple form

Iy =gnv,A = gNyvZh (h-14)

where h is a slow function of V;. In this case the saturated current follows the
velocity saturation, and does not require a true pinch-off in the sense of de-
pletion regions mecting at some point in the channel. In the saturated ve-
locity case, the transconductance g,, is essentially constant, in contrast with
the constant mobility case described by Eq. (6-11). As shown in Fig. 6-9(b),
the 1, — Vj curves are more evenly spaced if constant saturation velocity
dominates, compared with the V;-dependent spacing shown in Fig. 6-5(b) for
the long-channel constant-mobility case.
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Effects of electron velocity soturation at high electric fields: (a) approximations to the saturation of drift
velocity with increasing field; (b} drain current-voltage characteristics for the saturated velocity case,

showing almost equally spaced curves with increasing gate voltage.

Most devices operate with.characteristics intermediate between the
constant mobility and the constant velocity regimes. Depending on the de-
tails of the ficld distribution, it is possible to divide up the channel into re-
gions dominated by the two extreme cases, or to use an approximation such
as Eq. (6-13).

Another important short-channel effect, described in Section 6.2.3, is
the reduction in effective channel length after pinch-off as the drain voltage
is increased. This effect is not significant in long-channel devices, since the
change in L due to intrusion of the depletion region is a minor fraction of the
total channel length. In short-channel devices, however, the effective chan-
nel length can be substantially shortened, leading to a slope in the saturated
I-V characteristic that is analogous to the Early (base-width narrowing) ef-
fect in bipolar transistors discussed in Section 7.7.2.

One of the most widely used electronic devices, particularly in digital inte-
grated circuits, is the metal-insulator-semiconductor (MIS) transistor.In this
device the channel current is controlled by a voltage applied at a gate elec-
trode that is isolated from the channel by an insulator. The resulting device
may be referred to generically as an insulated-gate field effect transistor
(IGFET). However, since most such devices are made using silicon for the
semiconductor, $iO; for the insulator, and metal or heavily doped polysilicon
for the gate electrode, the term MOS field-effect transistor (MOSFET) is
commoaly used.

6.4
THE METAL-

~INSULATOR-

SEMICONDUCTOR
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Figure 6~10
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6.4.1 Basic Operation and Fabrication

The basic MOS transistor is illustrated in Fig. 6-10a for the case of an
enhancement-mode n-channel device formed on a p-type Si substrate. The n’
source and drain regions are diffused or implanted into a relatively light-
ly doped p-type substrate, and a thin oxide layer separates the conducting
gate from the Si surface. No current flows from drain to source without a
conducting n channel between them. This can be understood clearly by
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looking at the band diagram of the MOSFET in equilibrium along the
channel (Fig. 6-10a). The Fermi level is flat in equilibrium. The conduction
band is close to the Fermi level in the n* source/drain, while the valence
band is closer to the Fermi level in the p-type material. Hence, there is a
potential barrier for an electron to go from the source to the drain, cor-
responding to the built-in potential of the back-to-back p-n junctions be-
tween the source and drain.

When a positive voliage is applied to the gate relative to the substrate
(which is connected to the source in this case), positive charges are in effect
deposited on the gate metal. In response, negative charges are induced in
the underlying Si, by the formation of a depletion region and a thin surface
region containing mobile electrons. These induced electrons form the chan-
nel of the FET, and allow current to flow from drain to source. As Fig. 6-10b
suggests, the effect of the gate voltage is to vary the conductance of this in-
duced channel for low drain-to-source voltage, analogous to the JFET case.
Since electrons are electrostatically induced in the p-type channel region,
the channel becomes less p-type, and therefore the valence band moves down,
farther away from the Fermi level. This obviously reduces the barrier for
electrons between the source, channel and the drain. If the barrier is reduced
sufficiently by applying a gate voltage in excess of what is known as the
threshold voliage, V1, there is significant current flow from the source to the
drain. Thus, one view of a MOSFET is that it is a gate-controlled potential
barrier, It is very important to have high-quality, low-leakage p-mJunctions
in order to ensure a low off-state leakage in the MOSFET. For a given value
of V; there will be some drain voltage V, for which the current becomes
saturated, after which it remains essentially constant.

The threshold voltage V7 is the minimum gate voltage required to in-
duce the channel. In general, the positive gate voltage of an n-channel de-
vice (such as that shown in Fig. 6-11) must be larger than some value V,
before a conducting channel is induced. Similarly, a p-channel device (made
on an n-type substrate with p-type source and drain implants or diffusions)
requires a gate voltage more negative than some threshold value to induce
the required positive charge (mobile holes) in the channel. There are
exceptions to this general rule, however, as we shall see. For example, some
n-channel devices have a channel already with zero gate voltage, and in fact
a negative gate voltage is required to turn the device off. Such a “normally
on” device is called a depletion-mode transistor, since gate voltage is used
to deplete a channel which exists at equilibrium. The more common MOS
transistor is “normally off” with zerogate voltage, and operates in the en-
hancement mode by applying gate voltage large enough to induce a con-
ducting channel.

An alternative view of a MOSFET is that it is a gate-controlled resistor.
If the (positive) gate voltage exceeds the threshold voltage in an n-channel
device, electrons are induced in the p-type substrate. Since this chanriel is
connected to the n* source and drain regions, the structure looks electrical-
ly like an induced n-type resistor. As the gate voltage increases, more electron
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charge is induced in the channel and, therefore, the channel becomes more
conducting. The drain current initially increases linearly with the drain bias
(the linear regime) (Fig. 6-10b). As more drain current flows in the channel,
however, there is more ohmic voltage drop along the channel such that the
channel potential varies from zero near the grounded source to whatever
the applied drain potential is near the drain end of the channel. Hence, the
voltage difference between the gate and the channel reduces from V¢ near
the source to (Vi —Vp) near the drain end. Once the drain bias is increased
to the point that (V-Vp) = Vi, threshold is barely maintained near the drain
end, and the channel is said to be pinched off. Increasing the drain bias be-
yond this point (Vpg47) causes the point at which the channel gets pinched
off to move more and more into the channel, closer to the source end (Fig.
6-11c). Electrons in the channel are pulled into the pinch-off region and trav-
el at the saturation drift velocity because of the very high longitudinal elec-
tric field along the channel. Now, the drain current is said to be in the
saturation region because it does not increase with drain bias significantly
(Fig. 6-10b). Actually, there is a slight increase of drain current with drain bias
due to various effects such as channel length modulation and drain-induced
barrier lowering (DIBL) that will be discussed in Section 6.5.10.

The MOS transistor is particularly useful in digital circuits, in which it
is switched from the “‘of state (no conducting channel) to the “on” state. The
control of drain current is obtairied at a gate electrode which is insulated
from the source and drain by the oxide. Thus the d-c input impedance of an
MOS circuit can be very large.

Both n-channel and p-channel MOS transistors are in common usage.
The n-channel type illustrated in Fig. 6-10 is generally preferred because it
takes advantage of the fact that the electron mobility in Si is larger than
the mobility of holes. In much of the discussion to follow we will use the
n-channel (p-type substrate) example, although the p-channel case will be
kept in mind also.

Let us give a very simplified descripgien of how such an n-channel
MOSFET can be fabricated. A much more detailed discussion is given in Sec-
tion 9.3.1. An ultra-thin (~5-10 nm) dry thermal silicon dioxide is grown on
the p-type substrate. This serves as the gate insulator between the conducting
gate and the channel. We immediately cover it with LPCVD of polysilicon,
which is doped very heavily n* using P diffusion in order to make it behave
electrically like a metal electrode. The doped polysilicon layer is then pat-
terned to form the gates, and etched anisotropically by RIE to achieve verti-
cal walls (Section 5.1.7). The gate itself is used as an implant mask for an n*
implant which forms the source/drain junctions abutted to the gate edges, but
is blocked from the channel region. Such a scheme is called a self-aligned
process because we did not have to use a separate lithography step for the
source/drain formation. Self-alignment is simple and is very useful because we
thereby guarantee that there will be some overlap of the gate with the
source/drain but not too much overlap. The advantages of this are discussed in
Section 6.5.8. The implanted dopants must be annealed for reasons discussed
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in Section 5.1.4. Finally, the MOSFETs have to be properly interconnected ac-
cording to the circuit layout, using metallization. This involves LPCVD of an
cxide dielectric, etching contact holes by RIE, sputter depositing a suitable
metal such as Al, patterning and etching it.

As shown in Fig. 6-10a, the MOSFET is surrounded on all sides by a
thick SiO, layer. This layer provides critical electrical isolation between ad-
jacent transistors on an integrated circuit. We shall see in Section 9.3.1 that
such isolation or field regions can be formed in several ways, such as L.OCal
Oxidation of Silicon (LOCOS). Briefly.it involves depositing a LPCVD SizN,
layer over the entire substrate before the fabrication of the MOSFETs, pat-
terning and etching it so that it is removed only in the isolation regions, but
not in the active regions where the MOSFETs will be formed subsequently,
A boron channel stop implant is then done in the isolation regions. Exploit-
ing the useful property of Si,N, that it blocks thermial oxidation, a thick
LOCOS oxide is selectively grown by wet oxidation only in the isolation re-
gions. The reason why a thick ficld oxide layer and a boron channel stop im-
plant leads to electrical isolation is discussed in Section 6.5.5.

6.4.2 The Ideal MOS.Cupuci!ur

The surface effects that arise in an apparently simple MOS structure are ac-
tually quite complicated. Although many of these effects are beyond the
scope of this discussion, we will be able to identify those which control typ-
ical MOS transistor operation. We begin by considering an uncomplicated
idealized case, and then include effects encountered in real surfaces in the
next section.

Some important definitions are made in the energy band diagram of Fig.
6-12a. The work function characteristic of the metal (see Section 2.2.1) can
be defined in terms of the energy required to move an electron from the
Fermi level to outside the metal. In MOS work it is more convenient to use
a modified work function g®,, fer the metal-oxide interface. The energy g,
is measured from the metal Fermi level to the conduction band of the oxide.4
Similarly, g, is the modified work function at the semiconductor-oxide in-
terface. In this idealized case we assume that ®,, = @, 5o there is no differ-
ence in the two work functions. Another quantity that will be useful in later
discussions is gdg, which measures the position of the Fermi level below the
intrinsic level E, for the semiconductor. This Quantity indicates how strong-
ly p-type the semiconductor is [see Eq. (3-25)].

The MOS structure of Fig. 6-12a is essentially a capacitor in which one
plate is a semiconductor. If we apply a negative voltage between the metal and
the semiconductor (Fig. 6-12b), we effectively deposit a negative charge on
the metal. In response, we expect an equal net positive charge to accumulate

“On the MOS band diagrams of this section we shaw a breok in the election energy scale leading to the
insulator conduction band, since the band gop of Si0; (or other typical insulotors) is much greater than
thot of the Si. v .
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at the surface of the semiconductor. In the case of a p-type substrate this oc-
curs by hole accumudation at the semiconductor-oxide interface.

Since the applied negative voltage depresses the electrostatic potential of
the metal relative to the semiconductor, the electron energies are raised in the
metal relative to the semiconductor® As a result, the Fermi level for the metal
E,, lies above its equilibrium position by gV, where V is the applied voitage.

Since @, and &, do not change with applied voltage, moving E, up in
energy relative to Ep, causes a tilt in the oxide conduction band. We expect
such a tilt since an electric field causes a gradient in £, (and similarly in £,
and E_) as described in Section 4.4.2:

1 dE,

el =g &

(see 4-26)
The energy bands of the semiconductor bend near the interface to ac-
commuodate the accumulation of holes. Since

p = mebEKT
it is clear that an increase in hole concentration implies an increase in E;, — Ep
at the semiconductor surface.

Since no current passes through the MOS structure, there can be no
variation in the Fermi level within the semiconductor, Thercfore, il E, — E;
is to increase, it must occur by E; moving up in energy near the surface. The
result is a bending of the semiconductor bandshear the interface. We notice
in Fig. 6-12b that the Fermi level near the interface lies closer to the valence
band, indicating a larger hole concentration than that arising from the dop-
ing of the p-type semiconductor.

In Fig. 6-12¢ we apply a positive voltage from the metal to the semi-
conductor. This raises the potential of the metal, lowering the metal Fermi
level by gV relative to its equilibrium position. As a resuit, the oxide con-
duction band is again tilted. We notice that the slope of this band, obtained
by simply moving the metal side down relative to the semiconductor side, is
in the proper direction for the applied field, according to Eq. (4-26).

The positive voltage deposits positive charge on the metal and calls for
a corresponding net negative charge at the surface of the semiconductor. Such
a negative charge in p-type material arises from depletion of holes from the
region near the surface, leaving behind uncompensated ionized acceptors.
This is analogous to the depletion region at a p-n junction discussed in Sec-
tion 5.2.3. In the depleted region the hole concentration decreases, moving
E, closer to E4, and bending the bands down near the semiconductor surface.

If we continue to increase the positive voltage, the bands at the semi-
conductor surface bend down more strongly. In fact, a sufficiently large volt-

(see 3-25)

*Recall that an electrostatic potenticl diagram is drown for positive lest chorges, in contrast with an elec:
tron energy diagram which is drawn for negative charges

11
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age can bend E, below Eg (Fig. 6-12d). This is a particularly interesting case,
since E» E, implies a large electron concentration in the conduction band.

The region near the semiconductor surface in this case has conduction
properties typical of n-type material, with an electron concentration given by
Eq.(3-25a). This n-type surface layer is formed not by doping, but instead by
inversion of the originally p-type semiconductor due to the applied voltage.
This inverted layer, separated from the underlying p-type material by a de-
pletion region, is the key to MOS transistor operation.

We should take a closer look at the inversion region, since it becomes
the conducting channel in the FET. In Fig. 6-13 we define a potential & at any
point x, measured relative to the equilibrium position of E,. The energy g¢
tells us the extent of band bending at x, and gd, represents the band bend-
ing at the surfacc. We notice that &, = 0 is the flar band condition for this
ideal MOS case (i.e., the bands look like Fig. 6-12a). When &, < 0, the bands
bend up at the surface, and we have hole accumulation (Fig. 6-12b). Similarly,
when &, > 0, we have depletion (Fig. 6-12c). Finally, when &, is positive and
larger than &, the bands at the surface are bent down such that E(x = 0)
lies below Ef, and inversion is obtained (Fig. 6-12d).

While it is true that the surface is inverted whenever &, is larger than
&, a practical criterion is needed to tell us whether a true n-type conducting
channel exists at the surface. The best criterion for strong inversion is that the
surface should be as strongly n-type as the substrate is p-type. That is, E,
should lic as far below E; at the surface as it is above E; far from the surface.
This condition occurs when

kT N
b (inv.) = 26 = z—qr-:nn—‘ (6-15)
i
E.
o E,
ql ;t/ il I
o P ——————— S - I
_L 4
E,
Oxide | Semiconducior

L—‘—P X
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A surface potential of & is required to bend the bands down to the intrinsic
condition at the surface (E; = Ez),and E; must then be depressed another qbr
at the surface to obtain the condition wc call strong inversion.

The electron and hole concentrations are related to the potential ¢(x)
defined in Fig. 6-13. Since the equilibrium electron concentration is

ng = nelfrEUT = pg=abekT (6-16)
we can easily relate the electron concentration at any x to this value:
n = ne dér-OAT =y ad/kT (6-17)
and similarly for holes:
Po = ngtl* T = N~ (6-18a)
p = poe T (6-18b)

at any x. We could combine these equations with Poisson’s equation (6-19)
and the usual charge density expression (6-20) to solve for é(x):

i?i‘%’ _ P (6-19)
ox €
ox) = g(Nj — N; + p— n) (6-20)

Let us solve this equation to determine the total integrated charge per
unit area, Q,, as a function of the surface potential, ¢,. Substituting Egs.
(6-16), (6-17) and (6-18) for the electron and hole concentrations in Eqs.
(6-19) and (6-20), we get

P6 _ afav)_ 4 {8 )
B2 a‘)——g{pr( “’—l) nu( “1)] e-2n)

It should be kept in mind that
—dcb
ax
is the electric field, €, at a depth x.
Integrating Eq. (6-21) from the bulk (where the bands are flat, the elec-

tric ficlds are zero and the carrier concentrations are determined solely by
the doping), towards the surface, we get

Jﬁ(id: ( ) HP«(‘-"“T = ') ﬂ(\fg*l)]dtb (6-22

Alter integration, we then get

, _(2KT po\[( -2& gb @( @ g )1
g = (2P + B L 6-23
‘ ( : )(" T 1)+ o sl 2t
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A particularly important case is at the surface (x = 0) where the surface per-
pendicular electric field, €,, becomes

V2KT[( _a. g6, ) @( @ gé ) !
€ = Wy T - 3% _ ey
iaalar= Ke T L)< " e *T or 1 (6-24)

where we have introduced a new term, the Debye screening length,

Lp =y~ (6-25)

The Debye length is a very important concept in semiconductors. It gives us
an idea of the distance scale in which charge imbalances are screened or
smeared out. For example, if we think of inserting a positively charged sphere
in an n-type semiconductor we know that the mobile electrons will crowd
around the sphere. If we move away from the sphere by several Debye
lengths, the positively charged sphere and the negative electron cloud will
look like a neutral entity. Not surprisingly, L, depends inversely on doping
because the higher the carrier concentration, the more easily screening takes
place. For n-type material we should use n, in Eq. (6-25). .

By using Gauss’ law at the surface, we can relate the integrated space
charge per unit area to the electric displacement, keeping in mind that the
electric field or displacement déep in the substrate is zero.

Q, = —¢%, (6-26)

The space charge density per unit area Q, in Eq. (6-26) is plotted as a
function of the surface potential ¢, in Fig. 6-14. We see from Eq. (6-24) and
Fig. 6-14 that when the surface potential is zero (flatband conditions), the net
space charge is zero. This is because the fixed dopant charges are cancelled
by the mobile carrier charges at flatband. When the surface potential is neg-
ative, it attracts and forms an accumulation layer of the majority carrier holes
at the surface. The first term in Eq. (6-24) is the dominant one, and the ac-
cumulation space charge increases very strongly (exponentially) with nega-
tive surface potential. It is easy to see why by looking at Eq. (6-18), which
gives the surface hole concentration in a p-type semiconductor as a function
of surface potential. Since the bandbending decreases as a function of depth,
the integrated accumulation charge involves averaging over depth and in-
troduces a factor of 2 in the exponent. Mathematically, this is due to the
square root in Eq. (6-24). It must be noted that since this charge is due to the
mobile majority carriers (holes in this case), the charge piles up near the
oxide-silicon interface, since typical accumulation layer thicknesses are ~20
nm. Also, because of the exponential dependence of accumulation charge
on surface potential, the bandbending is generally small or is said to be pinned
to nearly zero.

On the other hand, for a positive surface potential, we see from Eq.
(6-24) that initially the second (linear) term is the dominant one. Although
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the exponential term, exp (qd/kT) is very large. it is multiplied by the ratio
of the minority to majority carrier concentration which is very small, and is
initially negligible. Hence, the space charge for small positive surface poten-
tials increases as ~ V', as shown in Fig. 6-14. As discussed in detail later in
this section, this corresponds to the depletion region charge due to the ex-
posed, fixed immobile dopants (acceptors in this case). The depletion width
typically extends over several hundred nm. At some point, the band bending
is twice the Fermi potential ¢, which is enough for the onset of strong in-
version. Now, the exponential term exp (gd,(inv.)/kT) multiplied by the mi-
nority carrier concentration 1, is equal to,the majority carrier concentration
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po. Hence, for band bending beyond this point, it becomes the dominant term.
As in the case of accumulation, the mobile inversion charge now increases®
very strongly with bias, as indicated by Eq. (6-17), and shown in Fig. 6~14.The
typical inversion layer thicknesses are ~5 nm, and the surface potential now
is essentially pinned at 24,

It may be pointed out that in accumulation, and especially in inversion,
the carriers are confined in the x-direction in narrow, essentially triangular
potential wells, causing quantum mechanical particle-in-a-box states or sub-
bands, similar to those discussed in Chapter 2. However, the carriers are free
in the other directions (parallel to the oxide—silicon interface). This leads 1o
a 2-dimensional electron gas (2DEG) or hole gas, with a “staircase” constant
density of states, as discussed in Appendix IV. The detailed analysis of these
effects is, unfortunately, beyond the scope of our discussion here.

The charge distribution, electric field, and electrostatic potential for
the inverted surface are sketched in Fig. 6-15. For simplicity we use the de-
pletion approximation of Chapter 5 in this figure, assuming complete deple-
tion for 0 < x < W.and neutral material for x > W. In this approximation the
charge per unit area® due to uncompensated acceptors in the depletion re-
gion is —gN,W.The positive charge Q,, on the metal is balanced by the neg-
ative charge Q, in the semiconductor, which is the depletion layer charge
plus the charge due to the inversion region Q,:

Q,=-Q,=gN,W-Q, (6-27)

The width of the inversion region is exaggerated in Fig. 6-15 for illus-
trative purposes. Actually, the width of this region is generally less than 100
A.Thus we have neglected it in sketching the electrit field and potential dis-
tribution. In the potential distribution diagram we see that an applied voli-
age V appears partially across the insulator (V)) and partially across the
depletion region of the semiconductor ($,):

V=V, +d, (6-28)

The voltage across the insulator is obviously related to the charge on
either side, divided by the capacitance:
_QId e '_Qs

V,=——=

29
« G ==

‘where ¢; is permittivity of the insulator and C, is the insulator capacitance per
unit area. The charge Q, will be negative for n-channel, giving a positive V.

Using the depletion approximation, we can solve for W as a function of
&, (Prob. 6.8). The result is the same as would be obtained for an n’-p junc-
tion in Chapter 5, for which the depletion region extends almost entirely into
the p region:

®in this chapter we will use charge per unit area Q and capacitance per unit area C to aveid carrying A
throughout the discussion.
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Figure 6-15
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2¢,0, 12
W = [_;i—;ﬁ] (6-30)
a

This depletion region grows with increased voltage across the capaci-
tor until strong inversion is reached. After that, further increases in voltage
result in stronger inversion rather than in more depletion. Thus the maxi-
mum value of the depletion width is

2e,b(inv,) ]2 ekT In(N,/n) ]2
Was|—%—| =YD=
qN. gN.

using Eq. (6-15). We know the quantities in this expression, so W,, can be
calculated.

(6-31)

Find the maximum width of the depletion region for an ideal MOS capaci-
tor on p-type Si with N, = 10" em .

The relative dielectric constant of Siis 11.8 from Appendix I1I. We get &,
from Eq. (6-15):
lulb

& KT Ne 00259 1n 0347 V
=—In—2=10. —_— .
F~q - 1.5 x 10

(1

Thus
2\/@ ~ 2[ (11.8)(8.85 X 107'4)(0.347) |2
gN, (1.6 X 107 9)(10")

= 3.01 X 107 % cm = 0.301 pm

W _ =

m

EXAMPLE 6-1

SOLUTION

The charge per unit area in the depletion region Q, at strong inversion is”
Q= —qN Wy = ~2(eqN,bp)" (6-32)

The applied voltage must be large enough to create this depletion charge
plus the surface potential ¢,(inv.). The threshoid voltage required for strong
inversion, using Egs. (6-15), (6-28), and (6-29), is

Q
Vy= h?:i + 20, (ideal case) (6-33)

7In the pchannel [ntypa subsirate) .cau, for which & is negative, we use Q = +qN;W, = 2(,gN4o-) /2.
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Strong accumulation

This assumes the negative charge at the semiconductor surface Q, at inversion
is mostly due to the depletion charge Q,. The threshold voltage represents
the minimum voltage required to achieve strong inversion, and is an extremely
important quantity for MOS transistors. We will see in the next section that
other terms must be added to this expression for real MOS structures.

The capacitance-voltage characteristics of this ideal MOS structure
(Fig. 6-16) vary depending on whether the semiconductor surface is in ac-
cumulation, depletion, or inversion.

Since the capacitance for MOSFETs is voltage dependent, we must use
the more general expression in Eq. (5-55) for the voltage-dependent semi-
conductor capacitance,

C, = aQ _ dQ, (6-34)

dv  dd,

Actually, if one looks at the electrical equivalent circuit of a MOS capacitor
or MOSFET, it is the series combination of a fixed, voltage-independent gate
oxide (insulator) capacitance, and a voltage-dependent semiconductor ca-
pacitance (defined according to Eq. (6-34)), such that the overall MOS ca-
pacitance becomes voltage dependent. The semiconductor capacitance itself
can be determined from the slope of the Q, versus &, plot (Fig. 6-14). It is
clear that the semiconductor capacitance in accumulation is very high be-
cause the slope is so steep; i.e., the accumulation charge changes a lot with
surface potential. Hence, the series capacitance in accumulation is basically
the insulator capacitance, C,. Since, for negative voltage, holes are accumu-
lated at the surface (Fig. 6-12b), the MOS structure appears almost like a

Strong inversion

G -+

Figure 6-16

|
; : , Depletion
|

!
|
|
|
k— Weak inversion

Capacitance-voltage relation for an nchannel (p-substrate) MOS capacitor. The dashed curve for V > V;
is observed ot high measurement frequencies. The flat band voltage Vi will be discussed in Section
6.4.3. When the semiconducior is in depletion, the semiconductor capacitance C, is denoted as C,,.
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parallel-plate capacitor, dominated by the insulator properties C; = €/d (point 1
in Fig. 6-16). As the voltage becomes less negative, the semiconductor surface is
depleted. Thus a depletion-layer capacitance C,, is added in series with C;:

Cym (6-35)

where ¢, is the semiconductor permittivity and W is the width of the deple-
tion layer from Eq. (6-30). The total capacitance is :

CCs
c C+C (6-36)

The capacitance decreases as W grows (point 3) until finally inversion
is reached at V; (point 4). In the depletion region, the small signal semi-
conductor capacitance is given by the same formula (Eq. 6-34) which gives
the variation of the (depletion) space charge with surface potential. Since the
charge increases as ~\/&,, the depletion capacitance will obviously decrease
as 1/V,, exactly as for the depletion capacitance of a p-n junction (See
Eq. 5-63).

After inversion is reached, the small signal capacitance depends on
whether the measurements are made at high (typically ~1 MHz) or low (typ-
ically ~1-100 Hz) frequency, where “high” and “low™ are with respeéttorthe
generation-recombination rate of the minority carriers in the inversion layer.
If the gate voltage is varied rapidly, the charge in the inversion layer cannot
change in response, and thus does not contribute to the small signal a-c ca-
pacitance. Hence, the semiconductor capacitance is at a minimum, corre-
sponding to a maximum depletion width,

On the other hand, if the gate bias is changed slowly, there is time f{or
minority carriers 0 be generated in the bulk, drift across the depletion region
to the inversion layer, or go back to the substrate and recombine. Now, the
semiconductor capacitance, using the same Eq. (6-34), is very large because
we saw in Fig. 6-14 that the inversion charge increases exponentially with
&,. Hence, the low frequency MOS series capacitance in strong inversion is
basically C, once again.

What is the frequency dependence of the capacitance in accumulation
(Fig. 6-12a)? We get a very high capacitance both at low and high frequen-
cies because the majority carriers in the accumulation layer can respond
much faster than minority carriers. While minority carriers respond on the
time scale of generation-recombination times (typically hundreds of mi-
croseconds in Si), majority carriers respond on the time scale of the dielec-
tric relaxation time, 7, = pe, where p is the resistivity and e is the permittivity.
7p 15 analogous to the RC time constant of a system, and is small for the ma-
jority carriers (~10"%). As an interesting aside, it may be pointed out that in
inversion, although the high frequency capacitance for MOS capacitors is
low, it is high (= C)) for MOSFETs because now the inversion charge can

n
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flow in readily and very fast (~7) from the source/drain regions rather than
having to be created by generation-recombination in bulk.

Using the conditions of Example 6-1 and a 100-A-thick SiO, layer, we can
calculate major points on the C-V curve of Fig. 6-16. The relative dielectric
constant of Si0, is 3.9.

_ (3.9)(885 X 107
107
Q, = —gN,W,, = —(1.6 X 107?)(10')}(0.301 x 107
= —4.82 x 107°C/cm®

Q, 4.82 % 107
V=gt = s %10

C= 3 = 3.45 x 107"F/cm?

I

+ 2(0.347) = 0.834 V

At maximum depletion

e, (11.8X8.85 X 107)
== =347 % 107 2
‘W, 0301 x10° A
_ CLy,  345%x347
Cain = Ci+C; 3454347

C

107% = 3.15 X 107% F/cm?

6.4.3 Effects of Real Surfuces

When MOS devices are made using typical materials (e.g., n" polysilicon-
Si0,-Si), departures from the ideal case described in the previous section
can strongly affect V., and other properties. First, there is a work function
difference between the doped polysilicon gate and substrate, which depends
on the substrate doping. Here, the heavily doped polysilicon acts as a metal
electrode. Second, there are inevitably charges at the Si-SiO, interface and
within the oxide which must be taken into account.

Work Function Difference. 'We expect @, to vary depending on the doping
of the semiconductor. Figure 6-17 illustrates the work function potential dif-
ference ®,,, = ®,, — ®, for n* polysilicon on Si as the doping is varied. We note
that @, is always negative for this case, and is most negative for heavily
doped p-type Si (i.e., for Ef close to the valence band).



Field-EHfect Transistors

-0k

—-0.2

-0.4

10 1074 1016 108
Ny Ny (em™3)

(a) Equilibrium (b) Flat band
V=0 V= V=9

- Ifwe try to construct an equilibrium diagram with &, negative (Fig 6-18a),
we find that in aligning £, we must include a tilt in the oxide conduction band
(implying an electric field). Thus the metal is positively charged and the semi-
conductor surface is negatively charged at equilibrium, to accommodate the
work function difference. As a result, the bands bend down near the semicon-
ductor surface. In fact, if @, is sufficiently negative, an inversion region can exist
with no external voltage applied. To obtain the flar band condition pictured in Fig.
6-18b, we must apply a neg?tive voltage to the metal (Vg =®,,).
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Figure 6~17
Variation of the
metal-
semiconductor
work function
potential differ-
ence ¢, with
substrate doping
concentration, for

n* poly-Si.

Figure 6-18
Effect of a nega-
tive work function
difference

(®ms < 0): [a)
band bending
and formation of
negative charge
at the semicon-
ductor surface; (b)
achievement of
the flat band con-
dition by applica-
tion of a negative
voltage.
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Figure 6-19
Effects of charges
in the oxide

and at the inter-
face: (a) defini-
tions of charge
densities (C/cm?)
due to various
sources; (b) repre-
senting these
charges as an
equivalent sheat
of positive charge
Q; ot the oxide-
semiconductor
interface. This
positive charge
induces an equiv-
alent negative
charge in the
semiconductor,
which requires

a negalive

gate voltage to
achieve the flat
band condition.
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Interface Charge. In addition to the work function difference, the equi-
librium MOS structure is affected by charges in the insulator and at the
semiconductor-oxide interface (Fig. 6-19). For example, alkali metal ions
(particularly Na*) can be incorporated inadvertently in the oxide during
growth or subsequent processing steps. Since sodium is a common contam-
inant, it is necessary to use extremely clean chemicals, water, gases, and pro-
cessing environment to minimize its effect on dielectric layers. Sodium ions
introduce positive charges (Q,,) in the oxide, which in turn induce negative
charges in the semiconductor. The effect of such positive ionic charges in
the oxide depends upon the number of ions involved and their distance from
the semiconductor surface (Prob. 6.13). The negative charge induced in the
semiconductor is greater if the Na* ions are near the interface than if they
are farther away. The effect of this ionic charge on threshold voltage is com-
plicated by the fact that Na* ions are relatively mobile in SiO,, particularly
at elevated temperatures, and can thus drift in an applied electric field. Ob-
viously, a device with ¥V dependent on its past history of voltage bias is un-
acceptable. Fortunately, Na contamination of the oxide can be reduced to
tolerable levels by proper care in processing, The oxide also contains trapped
charges (Q,,) due to imperfections in the SiO,.

In addition to oxide charges, a set of positive charges arises from in-
terface states at the Si-SiO, interface. These charges, which we will call Q;, re-
sult from the sudden termination of the semiconductor crystal lattice at the
oxide interface. Near the interface is a transition layer (SiO,) containing fixed
charges (Qy). As oxidation takes place in forming the SiO, layer, Si is re-
moved from the surface and reacts with the oxygen. When the oxidation is
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stopped, some ionic Si is left near the interface. These ions, along with un-
completed Si bonds at the surface, result in a sheet of positive charge Q, near
the interface. This charge depends on oxidation rate and subsequent heat
treatment, and also on crystal orientation. For carefully treated Si-SiQ; in-
terfaces, typical charge densities due to Q, and Q; are about 10'° charges/cm?
for samples with {100} surfaces. The interface charge density is about a fac-
tor of ten higher on {111} surfaces. That is why MOS devices are generally
made on {100} Si.

For simplicity we will include the various oxide and interface charges
in an effective positive charge at the interface Q; (C/cm?). The effect of this
charge is to induce an equivalent negative charge in the semiconductor. Thus
an additional component must be added to the flat band voltage:

Vig=®p — = (6-37)
FB C‘-
Since the difference in work function and the positive interface charge both
tend to bend the bands down at the semiconductor surface, a negative volt-
age muei ha applied to the metal relative to the semiconductor to achieve the
flat band condition of Fig. 6-19b.

6.4.4 Threshold Voltage

The voltage required to achieve flat band should be added to the threshold
voltage equation (6-33) obtained for the ideal MOS structure (for which we
assumed a zero flat band voltage)

Q Q ‘
VT = q)mf - C,‘ - ?:i + 2¢P {6_38)

Thus the voltage required to create strong inversion must be large enough
to first achieve the flat band condition (®,,, and Q/C, terms), then accom-
modate the charge in the depletion region (Q,/C,), and finally to induce the
inverted region (24¢). This equation accounts for the dominant threshold
voltage effects in typical MOS devices. It can be used for both n-type and
p-type substrates® if appropriate signs are included for each term (Fig. 6-20).
Typically @,,,, is negatwe although its value varies as in Fig. 6-17. The inter-
face charge is positive, so the contribution of the —Qy/C, term is negative for
either substrate.type. On the other hand, the charge in the depletion region
is negative for ionized acceptors (p-type substrate, n-channel device) and is
positive for ionized donors (n-type substrate, p channel). Also, the term b,

*It is important fo remember that n-channel devices are made on pype substrotes, and pchannel devices
have ntype subsirares.

i
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Figure 620
influence of mate-
rials parameters
on threshold volt-
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threshold voltage
equation indicat
ing signs of the
various contribu-
tions; (b) variation
of V; with sub-
strate doping for
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p<channel n* poly-
SiOy=Si devices.
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which is defined as (E; — Ep)/q in the neutral substrate, can be positive or neg-
ative, depending on the conductivity type of the substrate. Considering the
signs in Fig. 6-20, we see that all four terms give negative contributions in
the p-channel case. Thus we expect negative threshoid voltages for typical
p-channel devices. On the other hand, n-channel devices may have either
positive or negative threshold voltages, depending on the relative values of
terms in Eq. (6-38).

All terms in Eq. (6-38) except Q/C, depend on the doping in the sub-
strate. The terms ®,,, and &g have relatively small variations as E is moved
up or down by the doping. Large changes can occur in G, which varies with
the square root of the doping impurity concentration as in Eq. (6-32). We il-
Justrate the variation of threshold voltage with substrate doping in Fig.
6-20. As expected from Eq. (6-38), V- is always negative for the p-channel
case. In the n-channel case, the negative flat band voltage terms can dominate
for lightly doped p-type substrates, resulting in a negative threshold voltage.
However, for more heavily doped substrates, the increasing contribution of
N, to the Q, term dominates, and V;becomes positive.
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We should pause here and consider what positive or negative V; means
for the two cases. In a p-channel device we expect to apply a negative volt-
age from metal to semiconductor in order to induce the positive charges in
the channel. In this case a negative threshold voltage means that the nega-
tive voltage we apply must be larger than V; in order to achieve strong in-
version. In the n-channel case we expect to apply a positive voltage to the
metal to induce the channel. Thus a positive value for V, means the applied
voltage must be larger than this threshold value to obtain strong inversion and
a conducting n channel. On the other hand, a negative Vin this case means
that a channel exists at V' = 0 due to the &, and Q, effects (Figs. 6-18 and 6-19),
and we must apply a negative voltage V; to turn the device off. Since light-
ly doped substrates are desirable to maintain a high breakdown voltage for
the drain junction, Fig. 6-20 suggests that V; will be negative for n-channel
devices made by standard processing. This tendency for the formation of de-
pletion mode (normally on) n-channel transistors is a problem which must
be dealt with by special fabrication methods to be described in Section 6.5.5.
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We can calculate V7 for the MOS structure described in Examples 6-1 and
6-2, including the effects of flat band voltage. If n* polysilicon is used for the
gate, Fig. 6-17 indicates ®,,, = —0.95 V for N, = 10'® cm >, Assuming am-in-
terface charge of 5 x 10'° g(C/cm?), we obtain

1
V= @y + 2 — E_{Q. + Q)

(510" X 1.6 X 10%) — 4.82 x 107#
34.5 x 107

—0.95 + 0.694 —
=0.14V

This value corresponds to the N, = 10'® cm~? point in Fig. 6-20 for the
n-channel case.

]

EXAMPLE 6-3

6.4.5 MOS Capacitance—Voltage Analysis

Let us see how the various parameters of a MOS device such as insulator thick-
ness, substrate doping, and V-can be determined from the C-V characteristics
(Fig. 6-21). First, the shape of the C-V curve depends upon the type of substrate
doping. If the high frequency capacitance is large for negative gate biases and
small for positive biases, it is a p-type substrate, and vice versa. From the low
frequency C-V curve for p-type material, as the gate bias is made more posi-
tive (or less negative), the capacitance goes down slowly in depletion and then
rises rapidly in inversion. As a result, the low frequency C-V is not quite sym-
metric in shape. For n-type substrates, the C-V curves would be the mirror
image of Fig. 6-21.
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The capacitance C, = €/d in accumulation or strong inversion (at low fre-
quencies) gives us the insulator thickness, d. The minimum MOS capacitance,
Cin- is the series combination of C, and the minimum depletion capacitance.
Cimin = €/W,,,, corresponding to the maximum depletion width. We can in
principle use the measurement of C,;, to determine the substrate doping.
However, from Eq. (6-31) we see that the dependence of W,, on N, is com-
plicated, and we get a transcendental equation which can only be solved nu-
merically. Actually, an approximate, iterative solution exists which gives us N,
in terms of the minimum depletion capacitance, Cymin.

Na =10 [30.388+1.683 log C,pe— 0001 TT{log C, F] (6- 39)

where Cyn,q is in Flem?,

Once the substrate doping is obtained, we can determine the flatband
capacitance from it. It can be shown that the semiconductor capacitance at
flatband Cgg (point 2 in Fig. 6-16) is determined from the Debye length
capacitance

V2e

Cdebye = _E:i (0'40)
where the Debye Iength is dependent on doping as described in Eq. (6-25).
The overall MOS flatband capacitance, Cgg, is the series combination of
Caenye and C,;. We can thus determine V. corresponding to the Cgy. Once
C..Vg and substrate doping are obtained, all terms in the V; expression
(Eq. 6-38) are known. Intercstingly, the threshold voltage V;does not cor-
respond to exactly the minimum of the C-V characteristics, C;,, but a
slightly higher capacitance marked as point 4 in Fig, 6-16. In fact, it cor-
responds to the series combination of C; and 2C,,,, rather than the series
combination of C; and C,,,;,. The reason for this is that when we change
the gate bias around strong inversion, the change of charge in the semi-
conductor is the sum of the change in depletion charge and the mobile
inversion charge, where the two are equal in magnitude at the onset of
strong inversion.

We can also determine MOS parameters such as the fast interface staie
density, D, and mobile ion charges, Q,,, from C-V measurements (Figs. 6-21
and 6-22). The term fast interface state refers to the fact that these defects can
change their charge state relatively fast in response to changes of the gate
bias. As the surface potential in a MOS device is varied, the fast interface
states or traps in the bandgap can move above or below the Fermi level in
response to the bias, because their positions relative to the band-edges are
fixed (Fig. 6-21b). Keeping in mind the property of the Fermi-Dirac distri-
bution that energy levels below the Fermi level have a high probability of oc-
cupancy by electrons, while levels above the Fermi level tend 1o be empty, we
see that a fast interface state moving above the Fermi level would tend to give
up its trapped electron ta the semiconductor (or equivalently capture a hole).
Conversely. the same fast interface state below the Fermi level captures an
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electron (or gives up a hole). It obviously makes sense to talk in terms of
electrons or holes, depending on which is the majority carrier in the semi-
conductor. Since charge storage results in capacitance, the fast interface states
give rise to a capacitance which is in parallel with the depletion capacitance
in the channel (and hence is additive), and this combination is in series with
the insulator capcitance C,. The fast interface states can keep pace with low
frequency variations of the gate bias (~1-1000 Hz), but not at extremely high
frequencies (~1 MHz). So the fast interface states contribute to the low fre-
quency capacitance C, g, but not the high frequency capacitance Cy. Clear-
ly, from the difference between the two, we ought to be able to compute the
fast interface state density. Although we will not do the detailed derivation
here, it can be shown that

Di‘=

1{ CCer CCur ) —
- 6-41
g\C —-C,r GC, —Cur Ly ( }

While the fast interface states can respond quickly to voltage changes,
the fixed oxide charges Qj, as the name implies, do not change their charge
state regardless of the gate bias or surface potential. As mentioned above, the
effect of these charges on the flatband and threshold voltage depends not
only on the number of charges but also their location relative to the oxide-
silicon interface (Fig. 6-22). Hence, we must take a weighted sum of these
charges, counting charges closer to the oxide—silicon interface more heavily
than those that are farther away. This position dependence is the basis of
what is called the bias-temperature siress test for measuring the mobile ion
content, Q,,. We heat up the MOS device to ~200-300°C (to make the ions
more mobile) and apply a positive gate bias to generate a field of ~1 MV/cm
within the oxide. After cooling the capacitor to room temperature, the C-V
characteristics are measured. We have seen how Vg3 can be determined from
the C-V curve, using Eq. (6-40) and C,.V; is also given by Eq. (6-37). The
positive bias repels positive mobile ions such as Na* to the oxide-silicon in-
terface so that they contribute fully to a flatband voltage we can call V /5.
Next, the capacitor is heated up again, a negative bias is applied so that the
ions drift to the gate electrode, and another C-V measurement is made. Now,
the mobile ions are too far away to affect the semiconductor bandbending,
but induce an equal and opposite charge on the gate electrode. From the re-
sulting C-V, the new flatband, V g, is determined. From the difference of
the two flatband voltages, we can determine the mobile ion content using

Q= C(Vis — Vis) (6-42)

6.4.6 Time-dependent Capacitance Measurements

During C-V measurements, if the gate bias is varied rapidly from accumu-
lation to inversion, the depletion width can momentarily become greater
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than the theoretical maximum for gate biases beyond V. This phenomenon
'is known as deep depletion, and causes the MOS capacitance to drop below
the theoretical minimum, Cain, fOr a transient period. After a time period
characteristic of the minority carrier lifetime, which determines the rate of
generation of the minority carriers in the MOS device, the depletion width
collapses back to the theoretical maximum (and the capacitance recovers to
Cnia)- This capacitance transient, C—, forms the basis of a powerful technique
to measure the lifetime, known as the Zerbst technique. It was shown by
Zerbst that by plotting the C—t data as in Fig. 6-23, the slope is inversely pro-
portional to the lifetime ().
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6.4.7 Current—voltage Characteristics of MOS Gate Oxides

An ideal gate insulator does not conduct any current, but for real insula-
tors there can be some leakage current which varies with the voltage or
electric field across the gate oxide. By looking at the band diagram of the
MOS system perpendicular to the oxide-silicon interface (Fig. 6-24), we
see that for electrons in the conduction band, there is a barrier, AE (=31
eV). Although electrons with energy less than this barrier cannot go
through the oxide classically, it was discussed in Chapter 2 that quantum
mechanically electrons can tunnel through a barrier, especially if the bar-
rier thickness is sufficiently small. The detailed calculation of the Fowler-
Nordheim tunneling curent for electrons going from the Si conduction
band to the conduction band of SiO,, and then having the electrons “hop”
along in the oxide to the gate electrode involves solving the Schridinger
equation for the electron wave function, The Fowler-Nordheim tunneling cur-
rent /ry can be expressed as a function of the electric field in the gate
oxide:

Iy < €, exp(;ﬂ) (6-43)

ox

where B is a constant depending on m* and the barrier height.

As gate oxides are made thinner in successive generations of MOSFETS,
the tunneling barrier in the gate oxide becomes so thin that the electrons
in the conduction band of Si can tunnel through the gate oxide and emerge
in the gate, without having to g0 via the conduction band of the gate oxide.
This is known as direct tunneling rather than Fowler-Nordheim tunneling.
The overall physics is similar, but some of the details are different. For
instance, Fowler-Nordheim tunneling involves a triangular barrier, while
direct tunneling is through a trapezoidal barrier (Fig. 6-24a). Such tun-
neling currents are becoming a major problem in modern devices because
the useful feature of high input impedance for MOS devices is degraded.

Prolonged charge transport through gate oxides can ultimately cause
catastrophic electrical breakdown of the oxides. This is known as Time-
Dependent Dielectric Breakdown (TDDB). One of the popular models that
explains this degradation involves electrons tunneling into the conduction
band of the gate oxide from the negative electrode (cathode), then gaining
energy from the electric field, thus becoming “hot” electrons in the gate oxide.
If they gain sufficient energy, they can cause impact ionization within the
oxide and create electron-hole pairs. The electrons are accelerated toward
the (positive) Si substrate, while the holes travel toward the gate. However,
electron and hole mobilities are extremely small in SiO,. Hole mobilities are
particularly low (~0.01 cm’/Vs). Hence, there is a great propensity for these
impact-generated holes to be trapped at defect sites within the oxide, near the
cathode. The resulting band diagram (Fig. 6-25) is altered bv this sheet of
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trapped positive charge, which causes the internal electric field between this
point and the gate to increase. A similar distortion of the electric field near
the Si anode is created by the trapped impact-generated electrons. Howev-
er, the steepest slope in Fig. 6-25, and therefore the highest field, is near the
gate. As a result, the barrier for electron tunneling from the gate into the
oxide is reduced. More electrons can tunnel into the oxide, and cause more
impact ionization. We get a positive feedback effect that can lead to a run-
away TDDB process.

E,
I = .
Poly Si gate b
+
E, +
+ -
+ s
+ -
+ o
+ 3
holes E
electrons E,

E,

Figure 6~25

Time-dependent dielectric breakdown of oxides: Band diagram of a MOS device
showing the band edges in the polysilicon gate, oxide and Si subsirate. Trapped

holes and electrons in the oxide distort the band edges, and increase the electric

field in the oxide near the gate. The tunneling barrier width is seen to be less than
if there were no charge rapping (dashed line).
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6.5

THE MOS FIELD-
EFFECT
TRANSISTOR

The MOS transistor is also called a surface field-effect transistor, since it de-
pends on control of current through a thin channel at the surface of the semi-
conductor (Fig. 6-10). When an inversion region is formed under the gate,
current can flow from drain to source (for an n-channel device). In this sec-
tion we analyze the conductance of this channel and find the I,, — V', char-
acteristics as a function of gate voltage V. As in the JFET case, we will find
these characteristics below saturation and then assume [, remains essen-
tially constant above saturation.

6.5.1 Output Characteristics

The applied gate voltage V; is accounted for by Eq. (6-28) plus the voltage
required 1o achieve flat band:

Vo= Veg— =+ ¢, (6-44)

C
The induced charge Q, in the semiconductor is composed of mobile charge

Q, and fixed charge in the depletion region Q,. Substituting Q, + Q, for Q,,
we can solve for the mobile charge:

r \ ]
Q,=-C| Ve — (VFB + ¢, - --—---)5 (6-43)

At threshold the term in brackets can be written V,; — V; from Eq. (6-38).

With a voltage V', applied, there is a voltage rise V, from the source to
each point x in the channel. Thus the potential ¢, (x) is that required to achieve
strong inversion (2d,) plus the voltage V-

O, = ~C| Vi~ Vpp = 28, ~ ¥, - T erS :ﬁj} (646

If we neglect the variation of Q,(x) with bias V. Eq. (6-46) can be sim-
plified to

Q(x)= -C(Vg-V;=-V) {67}

This equation describes the maobile charge in the channel at point x (Fig. 6- 26).

The conductance of the differential element dx is 11, Q,( v)Z/d x, where Z is the

width of the channel and ., is a surface electron mobility (indicating the mobil-

ity in a thin region near the surface is not the same as in the bulk material), A1
point x we have

[pdx =W, Z1Q,(x)|dV, {68
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;f‘l‘zcl
Ip= T[( Ve — Vi)Vp — VD] (6-49)
where
EMZC:' I
L -
determines the conductance and transconductance of the n-channel MOSFET
(see Eqs. (6-51) and (6-54)).

In this analysis the depletion charge Q; in the threshold voltage Vris
simply the value with no drain current. This is an approximation, since Qu(x)
varies considerably when V), is applied, to reflect the variation in V, (see Fig.
6-26b). However, Eq. (6-49) is a fairly accurate description of drain current
for low values of V), and is often used in approximate design calculations be-
cause of its simplicity. A more accurate and general expression is obtained by
including the variation of Q (). Performing the integration of Eq. (6-48)
using Eq (6-46) for Q,(x), one obtains
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Figure 6-26
Schematic view of
the n<hannel re-
gion of a MOS
transistor under
bias below pinch-
off, and the varia-
tion of voltage V,
along the conduct
ing channel.
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PaZC,
ID = L
V2eqN,
x{fvc—vn—zw o, -2 oA {{vn+z¢r)3-°—{zwf’*’1} (6-50)

The drain characteristics that result from these questions are shown in Fig.
6-10c. If the gate voltage is above threshold (V; > V), the drain current is de-
scribed by Eq. (6-50) or approximately by Eq. (6-49) for low Vp. Initially the
channel appears as an essentially linear resistor, dependent on V;, The conduc-
tance of the channel in this linear region can be obtained from Eq. (6-49) with
Vp < (Vg — Vo)

A

ZzZ
- ao S, Y
g W 1 2.C( Ve 7) (6-51)

where V; > Vrfor a channel to exist.

As the drain voltage is increased, the voltage across the oxide decreases
near the drain, and Q, becomes smaller there. As a result the channel be-
comes pinched off at the drain end, and the current saturates. The saturation
condition is approximately given by

Vplsat) = Vg, - V. (6-52)

The drain current at saturation remains essentially constant for larger values
of drain voltage. Substituting Eq. (6-52) into Eq. (6-49), we obtain

Iofsat) = HmC (Ve — V7P = ZECVhsat)  (6-5)

for the approximate value of drain current at saturation.

The transconductance in the saturation range can be obtained ap-
proximately by differentiating Eq. (6-53) with Tespect to the gate voltage:
alp(sat) Z
—— xR C(Vg —V 6-54

The derivations presented herc are based on the n-channel device. For
the p-channel enhancement transistor the voltages V), Vi, and V; are neg-
ative, and current flows from source to drain (Fig. 6-27).

8ﬂl{sal'} =

6.5.2 Transfer Characteristics

The output characteristics plot the drain current as a function of the drain
bias, with gate bias as a parameter (Fig. 6-27). On the other hand. the trans-
fer characteristics plot the output drain current as a function of the input
gate bias, for fixed drain bias (Fig. 6-28a). Clearly, in the linear region, I,
versus V; should be a straight line from Eq. (6-49). The intercept of this line
on the ¥ axis is the linear region threshold voltage, V7 (lin.) and the slope
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(divided by the applied V) gives us the linear value of ky, ky(lin.), of the
n-channel MOSFET. If we look at actual data, however, we see that while the
characteristics are approximately linear at low gate bias, at high gate biases
the drain current increases sub-linearly. The transconductance, g,, (lin.), in the
linear region can be obtained by differentiating the right hand side of Eq. (6-49)
with respect to gate bias The g,, (lin.) is plotted as a function of V; inFig. 6-28b.
It may be noted that the transconductance is zero below V;because there is lit-
tle drain current. It goes through a maximum at the point of inflection of the
1,-V curve, and then decreases. This decrease is due to two factors that wili be
discussed in Sections 6.5.3 and 6.5.8: degradation of the effective channel mo-
bility as a function of increasing transverse electric field across the gate oxide,
and source/drain series resistance.

For the transfer characteristics in the saturation region, since Eq. (6-33)
shows a quadratic dependence of I, on V¢, we get a linear behavior by plot-
ting not the drain current, but rather the square root of I, as a function of
V¢ (Fig. 6-29). In this case the intercept gives us the threshold voltage in the
saturation region, V(sat.). We shall see in Section 6.5.10 that due to effects
such as drain induced barrier lowing (DIBL), for short channel length MOS-
FETs the V(sat.) can be lower than Vy{lin.), while the long channel values
are similar. Similarly, the slope of the transfer characteristics can be used to
determine the value of ky in the saturation region, ky(sat.) for the n-channel
MOSFET, which can be different from ky(lin.) for short channel devices.
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Figure 6-27
Drain current-
voltage characler-
istics for enhance-
ment transistors:
{a) for nchannel
Vn, VG, Vr, Gf‘ld fD
are positive; (b}
for pchannel all
these quantities
are negative.
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Figure 6-28
Linear region
transfer character-
istics: (a) plot of
drain current ver-
sus gate voltage
for MOSFETs in
the linear region;
(b) transconduc-
tance as a func-
tion of gate bias.

4 Z o
Ip | Ip="TRCilVe— ViV,
Deviation from linearity
due to field ~ dependent
mohility and
source — drain series
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6.5.3 Mobility Models

The mobility of carriers in the channel of a MOSFET is lower than in bulk
semiconductors because there are additional scattering mechanisms. Since
carriers in the channel are very close to the semiconductor-oxide interface,
they are scattered by surface roughness and by coulombic interaction with
fixed charges in the gate oxide. When the carriers travel in the inversion layer
from the source to the drain, they encounter microscopic roughness on an

1
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atomistic scale at the oxide-silicon interface and undergo scattering because, as
discussed in Section 3.4.1, any deviation from a perfectly periodic crystal po-
tential results in scattering. This mobility degradation increases with the gate
bias because a higher gate bias draws the carriers closer to the oxide-silicon in-
terface, where they are more influenced by the interfacial roughness.

It is very interesting to note that if we plot the effective carrier mobil-
ity in the MOSFET as a function of the average transverse electric field in
the middle of the inversion layer, we get what is known as a “universal” mo-
bility degradation curve for any MOSFET, which is independent of the tech-
nology or device structural parameters such as oxide thickness and channel
doping (Fig. 6-30). We can apply Gauss’s law to the region marked by the col-
ored box in Fig. 6~31, which encloses all the depletion charge and half of the
inversion charge in the channel. We see that the average transverse field in
the middle of the inversion region is given by

1 1
€y = —(Qa i G.) (6-55a)
€, 2
While this model works quite well for electrons, for reasons that are not clear-

ly understood at present, it has to be modified slightly for holes in the sense
that the average transverse field must now be defined as

By = (Q¢ = G) ' (6-55b)

o4

Figure 629
Saturation region
transfer chdracter-
istics: plot of
square root of the
drain current ver-
sus gate voltage
for MOSFETs.
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Figure 6~30
Inversion layer
electron mobility
versus effective
transverse field, at
various tempera-
tures. The trian-
gles, circles and
squares refer to
different MOSFETs
with different gate
oxide thicknesses
and channel dop-
ings. |Afier Sabnis
ond Clemens,
IEEE IEDM,
1979).
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Determination of effective transverse field. Idealized charge distribution and transverse electric field in
the inversion layer and depletion layer, as a function of depth in the channel of a MOSFET. The region
to which we apply Gauss’s law is shown in color.

This degradation of mobility with gate bias is often compactly described
by writing the drain current expression as

= EHZCI
T L{1+6(Vg - V)

where 8 is called the mobility degradation parameter. Because of the additional
(Ve — V7) term in the denominator, the drain current increases sub-linearly with
gate bias for high gate voltages.

In addition to this dependence of the channel mobility on gate bias or
transverse electric field, there is also a strong dependence on drain bias or the

Ty (Vg — VilVp — ;vg (6-56)
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longitudinal electric field. As shown in Fig. 3-24, the carrier drift velocity in-
creases linearly with electric field (ohmic behavior) until the field reaches €,,;
in other words, the mobility is constant up to € ,,. After this, the velocity sat-
urates at v,, and it can no longer be described in terms of mobility. These ef-
fects can be described as:

v=péforé <%, (6-57)
andv = v, for€ > €, (6-58)

The maximum longitudinal electric field near the drain end of the channel is ap-
proximately given by the voltage drop along the pinch-off region, (V,—Vp(sat.)),
divided by the length of the pinch-off region, AL.

_ (Yo~ Volsat)
Sors ( & ) (6-59)

From a two-dimensional solution of the Poisson equation near the drain end,
one can show that the pinch-off region AL shown in Fig. 6-11c is approxi-
mately equal to V(3dx;), where d is the gate oxide thickness and x; is the
source/drain junction depth. The factor of 3 is due to the ratio of the dielec-
tric constant for Si to that of SiO,.

6.5.4 Short Channel MOSFET I-V Characteristics

In short channel devices, the analysis has to be somewhat modified. As men-
tioned in the previous section, the effective channel mobility decreases with
increasing transverse electric field perpendicular to the gate oxide (i.e., the
gate bias). Furthermore, for very high longitudinal electric fields in the pinch-
off region, the carrier velocity saturates (Fig. 3-24). For short channel lengths,
the carriers travel at the saturation velocity over most of the channel. In that
case, the drain current is given by the width times the channel charge per
unit area times the saturation velocity.

ID i ZC,(VG = VT)V‘ (6-60)

As a result, the saturation drain current does not increase quadratically with
(Vg — V) as shown in Eq. (6-53), but rather shows a linear dependence
(note the equal spacing of curves in Fig. 6-32). Due to the advances in Si de-
vice processing, particularly photolithography, MOSFETs used in modern
integrated circuits tend to have short channels, and are commonly described
by Eq. (6-60) rather than Eq. (6-53). '

6.5.5 Control of Threshold Voltage

Since the threshold voltage determines the requirements for turning the MOS
transistor on or off, it is very important to be able to adjust Vrin designing the
device. For example, if the transistor is to be used in a circuit driven bya3-V
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Figure 6-32
Experimental out-
put characteristics
of nchannel and
pchannel
MOSFETs with

0.1 pm channel
lengths. The
curves exhibit al-
most equal spac-
ing, indicating o
linear depen-
dence of I on V5,
rather than a quo-
dratic depen-
dence. We also
see that I; is not
constant but in-
creases somewhat
with Vj in the sat-
uration region.
The pchannel de-
vices have lower
currents because
hole mobilities are
lower than elec-
tron mebilities
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battery, it is clear that a 4-V threshold voltage is unacceptable. Some applica-
tions require not only a low value of Vr. but also a precisely controlled value
to match other devices in the circuit.

All of the terms in Eq. (6-38) can be controlled to some extent. The
work function potential difference ®,, is determined by choice of the pate
conductor material; & depends on the substrate doping; Q; can be reduced
by proper oxidation methods and by using Si grown in the (100) orientation:
Qy can be adjusted by doping of the substrate: and C, depends on the thick-
ness and dielectric constant of the insulator. We shall discuss here several
methods of controlling these quantities in device fabrication.

Choice of Gate Electrode.  Since V, depends on @, the choice of the gate
electrode material (i.e., the gate electrode work function) has an impact on the
threshold voltage. When MOSFETs were first made in the 1960's, they used
Al gates. However.since Al has a low melting point, it precluded the use of a
self-aligned source/drain technology because that required a high temperature
source/drain implant anneal after the gate formation. Hence, Al was sup-
planted by n* doped LPCVD polysilicon refractory (high melting point) gates,
where the Fermi level lines up with the conduction band edge in Si. While
this works quite well for n-channel MOSFETS, we shall see in Section 9.3.1 that
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it can create problems for p-channel MOSFETS. Therefore, sometimes, a p*
doped polysilicon gate is used for p-channel devices. Refractory metal gates
with suitable work functions are also being researched as possible replace-
ments for doped polysilicon. One attractive candidate is tungsten,whose work
function is such that the Fermi level happens to lie near the mid-gap of Si.

Control of C,. Since a low value of V; and a high drive current is usually
desired, a thin oxide layer is used in the gate region to increase C; = ¢,/d in
Eq. (6-38). From Fig, 6-20 we see that increasing C, makes V' less negative
for p-channel devices and less positive for n-channel with —Q, > Q,, For
practical considerations, the gate oxide thickness is generally 20 — 100 A
(2 — 10 nm) in modern devices having submicron gate length. An example
of such a device is shown in Figure 6-33. The gate oxide, easily observable in

Figure 6-33

Cross section of a MOSFET. This high rasolution transmission electron micrograph of a silicon
Metal-Oxide Semiconductor Field Effect Transistor shows the silicon channel and metal gate separated
by a thin (40A, 4nm) silicon-dioxide insulator. The inset shows a magnified view of the three regions, in
which individual rows of atoms in the crystalline silicon can be distinguished. (Photograph courtesy of
ATAT Bell Laboratories.)
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this micrograph, is 40A thick. The interfacial layer between the crystalline sil-
icon and the amorphous SiO; is also observable.

Although a low threshold voltage is desirable in the gate region of a
transistor, a large value of V; is needed between devices. For example, if a
number of transistors are interconnected on a single Si chip, we do not want
inversion layers to be formed inadvertently between devices (generally called
the field). One way to avoid such parasitic channels is to increase V', in the
field by using a very thick oxide. Figure 6-34 illustrates a transistor with a gate
oxide 10 nm thick and a field oxide of 0.5 pm.

EXAMPLE 6-4

SOLUTION

Consider an n* polysilicon-SiO,-Si p-channel device with N, = 10'° cm  and
Q, =5 x 10" C/cm?. Calculate V; for a gate oxide thickness of 0.01 wm and
repeat for a field oxide thickness of 0.5 wm.

Values of &, Q;, and Q, can be obtained from Examples 6-2 and 6-3 if
we use appropriate signs as in Fig. 6-20a. The value of C, for the thin oxide
case is the same as in Example 6-2. From Fig.6-17,®,,, = —025V.

Bx 107" +482 x10"

Vy= —025 — 0.694 — = ~11V
d o 345 % 10°®

Polysilicon or
metal interconnect

p-channel stop

p-Si

Figure 6-34

n-channel MOSFET Parasitic field | Adjacent

transistor | MOSFET
| (isolation)

|

|

| |
|

Thin oxide in the gate region and thick oxide in the field between transistors for V: control [not to scale).

1
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This value corresponds to that expected from Fig. 6-20b. In the field re-
gion where d = 0.5 pm,
562 x 1078

Vr=-0944 - W =-91V

The value of C; can also be controlled by varying ¢, A $iO, layer which
has some N incorporated in it, leading to the formation of a silicon oxynitride,
is often used. Such silicon oxynitrides have slightly higher ¢, and C, than SiO,,
with excellent interface properties. Other high dielectric constant materials
such as Ta,Os, ZrO, and ferroelectrics (e.g., barium-strontium-titanate) are
also being investigated as replacements for SiO, as the gate dielectric in
MOSFETS: in order to increase C, = ¢/d and, therefore, the drive current of
the MOSFET. Generally speaking, we cannot use these high dielectric con-
stant materials directly on the Si substrate; a very thin (~0.5 nm) interfacial
Si0, layer is needed to achieve a low fast interface state density. It is clear
from the expression for C; that for these high dielectric constant materials, a
physically thicker layer, d, can be used than for SiO, and still achieve a cer-
tain C, This is very useful for reducing the tunneling leakage current through
the gate dielectric, discussed in Section 6.4.7. A physically thicker layer im-
plies a wider tunneling barrier with a reduced tunneling probability.

Threshold Adjustment by Ion Implantation. The most valuable tool for
controlling threshold voltage is ion implantation (Section 5.1.4). Since very
precise quantities of impurity can be introduced by this method, it is possi-
ble to maintain close control of V. For example, Fig. 6-35 illustrates a boron
implantation through the gate oxide of a p-channel device such that the im-
planted peak occurs just below the Si surface. The negatively charged boron
acceptors serve to reduce the effects of the positive depletion charge Q. As
a result, V; becomes less negative. Similarly, a shallow boron implant into
the p-type substrate of an n-channel transistor can make V' positive, as re-
quired for an enhancement device.

If the implantation is performed at higher energy, or into the bare Si
instead of through an oxide layer, the impurity distribution lies deeper below
the surface. In such cases the essentially gaussian impurity concentration
profile cannot be approximated by a spike at the Si surface. Therefore, ef-
fects of distributed charge on the Q, term of Eq. (6-38) must be considered.
Calculations of the effects on V7 in this case are more complicated, and the
shift of threshold voltage with implantation dose is often obtained empiri-
cally instead.

The implantation energy required for shallow V adjustment implants
is low (50-100 ke V), and relatively low doses are needed. A typical V; ad-
justment requires only about 10 s of implantation for each wafer, and there-
fore this procedure is compatible with large-scale production requirements,
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Boron implant through gate oxide
(before polysilicon gate formation)

p
\\ n-pt sly
i Field " |

’\ $i0, $i05
( 0.5um
\\
(a)
Si0, |Si
N
(log)
0 001 002 y(um)
(b)
Figure 6-35

Adjustment of V; in @ pchannel fransistor by boron implantation: (a] boron ions are implanted through
the thin gate oxide but are absorbed within the thick oxide regions; (b) variation of implanted boron
concentration in the gate region—here the peak of the boron distribution lies just below the Si surface.

3
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?For the p-channel transistor of Example 64, calculate the boron ion dose Fy
n(B‘ jons/cm?) required to reduce Vzfrom — 1.1V to — 0.5 V. Assume thal the
'implanted acceptors form a sheet of negative charge just below the Si surface.

qFg
=05 = =1dik ===
0 1 C
3.45 x 1077

= = B)=13 ¢ N

Fg ]‘f}xm_,g(o 1.3 X 10" em

For a beam current of 10 pA scanned over a 650-cm” target area,

1073(C/s)

e s) = 1.3 X 102 (ions/cm?) X 1.6 X 107 '%(C/ion)

The impiant time 1s 1 = 13.5 5.

If the implantation is continued to higher doses, V7 can be moved past
zero to the depletion-mode condition (Fig. 6-36). This capability provides con-
siderable flexibility to the integrated-circuit designer, by allowing enhancement-
and depletion-mode devices to be incorporated on the same chip. For example,
a depletion-mode transistor can be used instead of a resistor as a load efement
for the enhancement device. Thus an array of MOS transistors can be fabricat-
ed in an IC layout, with some adjusted by implantation to have the desired en-
hancement mode V; and others implanted to become depletion loads.

As mentioned above, V control is important not only in the MOSFETSs
but also in the isolation or field regions. In addition to using a thick field
oxide, we can do a channel stop implant (so called because it stops turning on

+]
0S5 - Depletion /
0
Z -ost
z
£ -1f
Enhancement
-15 +
=il
!
L 1 | 1 L 1 1

2 B 6 8 10 12

B* dose (102 ions/cm?)

EXAMPLE 6-5

SOLUTION

Figure 6-36
Typical variation
of V; for o
pchannel device
with increased im-
planted boron
dose. The origi-
nally enhance-
ment p<hannel
transistor
becomes a
depletion-mode
device [V; > 0) by
sufficient B
implantation.
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a parasitic channel in the isolation regions) selectively in the isolation region
under the field oxide (Fig. 6-34). Generally, a B channel stop implant is used fo
n-channel devices. (It must be noted that such an acceptor implant will raise the
field thresholds for n-channel MOSFETSs made in a p-substrate, but will decrease
the field thresholds for p-MOSFETs made in an n-substrate).

6.5.6 Substrate Bias Effecis |

In the derivation of Eq. (6—49) for current along the channel, we assumed ihat I"'.

the source § was connected to the substrate B (Fig. 6-27). In fact, it is possi-
ble to apply a voltage between S and B (Fig. 6-37). With a reverse bias be-
tween the substrate and the source (V3 negative for an n-channel device). the
depletion region is widened and the threshold gate voltage required to
achieve inversion must be increased to accommodate the larger Q. A sim-
plified view of the result is that W is widened uniformly along the channel,
so that Eq. (6-32) should be changed to

Q; = ~[2egN,(2b; — V)] (6-61)

The change in threshold voltage due to the substrate bias is

V2egN,
ﬂlVT o m— c

(26 — V)2 — (26)7] (6-62)

If the substrate bias Vg is much larger than 2¢ (typically ~0.6 V), the
threshold voltage is dominated by V, and

V' 2egN

C 2(=V5)"* (nchannel) (6-63)

where Vi will be negative for the n-channel case. As the substrate bias is in-
creased, the threshold voltage becomes more positive. The effect of this bias
becomes more dramatic as the substrate doping is incrcased, since AV is
also proportional to V/N,,. For a p-channel device the bulk-to-source voltage
V' is positive to achieve a reverse bias, and the approximate change AV, for

Vg > 2dgis
v ZE;QNQ‘
C

Thus the p-channel threshold voltage becomes more negative with sub-
strate bias.

The substrate bias effect (also called the body effect) increases Vi for
either type of device. This effect can be used to raise the threshold voltage
of a marginally enhancement device (V= 0) to a somewhat larger and more
manageable value. This can be an asset for n-channel devices particularly
(see Fig. 6-20). The effect can present problems, however, in MOS integrat-
ed circuits for which it is impractical to connect each source region to the

AVT o

AVy = Vi{® (pchannel) (h-64)

\ L
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d=80 A

N,=15x%10" ¢ ?
V29N,

Threshold voltage (V)

0.5 1.0 1.5

y 2bg - Va v'?)
Figure 6-37
Threshold voltage dependence on substrate bias resulting from application of a voltage V; from the sub-
strate (i.e., bulk) to the source. For n channel, Vs must be zero or negative to avoid forward bias of the
source junction. For p channel, ¥ must be zero or positive.
v

substrate. In these cases, possible V shifts due to the body effect must be
taken into account in the circuit design.

6.5.7 Subthreshold Characteristics

If we look at the drain current expression (Eq. 6-53), it appears that the cur-
rent abruptly goes to zero as soon as V; is reduced to V7. In reality, there is still
some drain conduction Below threshold, and this is known as subthreshold
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conduciion. This current is due to weak inversion in the channel between flat-
band and threshold (for bandbending between zero and 2d;), which leads to
a diffusion current from source to drain. The drain current in the subthreshold
region is equal to

- 2 _‘_‘I}_g #Ve—Vq)
Ip=w(C,+ C,,)‘E(qu)(i — ¢ KT )(i’ ekl ,_..) (6-63)

where

(o Gt G
¢ |

Ep =

It can be seen that /, depends exponentially on gate bias, V;. However,
Vp, has little influence once V) exceeds a few kT/q. Obviously, if we plot
In Ip as a function of gate bias V;, we should get a linear behavior in the
subthreshold regime, as shown in Fig. 6-38a. The slope of this line (or more
precisely the reciprocal of the slope) is known as the subthreshold slope, §,
which has typical values of ~70 mV/decade at room temperature for state-
of-the-art MOSFETs. This means that a change in the input Vg of 70 mV
will change the output 7, by an order of magnitude. Clearly, the smaller
the value of §, the better the transistor is as a switch. A small value of §
means a small change in the input bias can modulate the output current
considerably.
Tt can be shown that the expression for § is given by

V, : +
- In 1o—dv° = 2.3£{1 + CLC—C'

$ = dios 1) Ay g ] L

Here, the factor In 10 (= 2.3) is introduced to change from log,, to
natural logarithm, In. This equation can be understood by looking at the
electrical equivalent circuit of the MOSFET in terms of the capacitors (Fig.
6-38b). Between the gate and the substrate, we find the gate capacitance,
C,, in series with the parallel combination of the depletion capacitance in
the channel, C,, and the fast interface state capacitance, C;, = ¢D,;. The ex-
pression in brackets in Eq. (6-66) is simply the capacitor divider ratio which
tells us what fraction of the applied gate bias, Vi, appears at the Si-Si0; in-
terface as the surface potential. Ultimately, it is the surface potential that
is responsible for modulating the barrier between source and drain, and
therefore the drain current. Hence, S is a measure of the efficacy of the
gate potential in modulating /5. From Eq. (6-66). we observe that Sisim-
proved by reducing the gate oxide thickness, which is reasonable because
if the gate electrode is closer to the channel, the gate control is obviously
better. The value of § is higher for heavy channel doping (which increases
the depletion capacitance) or if the silicon-oxide interface has many fast in-
terface states.
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Figure 6-38

Subthreshold conduction in MOSFETs: (a) Semi-log plot of I, versus Vy; (b) equivalent circuit showing co-
pacitor divider which determines subthreshold slope.
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For a very small gate voltage, the subthreshold current is reduced to
the leakage current of the source/drain junctions. This determines the off-
state leakage current, and therefore the standby power dissipation in many com-
plementary MOS (CMOS) circuits involving both n-channel and p-channel
MOSFETs. It also underlines the importance of having high quality source/
drain junctions. From the subthreshold characteristics, it can be seen that if
the V; of a MOSFET is 100 low, it cannot be turned off fully at V5= 0. Also,
unavoidable statistical variations of V; cause drastic variations of the sub-
threshold leakage current. On the other hand, if Vis too high, one sacrifices
drive current, which depends on the difference between the power supply
voltage and V. For these reasons, the V; of MOSFETs has historically been
designed to be ~0.7 V. However, with the recent advent of various types of
low voltage, low power portable electronics, there are new challenges in de-
vice and circuit design to optimize speed and power dissipation.

6.5.8 Equivalent Circuit for the MOSFET

When we attempt to draw an equivalent circuit of a MOSFET, we find that
in addition to the intrinsic MOSFET itself, therc are a variety of parasitic el-
ements associated with it. An important addition to the gate capacitance is
the so-called Miller overlap capacitance due to the overlap between the gate
and the drain region (Fig. 6-39). This capacitance is particularly problemat-
ic because it represents a feedback path between the output drain terminal
andthe input gate terminal. One can measure the Miller capacitance at high
frequency by holding the gate at ground (V= 0) so that an inversion Jayer
is not formed in the channei. Thereby, most of the measured capacitance be-
tween gate and drain is due to the Miller capacitance, rather than the gate ca-
pacitance C,. It is possible to minimize this capacitance by using a so-called
self-aligned gate. In this process, the gate itself is used to mask the source/drain
implants, thereby achieving alignment. Even in this design, however, there is
still a certain amount of overlap because of the lateral straggle or spread of
the implanted dopants underneath the gate, further exacerbated by the lat-
eral diffusion which occurs during high temperature annealing. This spread
of the source/drain junctions under the gate edge determines what is called
the channel length reduction, AL (Fig. 6-40). Hence, we get the electrical or
“effective” channel length, L g, in terms of the physical gate length, L as

Leﬂ"= L = ALR (6—6?]

There can also be a width reduction, AZ, which changes the effective width, Z,,
from the physical width Z of the MOSFET. The width reduction results from
the electrical isolation regions that are formed around all transistors, general-
ly by LOCOS. The LOCOS isolation technique is discussed in Section 9.3.1.
Another very important parameter in the equivalent circuit is the
source/drain series resistance, Rgp = (Rs + Rp), because it degrades the drain
current and transconductance. For a certain applied drain bias to the source/
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Equivalent circuit of a-MOSFET, showing the passive capacitive and resistive components. The gate ca-
pacitance C; is the sum of the distributed capacitances from the gate fo the source-end of the channel
[Cgs) and the drainend (Cgp). In addition, we have an overlap capacitance: fwivere the gate electrode
overlaps the source/drain junctions) from the gate-to-source (Cys) and gate-to-drain (Cop). Cop is also
known as the Miller overlap capacitance. We also have pn junction depletion capacitances associated
with the source (C;g) and drain {Cpp). The parasitic resistances include the source/drain series resistances
(Rs and Ry}, and the resistances in the substrate between the bulk contact and the source and drain (Rgs
and Rgp). The drain current can be modeled as a [gate) voltagecontrolled constantcurrent source.

drain terminals, part of the applied voltage is “wasted” as an ohmic voltage
drop across these resistances, depending on the drain current (or gate bias).
Hence, the actual drain voltage applied to the intrinsic MOSFET itself is
less; this causes /j, to increase sub-linearly with V.

We can determine Rgp, along with AL g, from the overall resistance of
the MOSFET in the linear region,

‘- (72)
I'p
This corresponds to the intrinsic channel impedance R, plus the
source-drain resistance Rj;. Modifying Eq. (6-51) we get

Vo L - ALg 1

—=Rey+ Rsp = =
Ip = """ Z—AZ wCVe-Vr)

+ Rsp  (6-68)
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Determination of
length reduction

and source/drain
series resistance
in a MOSFET. The
overall rasistance
of a MOSFET in
the linear region
is plotted as a
function of chan-
nel length, for var-
ious substrate
biases. The x
mark data points
for three different
physical gate
lengths L.
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We can measure V/Ip in the linear range for various MOSFETs having the
same width, but different channel lengths, as a function of substrate bias.
Varying the substrate bias changes the Vy through the body effect, and there-
fore the slope of the straight lines that result from plotting the overall resis-
tance as a function of L. The lines pass through a point, having values which
correspond to AL and Ry, as shown in Fig. 640.
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6.5.9 MOSFET Scaling and Hot Electron Effects

Much of the progress in semiconductor integrated circuit technology can
be attributed to the ability to shrink or scale the devices. Scaling down
MOSFETs has a multitude of benefits. From Table 6-1, we see the bene-
fits of scaling in terms of the improvement of packing density, speed and
power dissipation. A key concept in scaling, first due to Dennard at IBM,
is that the various structural parameters of the MOSFET should be scaled
in concert if the device is to keep functioning properly. In other words, if
lateral dimensions such as the channel length and width are reduced by
a factor of K, so should the vertical dimensions such as source/drain junc-
tion depths (x,) and gate insulator thickness (Table 6-1). Scaling of de-
pletion widths is achieved indirectly by scaling up doping concentrations.
However, if we simply reduced the dimensions of the device and kept the
power supply voltages the same, the internal electric fields in the device
would increase. For ideal scaling, power supply voltages should also be
reduced to keep the internal electric fields reasonably constant from one
technology generation to the next. Unfortunately, in practice, power sup-
ply voltages are not scaled hand-in-hand with the device dimensions, part-
ly because of other system-related constraints. The longitudinal electric
fields in the pinch-off region, and the transverse electric fields across the
gate oxide, increase with MOSFET scaling. A variety of problems then
arise which are generically known as hot electron effects and short chan-
nel effects (Fig. 6-41).

When an electron travels from the source to the drain along the chan-
nel, it gains kinetic energy at the expense of electrostatic potential energy in
the pinch-off region, and becomes a “hot” electron. At the conduction band
edge, the electron only has potential energy; as it gains more kinetic energy,

Toble 6-1  Scaling rules for MOSFETs according lo a constant factor K. The horizontol and
vartical dimensions are scaled by the some factor. The voltages are also scaled to keep the
internal electric fields more or less constant, and the hot carrier effects manageable.

Sealing foctor |
Surface dimensions (L,Z) 1/K '
Vertical dimensions (d,x) 1/K ':
Impurity Concentrations K l
Current, Volioges 1/K
Current Density K
Capacitance [per unit areo) K
Transconductance 1
Circuit Delay Time 1/K
Power Dissipation 1/K?
Power Density I
Power-Delay Product 1/K2 J
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Short channel effects in MOSFETs. As MOSFETs are scaled down, potential probiems due to short chan:
nel effects include hot carrier generation (electron-hole pair creation] in the pinch-off region,
punchthrough breckdown between source and drain, and thin gate oxide breakdown.

it moves higher up in the conduction band. A few of the electrons can become
energetic enough to surmount the 3.1 eV potential barrier between the Si
channel and the gate oxide (Fig. 6-25). Some of these injected hot electrons
can go through the gate oxide and be collected as gate current, thereby re-
ducing the input impedance. More importantly, some of these electrons can
be trapped in the gate oxide as fixed oxide charges. According to Eq. (6-37),
this increases the flatband voltage, and therefore the V. In addition, these
energetic hot carriers can rupture Si-H bonds that exist at the Si-8i0, in-
terface, creating fast interface states that degrade MOSFET parameters such
as transconductance and subthreshold slope, with stress. The results of such
hot carrier degradation are shown in Fig. 6-42, where we see the increase of
V, aind decrease of slope, and therefore transconductance, with stress. The so-
lution to this problem is to use what is known as a lightly doped drain (LDD).
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As discussed in more detail in Section 9.3.1, by reducing the doping concen-
tration in the source/drain, the depletion width at the reverse-biased drain-
channel junction is increased and the electric field is reduced.

Hot carrier effects are less problematic for holes in p-channel MOSFETSs
than for electrons in n-channel devices for two reasons. The channel mobility of
holes is approximately half that of electrons; hence, for the same electric
field, there are fewer hot holes than hot electrons. Unfortunately, the lower
hole mobility is also responsible for lower drive currents in p-channel than

m! -
i G |
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Figure 6-42
Hot carrier degradation in MOSFETs. The linear region fransfer characteristics before and dfter hot carrier
stress indicate an increase of V; and decrease of transconductance (or channel mobility) due to hot electron
damage. The damage can be due to hot electron injection into the gate oxide which increases the fixed
oxide charge, and increasing fast inferface state densities at the oxide-silicon inferface (indicated by x].
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Figure 6~43
Substrate current
in @ MOSFET. The
subsirate current
in nchannel
MOSFETs due fo
impact-generated
holes in the pinch-
off region, as a
function of gate
bias. The sub-
strate current ini-
tially increases
with V; because
of the correspond-
ing increase of Ip.
Howaever, for even
higher Vg, the
MOSFET goes
from the saturo-
tion to the linear
region, and the
high electric fields
in the pinch-off re-
gion decrease,
causing less im-
pact ionization.
(Alter Kamata,

et al.,

(1976), 1127))
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in n-channel. Also, the barrier for hole injection in the valence band between Si
and SiO, is higher (5 eV) than for electrons in the conduction band (3.1 eV), as
shown in Fig. 6-25. Hence, while LDD is mandatory for n-channel, it is often
not used for p-channel devices,

One “signature” for hot electron effects is substrate current (Fig. 643).
A the electrons travel towards the drain and become hot, they can create
secondary electron-hole pairs by impact ionization (Fig. 6-41). The secondary
electrons are collected at the drain, and cause the drain current in saturation
to increase with drain bias at high voltages, thereby leading to a decrease of
the output impedance. The secondary holes are collected at the substrate as
substrate current. This current can create circuit problems such as noise or

10—2 X

1074

10"'6 =

15 (substrate current)

Ip, Ig(A)

10-'! =

10710 ¢

10-12 L L
0
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latchup in CMOS circuits (Section 9.3.1). It can also be used as a monitor for
hot electron effects. As shown in Fig. 643, substrate current initially increas-
es with gate bias (for a fixed, high drain bias), goes through a peak and then
decreases. The reason for this behavior is that initially, as the gate bias in-
creases, the drain current increases and thereby provides more primary car-
riers into the pinch-off region for impact ionization. However, for even higher
gate bias, the MOSFET goes from the saturation region into the linear re-
gion when the fixed V), drops below Vip(sat.) = (V; — V). The longitudinal
electric field in the pinch-off region drops. thereby reducing the impact ion-
ization rates. Hot electron reliability studies are done under “worst case™ con-
ditions of peak substrate current. These are generally done under accelerated
conditions of higher-than-normal operating voltages so that if there are any
potential problems, they show up in a reasonable time period. The degrada-
tion data is then extrapolated to the actual operating conditions.

6.5.10 Drain-Induced Barrier Lowering

If small channel length MOSFETs are not scaled properly, and the source/drain
junctions are too decp or the channel doping is too low, there can be unintended
electrostatic interactions between the source and the drain known as Drain-
Induced Barrier Lowering (DIBL). This leads to punchthrough leakage or
breakdown between the source and the drain. and loss of gate control. The phe-
nomenon can be understood from Fig. 6-44, where we have sche matically plot-
ted the surface potential along the channel for a long channel device and a short
device. We scc that as the drain bias is increased, the conduction band edge
(which reflects the electron energies) in the drain is pulled down, and the drain-
channel depletion width expands For a long channel MOSFET, the drain bias
does not affect the source-to-channel potential barrier, which corresponds to the
built-in potential of the source-channel p-n junction. Hence, unless the gate bias
is increased to lower this potential barrier, there is little drain current. On the
other hand, for a short channel MOSFET, as the drain bias is raised and the
conduction band edge in the drain is pulled down (with a concomitant increase
of the drain depletion width), the source-channel potential barrier is low-
ered due to DIBL. This can be shown numerically by a solution of the two-
dimensional Poisson equation in the channel region. Simplistically, the onset
of DIBL is sometimes considered to correspond to the drain depletion region
expanding and metging with the source depletion region, and causing punch-
through breakdown between source and drain. However, it must be kept in
mind that DIBL is ultimately caused by the lowering of the source-junction po-
tential barrier below the built-in potential. Hence, if we get DIBL in a MOSFET
for a grounded substrate, the problem can be mitigated by applying a substrate
reverse bias, because that raises the potential barrier at the source end. This
works in spite of the fact that the drain depletion region interacts even more with
i\
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Short channel

Electron potential energy

Vo ®

Y

Position along surface of channel
Figure 644

Drain-induced barrier lowering in MOSFETs. Cross-sections and potential distribution along the channel
for a long channel and short channel MOSFET.

the source depletion region under such back bias. Once the source-channel bar-

rier is lowered by DIBL, there can be significant drain leakage current, with
the gate being unable to shut it off.
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What are the solutions to this problem? The source/drain junctions
must be made sufficiently shallow (i.e., scaled properly) as the channel
lengths are reduced, to prevent DIBL. Secondly, the channel doping must
be made sufficiently high to prevent the drain from being able to control
the source junction. This is achieved by performing what is known as an
anti-punchthrough implant in the channel. Sometimes, instead of such an
implant throughout the channel (which can have undesirable conse-
quences such as raising the V; or the body effect), a localized implant is
done only near the source/drains. These are known as halo or pocket im-
plants. The higher doping reduces the source/drain depletion widths and
prevents their interaction.

For short-channel MOSFETS, DIBL is related to the electrical modu-
lation of the channel length in the pinch-off region, AL. Since the drain cur-
rent is inversely proportional to the electrical channel length, we get

1 1 AL
fbamzuz(ld-"z*) (6-69)

for small pinch-off regions, AL. We assume that the fractional change in the
channel length is proportional to the drain bias,

— = NV - 6-70)

where X is the channel length modulation parameter. Hence, in the satura-
tion region, the expression for the drain current becomes

A

Ip = 57 BCilVe = Vi1 + AV)p) (6-71)
This leads to a slope in the output characteristics, or a lowering of the out-
put impedance (Fig. 6-32).

6.5.11 Shert Channel and Narrow Width Effect

If we plot the threshold voltage as a function of channel length in MOSFETS,
we find that V- decreases with L for very small geometries. This effect is called
the short channel effect (SCE), and is somewhat similar to DIBL. The mech-
anism is due to something called charge sharing between the source/drain and
the gate (Fig. 6-45 )’. From the equation for the threshold voltage (6-38), we
notice that one of the terms is the depletion charge under the gate.

*L Yau, “A simple theory to predict the threshold valtaga of short-channel IGFETs,” Solid-Stote Elecironics,
17 (1974): 1059, |
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Figure 6-45
Short channel effect in a MOSFET. Crosssectional view of MOSFET along the length showing depletion
charge sharing [colored regions) between the gate, source and drain.

The equipotential lines in Fig. 6-45 designating the depletion regions
curve around the contours of the source/drain junctions. Keeping in mind
that the electric field lines are perpendicular to the equipotential contours,
we see that the depletion charges that are physically underneath the gate in
the approximately triangular regions near the source/drains have their field
linesterminate not on the gate, but instead on the source/drains. Hence, elec-
trically these depletion charges are “shared” with the source and drain re-
gions and should not be counted in the V7 expression, Eq. (6-38). We can deal
with this effect by replacing the orginal Q, in the rectangular region under-
neath the gate by a lower Q, in the trapezoidal region in Fig. 6-45. Clearly,
for a long channel device, the triangular depletion charge regions near the
source and drain are a very small fraction of the total depletion charge un-
derncath the gate. However, as the channel lenglhs are reduced, the shared
charge becomes a larger fraction of the total, and this resultsina V', roll-off
as a function of L (Fig. 6-46). This is important because it is hard to control
the channel lengths precisely in manufacturing. The channel length varia-
tions then lead to problems with V', control.

In the last several years, another effect has been observed in n-channel
MOSFETs with decreasing L. The V; initially goes up before it goes down due
to the short channel effect. This phenomenon has been dubbed the reverse
short channel effect (RSCE), and is due to interactions between Si point defects
that are created during the source/drain implant and the B doping in the chan-
nel, causing the B to pile up near the source and drains, and thus raise the V.

Another related effect in MOSFETs is the narrow width effect, where
the Vy goes up as the channel width Z is reduced for very narrow devices
(Fig. 6-46). This can be understood from Fig. 6-47, where some of the de-
pletion charges under the LOCOS isolation regions have field lines electri-
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cally terminating on the gate. Unlike the SCE, where the effective depletion
charge is reduced due to charge sharing with the source/drain, here the de-
pletion charge belonging to the gate is increased. The effect is not important
for very wide devices, but becomes quite important as the widths are re-
duced below 1pm.

6.5.12 Gate-Induced Drain Leakage

If we examine the subthreshold characteristics shown in Fig. 6-38, we find that
as the gate voltage is reduced below V7, the subthreshold current drops and
then bottoms out a level determined by the source/drain diode leakage. How-
ever, for even more negative gate biases we find that the off-state leakage cur-
rent actually goes up as we try to turn off the MOSFET more for high Vp;
this is known as gate-induced drain leakage (GIDL). The same effect is seen
at a fixed gate bias of near zero, for increasing drain bias. The reason for
GIDL can be understood from Fig. 648, where we show the band diagram
as a function of depth in the region where the gate overlaps the drain junction.

315

Figure 6-46-
decreasing chan-
nel length, and in-
crease of V; with
decreasing width.

Figure 6-47
Narrow width ef-
fect in a MOSFET.
Cross-sectional
view of MOSFET
along the width,
showing addition-
al depletion
charge (colored
regions) under-
neath the field or
the LOCOS isola-

tion regions.
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Figure 648
Gate-induced
drain leakoge in
MOSFETs. The
band diegram for
the location
shown in color is
plotted as a func-
tion of dep!h in
the gate—drain
overlap region, in-
dicating band-to-
band fut'me|ing
and creation of
electron-hole
pairs in the drain
region in the Si
substrate.

Chapter 6

Locaton where
band diagram 1s drawn

'\

5\
K

n* poly =~4=5i03«— n* 51

As the gate is made more negative (or alternatively, for a fixed gate bias, the
drain is made more positive), a depletion region forms in the n-type drain.
Since the drain doping is high, the depletion widths tend to be narrow. If the
bandbending is more than the bandgap E, across a narrow depletion region,
the conditions are conducive to band-to-band tunneling in this region, there-
by creating electron-hole pairs. The electrons then go to the drain as GIDL.
[t must be emphasized that this tunneling is not through the gate oxide (Sec-
tion 6.4.7), but entirely in the Si drain region. For GIDL to occur. the drain
doping level should be moderate (~10™ cm ). If it is much lower than this,
the depletion widths and tunneling barriers are too wide. On the other hand,
if the doping in the drain is very high, most of the voltage drops in the gate
oxide, and the bandbending in the Si drain region drops below the value E,.
GIDL is an important factor in limiting the off-state leakage current in state-
of-the-art MOSFETs.
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6.1

6.2

6.4

6.6

6.7

6.8

6.9

6.10

6.12

Modify Eqs. (6-2) through (6-5) to include effects of the contact potential

V. Define a true pinch-off voltage V- to distinguish this case from V defined

in Eq. (6-4).

Modify Egs. (6-7) through (6-10) to include Vi, Let V. be defined as in Eq. (6-4),

and call the true pinch-off voitage V.

Assume the JFET shown in Fig. 6-6 is Si and has p* regions doped with 10'®

acceptors/cm’ and a channel with 16" donors/em’. If the channel half-width a

is 1 um, compare V', with ¥, What voltage Vi, is required to cause pinch-off when

Vyis included? With Vi; = —3 V, at what value of V, does the current saturate?

If the ratio Z/L = 10 for the JFET of Prob. 6.3, and p,, = 1000 em*/V-s, calculate

Ip(sat) for V; =0, -2, —4,and —6 V. Plot /,(sat) vs. V(sat).

For the JFET of Prob. 6.4, plot I, vs. Vj, for the same three values of V.. Ter-

minate each plot at the point of saturation.

The current [ varies almost linearly with V,, in a JFET for low values of V.

(a) Use the binomial expansion with V/(-V) < 110 rewrite Eq. (6-9) as an
approximation to this case,

(b) Show that the expression for the channel conductance I,/V}, in the lincar
range is the same as g,,(sat) given by Eq. (6-11).

(c) What value of gate voltage V¢ turns the device off such that the channel
conductance goes to zero?

Use Eqgs (6~9) and (6-10) to calculate and plot /,(V,, V;) at 300 K for a Si JFET

with @ = 1000A,N,=7 x 10" cm %, Z = 100 pm,and L = 5 pm. Allow V, to range

from 0 to 5§V and allow V;; to take on values of 0, —1, =2, -3, —4,and —5 V.

Show that the width of the depletion region in Fig. 6-15 is given by Eq.

(6-30). Assume the carriers arc completely swept out within W, as was done

in Section 5.2.3.

An n*-polysilicon-gate n-channel MOS transistor is made on a p-type Si sub-

strate with N, = 5 X 10" ¢cm . The SiO, thickness is 100 A in the gate region.

and the effective interface charge Q, is 4 X 10" gC/cm’.

Find W,,, Vg, and V.

An n” polysilicon-gate p-channel MOS transistor is made on an n-type Si sub-

strate with N, =5 X 10'"® em ™, The SiQ, thickness is 100 A in the gate region,

and the effective interface charge Q, is 2 x 10" g C/em®. Sketch the C-V curve

for this device and give important numbers for the scale.

Use Eq. (6-50) to calculate and plot I,(V,,. V,,} at 300 K for an n-channel Si

MOSFET with an oxide thickness d = 200 A. a channel mobility ji, = 1000 cm?/

V-5, Z=100 um, L =5 pm, and N, of 10", 10", 10", and 10'" cm . Allow V,,

to range from O to 5V and allow V¢ (o lake on values of 0, 1,2.3,4,and 5 V.

Assume that Q;=5 x 10" g Clem®.

Calculate the ¥y of a Si-MOS transistor for a n*-polysilicon gate with silicon

oxide thickness = 50 A, N, = 1 X 10™cm ™~ and a fixed charge of 2 X 10" Clem?.

Is it an enhancement or depletion mode device? What B dose is required to

change the V7 to 0 V? Assume a shallow B implant.

PROBLEMS
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Figure P6-15

6.13 (a) Find the voltage Vpp required to reduce to zero the negative charge in-

duced at the semiconductor surface by a sheet of positive charge Q,, lo-
cated x' below the metal.

{b) Inthe case of an arbitrary distribution of charge p(x') in the oxide, show that

6.14 The bias on a Si MOS capacitor is changed from inversion to accumulation

Normalized MOS capacitance

0.6

0.5

0.4

0.3

0.2

mode. If the substrate doping is 10'® cm ™ donors, what is the change in the sur-
face bandbending at 100°C?

A Si MOS capacitor has the high frequency C-V curve shown in Fig. P6-15
normalized to the capacitance in strong accumulation. Determine the oxide
thickness and substrate doping assuming a gate-to-substrate work function dif-
ference of —0.35V
1O~
09+
08 -
0.7 P - . )
051 positive blas—temp:lal ure
stress C-V curve
- Initial and post negative bias-temperature
stress C-V curve
C, = 37850 pF
area = (.00 em?

| L L A 1 | 1 1

-3 -3 -2 -1 0 1 2 3" 4 5
Gate bias (V)

6.16 For the capacitor in Prob. 6.15, determine the initial flatband voltage.
6.17 For the capacitor in Prob. 6.15, determine the fixed oxide charge, Q,, and the

mobile 10n content.

.18 When an MOS transistor is biased with V), > Vp(sat), the effective channel

length is reduced by AL and the current [ is larger than I;(sat), as shown in
Fig. 6-32. Assuming that the depleted region AL is described by an expression
similar to Eq. (5-30) with V,—V,(sat.) for the voltage across AL, show that the
conductance beyond saturation is
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; alp a L
8o = 5y = Tulsat oA 72 AL)

and find the expression for g, in terms of V,,.

0.19 Calculate the V, of a Si n-channel MOSFET for a n*-polysilicon gate with gate
oxide thickness = 100 A N, = 10" cm ™ and a fixed oxide charge of 5§ % 10" ¢
C/em®. Repeat for a substrate bias of 2.5V,

6.200 Forthe MOSFET in Prob.6.19.and W = 50 wm, L = 2 wm. calculate the drain cur-
rent at Vi, = SV, V,, =0.1V. Repeat for V,; = 3V, V|, = 5V. Assume an electron chan-
nel mobility ., = 200 cm™/V-s, and the substrate is connected Lo the source.

6.21 An n-channel MOSFET with a 400 A gate oxide requires its V¢ to be lowered
by 2 V. Using a 50 keV implant of singly-charged species and assuming the im-
plant distribution is peaked at the oxide-Si interface and can be regarded as
a sheet charge at the interface, what implant parameters (species, energy,
dose and beam current) would you choose? The scan area is 200 cm?, and the
desired implant time is 20 s. Assume similar range statistics in oxide and Si.

6.22 For the MOSFET characteristics shown in Fig. P6-22. calculate:

1. Linear V, and k,
2. Saturation Vyand &y
Assume channel mobility, i, = 500 cm?/V-s and V,, = 0.

fa(mA) Figure P6-22

Vp (V)
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6.23

6.24

.26

6.27

6.28

6.29

For Prob. 6.22, calculate the gate oxide thickness and substrate doping, either
graphically or iteratively.

Assume that the inversion layer in a St MOSFET can be treated as a 2-D elec-
tron gas trapped in an infinite rectangular potential well of width 100 A. (In re-
ality, it looks more like a triangular well.) Calculate the inversion charge per unit
area assuming that the Fermi level lies midway between the second and third
subbands. Assume T'= 77 K, and effective mass = 0.2 m,. Assume also that the
Fermi function can be treated as a rectangular function. Also sketch (E k) for
the first three subbands. Refer to Appendix 1V.

The flat band voltage is shifted to —2V for an n*-polysilicon-Si0,-Si capacitor
with parameters discussed in Example 6-2. Redraw Fig. 6-16 for this case and
find the value of interface charge Q; required to cause this shift in Vg, with @,
given by Fig. 6-17.

Plot Ip vs. V, with several values of V; for the thin-oxide p-channel transistor
described in Example 6-—4. Use the p-channel version of Eq. (6-49), and as-
sume that I5(sat) remains constant beyond pinch-off. Assume that ji,, = 200 em?/
V.g,and Z = 10L.

A typical figure of merit for high-frequency operation of MOS transistors is the
cutoff frequency f,. = g,./2nC;LZ, where the gate capacitance Cg is essential-
ly C, over most of the voltage range. Express f. above pinch-off in terms of ma-
terials parameters and device dimensions, and calculate f, for the transistor of
Prob. 6.26, with L. = 1 pm.

From Fig, 644 it is clear that the depletion regions of the source and drain
junctions can meet for short channels, a condition called punch-through. As-
sume the source and drain regions of an n-channel Si MOSFET are doped
with 10% donors/cm® and the 1-wm-long channel is doped with 10'® acceptors/
cm’, If the source and substrate are grounded, what drain voltage will cause
punch-through?

Calculate the substrate bias required to achicve enhancement-mode operation
with V= +0.5 V for the n-channel device of Example 6-3. Comment on the
practicality of this method of threshold control for thin-oxide transistors.
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Chapter 7
Bipolar Junction Transistors

We begin this chapter with a qualitative discussion of charge transport in a
bipolar junction transistor (BJT), to establish a sound physical understand-
ing of its operation. Then we shall investigate carefully the charge distribu-
tions in the transistor and relate the three terminal currents to the physical
characteristics of the device. Our aim is to gain a solid understanding of the
current flow and control of the transistor and to discover the most important
secondary effects that influence its operation. We shall discuss the properties
of the transistor with proper biasing for amplification and then consider the
effects of more general biasing, as encountered in switching circuits.

In this chapter we shall use the p-n-p transistor for most illustrations.
The main advantage of the p-n-p for discussing transistor action is that hole
flow and current are in the same direction. This makes the various mecha-
nisms of charge transport somewhat easier to visualize in a preliminary ex-
planation. Once these basic ideas are established for the p-n-p device, it is
simple to relate them to the more widely used transistor, the n-p-n.

o7

FUNDAMENTALS
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OF BJT
OPERATION

The bipolar transistor is basically a simple device, and this section is devot-
ed to a simple and largely qualitative view of BJT operation. We will deal with
the details of these transistors in following sections, but first we must define
some terms and gain physical understanding of how. carriers are transport-
ed through the device. Then we can discuss how the current through two ter-
minals can be controlled by small changes in the current at a third terminal.

Let us begin the discussion of bipolar transistors by considering the
reverse-biased p-n junction diode of Fig. 7-1. According to the theory of
Chapter 5, the reverse saturation current through this diode depends on the
rate at which minority carriers are generated in the neighborhood of the
junction. We found, for example, that the reverse current due to holes being
swept from n to p is essentially independent of the size of the junction € field
and hence is independent of the reverse bias. The reason given was that the
hole current depends on how often minority holes are generated by EHP
creation within a diffusion length of the junction—not upon how fast a par-
ticular hole is swept across the depletion layer by the field. As a result, it is

]
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possible to increase the reverse current through the diode by increasing the
rate of EHP generation (Fig. 7-1b). One convenient method for accom-
plishing this is optical excitation of EHPs with light (kv > E,). as in Section
4.3. With steady photoexcitation the reverse current will still be essentially in-
dependent of bias voltage, and if the dark saturation current is negligible,
the reverse current is directly proportional to the optical generation rate gq,-

The example of external control of current through a junction by op-
lical generation raises an interesting question: Is it possible to inject minor-
ity carriers in 1o the neighborhood of the junction electrically instead of
optically? If so, we could control the junction reverse current simply by vary-
ing the rate of minority carrier injection. For example, iet us consider a hy-
pothetical hole injection device as in Fig. 7-1c. If we can inject holes at a
predetermined rate into the n side of the junction. the effect on the junction
current will resemble the effects of optical generation. The current from n to
p will depend on the hole injection rate and will be essentially independent
of the bias voltage. There are several obvious advantages to such external
control of a current: for example, the current through the reverse-biased
junction would vary very little if the load resistor R; were changed, since the
magnitude of the junction voltage is relatively unimportant. Therefore, such
an arrangement should be a good approximation to a controllable constant
current source.

A convenient hole injection device is a forward-biased p-n junction.
According to Section 5.3.2. the current in such a junction is due primarily to
holes injected from the p* region into the n material. If we make the n side
of the forward-biased junction the same as the n side of the reverse-biased
junction, the p*-n-p structure of Fig. 7-2 results. With this configuration, in-
jection of holes from the p*-n junction into the center n region supplies the
minority carrier holes to participate in the reverse current through the n-p
junction. Of course, it is important that the injected holes do not recombine
in the n region before they can diffuse to the depletion layer of the reverse-
biased junction. Thus we must make the n region narrow compared with a
hole diffusion length.
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Figure 7-1
External control of
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junction: [a] opti-
cal generation;

(b} junction i~V
characteristics as
a function of EHP
generation; (c] mi-
nority carrier in-
jection by a
hypothetical
device.
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Figure 7-2

A pn-p transistor:
(a) schematic rep-
resentation of o
p-n-p device with
a forward-biased
emitter junction
and a reverse-
biased collector
junction; (b} I-V
characteristics of
the reverse-biased
n-p junction as a
function of emitter
current,
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The structure we have described is a p-n-p bipolar junction transistor.
The forward-biased junction which injects holes into the center n region is
called the emirrer junction. and the reverse-biased junction which collects the
injected holes is called the collector junction. The p* region, which serves as
the source of injected holes, is called the emitrer. and the p region into which
the holes are swept by the reverse-biased junction is called the collector. The
center n region is called the base, for reasons which will become clear in Sec-
tion 7.3, when we discuss the historical development of transistor fabrica-
tion. The biasing arrangement in Fig. 7-2 is called the common base
configuration, since the base electrode B is common to the emitter and col-
lector circuits.

To have a good p-n-p transistor, we would prefer that almost all the
holes injected by the emitter into the base be collected. Thus the n-lype base
region should be narrow, and the hole lifetime 7, should be long. This re-
quirement is summed up by specifying W, < L, where W, is the length of the
neutral n material of the base (measured between the depletion regions of the
emitter and collector junctions), and L, is the diffusion length for holes in
the base (D,7,)"”. With this requirement satisfied, an average hole injected al
the emitter junction will diffuse to the depletion region of the collector junc-
tion without recombination in the base. A second requirement is that the cur-
rent I, crossing the emitter junction should be composed almost entirely of
holes injected into the base, rather than electrons crossing from hase to emit-
ter. This requirement is satisfied by doping the base region lightly compared
with the emitter, so that the p*-n emitter junction of Fig. 7-2 results.

It is clear that current /; flows into the emitter of a properly biased
p-n-p transistor and that /- flows out at the collector, since the direction of
hole flow is from emitter to collector. However, the base current [ requires
a bit more thought. In a good transistor the base current will be very small
since [ is essentially hole current, and the collected hole current /- is almost
equal to /z. There must be some base current, however, due to requirements

(1
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of electron flow into the n-type base region (Fig. 7-3). We can account for I
physically by three dominant mechanisms:

(a) There must be some recombination of injected holes with electrons
in the base, even with W, < L .The electrons lost to recombination
must be resupplied through the base contact.

(b) Some electrons will be injected from n to p in the forward biased
emitter junction, even if the emitter is heavily doped compared to

the base. These electrons must also be supplied by 7.

(c) Some electrons are swept into the base at the reverse-biased collec-
tor junction due to thermal generation in the collector. This small
current reduces I by supplying electrons to the base.

The dominant sources of base current are (a) recombination in the base
and (b) injection into the emitter region. Both of these effects can be great-
ly reduced by device design, as we shall see. In a well-designed transistor, I
will be a very small fraction (perhaps one-hundredth) of /5.

In an n-p-n transistor the three current directions are reversed, since
electrons flow from emitter to collector and holes must be supplied to the
base. The physical mechanisms for operation of the n-p-n can be understood
simply by reversing the roles of electrons and holes in the p-n-p discussion.
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Figure 7-3
Summary of hole
and electron flow
in a p-n-p transis-
tor with proper bi-
asing: (1} injected
holes lost to re-
combination in
the base; (2)
holes reaching the
reverse-biased col
lector junction; (3]
thermally generat-
ed electrons and
holes making up
the reverse satura-
tion current of the
collector junction;
(4) electrons sup-
plied by the base
contact for recom-
bination with
holes; (5) elec-
trons injected
across the
forward-biased
emifter junction

In this section we shall discuss rather simply the various factors involved in
transistor amplification. Basically, the transistor is useful in amplifiers be-
cause the currents at the emitter and collector are controllable by the rela-
tively small base current. The essential mechanisms are easy to understand
if various secondary effects are neglected. We shall use total current (d-c

72
AMPLIFICATION
WITH RITS
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plus a-c) in this discussion, with the understanding that the simple analysis
applies only to d-c and to small-signal a-c at low frequencies. We can relate
the terminal currents of the transistor ig, ip, and ic by several important fac-
tors. In this introduction we shall neglect the saturation current at the col-
lector (Fig. 7-3, component 3) and such effects as recombination in the
transition regions. Under these assumptions, the collector current is made up
entirely of those holes injected at the emitter which are not lost to recom-
bination in the base. Thus i, is proportional to the hole component of the
emitter current ig,:

fc- = Bigp . (7' l}

The proportionality factor B is simply the fraction of injected holes which
make it across the base to the collector; B is called the base iransport factor.
‘The total emitter current iy is made up of the hole component i., and the elec-
tron component i, due to electrons injected from base to emitter (compo-
nent 5 in Fig. 7-3). The emitier injection efficiency v is

] -
y=—2 (7-2)
bpy b lep

For an efficient transistor we would like B and v to be very near unity;

{that is, the emitter current should be due mostly to holes (y = 1), and most

of the injected holes should eventually participate in the collector current
(B = 1). The relation between the collector and emitter currents is

rjg = BIE;?" =By=a {7-3)

Ig Iy 23 rEJ’J
The product By is defined as the factor «. called the current transfer ratio,
which represents the emitter-to-collector current amplification. There is no
real amplification between these currents, since o is smaller than unity. On the
other hand, the relation between i and iy is more promising for amplification.

In accounting for the base current. we must include the rates at which

clectrons are lost from the base by injection across the emitter junction (ig,)
and the rate of electron recombination with holes in the base. In each case,
the lost clectrons must be resupplied through the base current i If the frac-
tion of injected holes making it across the base wirhout recombination is B.
then it follows that (1 - B) is the fraction recombining in the base. Thus the
base current is

lg=1lg, +(1 - .B)!'EI, (7-4)

neglecting the collector saturation current. The relation between the collec-
tor and base currents is found from Eqs. (7-1) and (7-4):

|‘.‘ - ‘_Bllb—;, - B[jEp.jf(iEn * ."EF)]
EB "IEH i (l Iw) B}'.Fr 1= Bi_iEp/(iEn T I;Ep}]

(7-5)
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i By «

ig 1-By 1-a B l
The factor B relating the collector current to the base current is the base-to-
collector current amplification factor." Since « is near unity, it is clear that g
can be large for a good transistor,and the collector current is large compared
with the base current.

1t remains to be shown that the col‘ector current i can be controlled by
variations in the small current ip. In the discussion to this point, we have in-
dicated control of i by the emitter current i g, with the base current charac-
terized as a small side effect. In fact, we can show from space charge neutrality
arguments that iz can indeed be used to determine the magnitude of /¢ Let
us consider the transistor of Fig. 7-4, in which i is determined by a biasing
circuit. For simplicity, we shall assume unity emitter injection efficiency and
negligible collector saturation current. Since the n-type base region is elec-
trostatically neutral between the two transition regions, the presence of ex-
cess holes in transit from emitter to collector calls for compensating excess
electrons from the base contact. However, there is an important difference in
the times which electrons and holes spend in the base. The average excess

(7-0)

W 10 ps
7= 0.1 us
g - R
BT 8 = , = 100
Neglecting vy
(a)
5V
lg = K0 = (0.1 mA
Ie = Blz =10mA
iy (mA) i. (mA)
5
s /-\
(b} V/\\ I

'a is also colled the common-basa current gain; B is also colled the common-emitter current gain.
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Figure 7-4
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transistor circuit:
(a) biasing circuit;
(b} addition of an
a< variation of
base current iy to
the d value of I,
resulting in an o<

component i.
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hole spends a time T, defined as the transir iime from emitier to collector.
Since the base width W, is made small compared with L,, this transit time is
much less than the average hole lifetime 7, in the base.? On the other hand,
an average excess electron supplied from the base contact spends 7, seconds
in the base supplying space charge neutrality during the lifetime of an aver-
age excess hole. While the average electron waits 7, seconds for recombina-
tion, many individual holes can enter and leave the base region, each with an
average transit time 7. In particular, for each electron entering from the base
contact, 7,/7, holes can pass from emitter to collector while maintaining space
charge neutrality. Thus the ratio of collector current to base current is simply
sy P
ip B= T V=)

for v = 1 and negligible collector saturation current.

If the electron supply to the base (i) is restricted, the traffic of holes
from emitter to base is correspondingly reduced. This can be argued simply
by supposing that the hole injection does continue despite the restriction on
electrons from the base contact. The result would be a net buildup of posi-
tive charge in the basc and a loss of forward bias (and therefore a loss of
hole injection) at the emitter junction. Clearly, the supply of electrons through
iz can be used to raise or lower the hole flow from emitter to collector.

The base current is controlled independently in Fig. 7-4. This is called
a common-emifier circuit, since the emitter electrode is common to the base
and collector circuits. The emitter junction is clearly forward biased by the
battery in the base circuit. The voltage drop in the forward-biased emitter
Junction is small, however, so that almost all of the voltage from collector to
emitter appears across the reverse-biased collector junction. Since vy is
small for the forward-biased junction, we can neglect it and approximate the
base currentas 5 V/50 k€) = 0.1 mA. If 7, = 10 us and 7, = 0.1 ps, B for the tran-
sistor is 100 and the collector current /- is 10 mA. It is important to note that
i.is determined by B and the base current, rather than by the battery and re-
sistor in the collector circuit (as long as these are of reasonable values to
maintain a reverse-biased collector junction). In this example 5 V of the col-
lector circuit battery voltage appears across the 500 {2 resistor,and 5 V serves
to reverse bias the collector junction.

“This difference between overage hole lifelime batore recombination (7, and the average time a hole
spends in ransit across the base (1), moy be confusing ot first. How con Ihe lifetime be longer than the
time a hole octually spends in fransit? The answer depends on the fact that holes are indisfinguishable in
the recombination kinetics. Think of an analogy with o shooting gallery, in which o good marksman fires
slowly al a line of quickly moving ducks. Although many individual ducks make it ceross the firing line
without being hit, the lifetime of an average duck within the firing line is determined by the time between
shots. We can speak of the lifetime of an averoge duck because they are essentially indistinguishakle. Sim-
ilarly, the rofe of recombination in the base [and therefore i) depends on the average lifatime 7, and the
distribution of the indistinguishable holes in the basa ragion.
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If a small a-c current i, is supcrimposed on the steady state base cur-
rent of Fig. 7-4a, a corresponding a-c current i. appears in the collector cir-
cuit, The time-varying portion of the collector current will be i, multiplied by
the factor B, and current gain results.

We have neglected a number of important properties of the transistor
in this introductory discussion, and many of these properties will be treated
in detail below. We have established, however, the fundamental basis of op-
eration for the bipolar transistor and have indicated in a simplified way how
it can be used to produce current gain in an electronic circuit.
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(a) Show that Eq. (7-7) is valid from arguments of the steady state re- EXAMPLE 7-1
placement of stored charge. Assume that 1, =7,
(b) What is the stéady state charge Q, = Q, due to excess electrons and
holes in the neutral base region for the transistor of Fig. 747
(a) In steady state there are excess electrons and holes in the base, The SOLUTION
charge in the electron distribution Q,, is replaced every 7, seconds. Thus
ip = Q,/1,. The charge in the hole distribution @, is collected every T,
seconds. and i = Q,/7, For space charge neutrality, Q, = Q,, and
e L Gt Ny
ig Qn/‘rp T
(b)) Q@n=Q,=icT=igT, = 1) i o
The first transistor invented by Bardeen and Brattain in 1947 was the point 7.3
BJT FABRICATION

contact transistor. In this device two sharp metal wires, or “cat’s whiskers,”
formed an “emitter” of carriers and a “collector” of carriers. These wires were
simply pressed onto a slab of Ge which provided a “base™ or mechanical sup-
port, through which the injected carriers flowed. This basic invention rapid-
ly led to the BJT, in which charge injection and collection was achieved using
two p-n junctions in close proximity to each other. The p-n junctions in BJTs
can be formed in a variety of ways using thermal diffusion, but modern de-
vices are generally made using ion implantation (Section 5.1.4),

Let us review a simplified version of how to make a double polysilicon,
self-aligned n-p-n Si BJT. This is the most commonly used, state-of-the-art tech-
nique for making BJTs for use in an IC. Use of n-p-n transistors is more pop-
ular than p-n-p devices because of the higher mobility of electrons compared
to holes. The process steps are shown in cross-sectional view in Fig. 7-5. A
p-type Si substrate is oxidized, windows are defined using photolithography and
c¢tched in the oxide. Using the photoresist and oxide as an implant mask, a
donor with very small diffusivity in Si, such as As or Sb, is implanted into the
open window to form a highly conductive n* layer (Fig. 7-5a). Subsequently,
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Figure 7-5
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the photoresist and the oxide are removed, and a lightly doped n-type epi-
taxial layer is grown. During this high temperature growth, the implanted n*
laycr diffuses only slightly towards the surface and becomes a conductive
buried collector (also called a sub-collector). The n* sub-collector layer guar-
antees a low collector series resistance when it is connected subsequently to
the collector ohmic contact, sometimes through the use of an optional,
masked deep n* “sinker™ implant or diffusion on ly in the collector contact re-
gion (Fig. 7-5c). The lightly doped n-type collector region above the n* sub-
collector in the part of the BJT where the base and emitter are formed
ensures a high base-collector reverse breakdown voltage. (It turns out that
wherever the sub-collector is formed, and subsequently the epitaxial layer is
grown on top, there is a notch or step in the substrate surface. This notch is
not explicitly shown in Fig. 7-5a. This notch is very useful as a marker of the
location of the sub-collectors because subsequently, we have 1o align the
LOCOS isolation mask with respect to the sub-collector.)

For integrated circuits involving not just discrete BJTs, but many inter-
connected transistors, there are issues involving electrical isolation of adja-
cent BJTs in order to ensure that there is no electrical cross-talk between
them. As described in Section 6.4.1, such isolation can be achieved by LOCOS
to form field or isolation oxides after a B channel stop implant (Fig. 7-5b). An-
other isolation scheme that is particularly well suited for high density bipelar
circuits involves the formation of shallow trenches by RIE, backfilled with
oxide and polysilicon (Section 9.3.1). In this process a nitride layer is pat-
terned and used as an etch mask for an anisotropic etch of the silicon to form
the trench. Using reactive ion etching, a narrow trench about 1 wm deep can

; be formed with very straight sidewalls. Oxidation inside the trench forms an
* insulating layer, and the trench is then filled with oxide by Low-Pressure
Chemical Vapor Deposition (LPCVD).

A polysilicon layer is deposited by LPCVD.and doped heavily p* with B
either during deposition or subsequently by ion implantation. An oxide layer is
deposited next by LPCVD. Using photolithography with the base/emitter mask,
a window is etched in the polysilicon/oxide stack by RIE (Fig. 7-5¢). A heavily
doped “extrinsic” p* base is formed by diffusion of B from the doped polysili-
con layer into the substrate in order to provide a low resistance, high speed base
ohmic contact. An oxide layer is then deposited by LPCVD, which has the ef-
fect of closing up the base window that was etched previously, and B is implanted
into this window (Fig'7-5d). This base implant forms a more lightly p doped
“intrinsic” base through which most of the current flows from the emitter to the
collector. The more heavily doped extrinsic base forms a collar around the in-
trinsic base, and serves to reduce the base series resistance. It is critical that the
base be enclosed well within the collector because otherwise it would be short-
ed to the p substrate. Finall Y.another LPCVD oxide layer is deposited to close
up the base window further, and the oxide is etched all the way to the Si substrate
by RIE, leaving oxide spacers on the sidewalls. Heavily n* doped ( typically with
As) polysilicon is then deposited on the substrate, patterned and etched

33
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forming polysilicon emitter (polyemitter) and collector contacts, as shown in Fig.
7-5¢.(The use of two LPCVD polysilicon layers explains why this process is re-
ferred to as the double-polysilicon process.) Arsenic from the polysilicon is dif-
fused into the substrate to form the n* emitter region nested within the base in
a self-aligned manner, as well as the n” collector contact. Self alignment refers
to the fact that a separate lithography step is not required to form the n' emit-
ter region. We cleverly made use of the oxide sidewall spacers to ensure that
the n* emitter region lies within the intrinsic p-type base. This is critical because
otherwise the emitter gets shorted to the collector; we also want a gap between
the n* emitter and the p* extrinsic base, because otherwise the emitter-base junc-
tion capacitance becomes too high. In the vertical direction, the difference be-
iween the emitter-base junction and the base-collector junction determines the
base width., This is made very narrow in high gain, high speed BJTs.

Finally, an oxide layer is deposited by CVD, windows are etched in it
rorresponding to the emitter (E), base (B) and collector (C) contacts, and a
suitable contact metal such as Al is sputter deposited to form the ohmic con-
tacts. The Al is patterned photolithographically using the interconnect mask,
and etched using RIE. The many ICs that are made simultaneously on the
wafer are then separated into individual dies by sawing, mounted on suit-
able packages, and the various contacts are wire bonded to the external leads
of the package.

7.4

MINORITY
CARRIER
DISTRIBUTIONS
AND TERMINAL
CURRENTS

in this section we examine the operation of a BIT in more detail. We begin
our analysis by applying the techniques of previous chapters to the problem
of hole injection into a narrow n-type base region. The mathematics is very
similar to that used in the problem of the narrow base diode (Prob. 5.35).
Basically, we assume holes are injected into the base at the forward-biased
emitter, and these holes diffuse to the collector junction. The first step is to
solve for the excess hole distribution in the base, and the second step is to

- evaluate the cmitter and collector currents (I, I¢) from the gradient of the

hole distribution on each side of the base. Then the base current (/) can be
found from a current summation or from a charge control analysis of re-
combination in the base.

We shall at first simplify the calculations by making several assumptions:

1. Holes diffuse from emitter to collector; drift is negligible in the
base region.

2. The emitter current is made up entirely of holes; the emitter injection
efficiency isy = 1.

3. The collector saturation current is negligible.

The active part of the base and the two junctions are of uniform cross-
sectional area A; current flow in the base is essentially one-dimensional
from emitter to collector.

5. All currents and voltages are steady state.
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In later sections we shall consider the implications of impeiicct :::iec-
tion efficiency, drift due to nonuniform doping in the base, structural effects
such as different areas for the emitter and collector junctions, and capaci-
tance and transit tirne effects in a-c operation.

7.4.1 Solution of the Diffusion Equation in the Base Region

Since the injected holes are assumed to flow from emitter to collector by dif-
fusion, we can evaiuate the currents crossing the two junctions by techriques
used in Chapter 5. Neglecting recombination in the two depletion regior:. the
hole current entering the base at the emitter junction is the current [, and
the hole current leaving the base at the collector is /.. If we can solve for the
distribution of excess holes in the base region, it is simple to evaluate the
gradient of the distribution at the two ends of the base to find the currents.
We shall consider the simplified geometry of Fig. 7-6, in which the base width
is W, between the two depletion regions, and the uniform cross-sectional
area is A. The excess hole concentration at the edge of the emitter depletion
region Ap and the corresponding concentration on the collector side of the
base Apc are found from Eq. (5-29):

Apg = pa(e?' T — 1) (7-%a)
Ape = peehT - 1) (7-8b)

If the emitter junction is strongly forward biased (Vg 2 kTl/g) and the
collector junction is strongly reverse biased (Vs < 0), these excess concen-
trations simplify to

Apg = p™ T (7-9a)
Apc = —pa (7-9b)

We can solve for the excess hole concentration as a function of dis-
tance in the base 8p(x,) by using the proper boundary conditions in the .:if-
fusion equation, Eq. (4-34b):

L L
Xn
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Figure 7-6
Simplified p-n-p
transistor geome-
try used in the cal-
culations.
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2
d 610(1") s 6!?([") (7_.10)
dx; i
The solution of this equation is
3p(x,) = Cre™/ls + Cre ™t (7-11)

where L, is the diffusion length of holes in the base region. Unlike the sim-
pie problem of injection into a long n region, we cannot eliminate one of the
constants by assuming the excess holes disappear for large x,,. In fact, sic:ce
W, < L, in a properly designed transistor, most of the injected holes reach
the coilector at W,,. The solution is very similar to that of the narrow base
diode problem. In this case the appropriate boundary conditions are

Sp(x,=0)=C, + C, = Apg (7-12a)
ﬁp{x" = wh] = (‘1ewn-'f-; + C‘ze'“'hfLr = APC [7—12b)

Solving for the parameters C; and C, we obtain

Apc — Apge™ "l

By = iFas

e by — p g

Wil _ A
.= Spge T —Ape (7-13b)

& gw"'i? ‘,—w {4

These parameters applied to Eq. (7-11) give the full expression for the ex-
cess hole distribution in the base region. For example, if we assume that the
collector junction is strongly reverse biased [Eq. (7-9b)] and the equilibrium
fwle concentration p, is negligible compared with the injected concentra-
tion Apg, the excess hole distribution simplifies to

eW,v"Lre—xJL, = g—Wh.f.L‘,e_t,ﬂ,r,

Bp(xa) = Apg Mol

i e—wwa;_’ (for &p( = 0) ‘7_]4]

The various terms in Eg. (7-14) are sketched in Fig. 7-7, and the corre-
sponding excess hole distribution in the base region is demonstrated for a
noderate value of Wy/L,. Note that dp(x,) varies almost lincarly between
the emitter and collector junction depletion regions. As we shall see, the slight
dcviation from linearity of the distribution indicates the small value of 7
caused by recombination in the base region.

7.4.2 Evaluation of the Terminal Currents

Having solved for the excess hole distribution in the base region, we can
¢valuate the emitter and collector currents from the gradient of the hole con-
centration at each depletion region edge. From Eq. (4-22b) we have

Ahpl%) (7-15)

I,(x,) = —qAD, "y
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App=>
8p(x,) PE==Pn
by — / o5l
bp(x,) = M, dpse M;Apye M, ApgeswLs
Mzﬂ.PEC xa /L,
where M t*'-“pf_
e‘W.-.fL, ‘
M, = /Ly g Welk, Apg -
B Straight line
e~ Wi/ly M Apg approximation
M= L Wi,
8p

0 Hrh *n

This expression evaluated at x, = 0 gives the hole component of the emit-
ter current,

D
Igp=I,(x,=0)= GAL_P(Cz - Cy) (7-16)
F

Similarly, if we neglect the electrons crossing from collector to base in the col-
lector reverse saturation current, I is made up entirely of holes entering the
collector depletion region from the base. Evaluating Eq.(7-15) at x,, = W, we
have the collector current

D, ~Wy/L Wl
e = Lty = W) = QAT {Coe ™"l = Cye"™h) - (7-17)
P

When the parameters C; and C, are substituted from Egs. (7-13), the emit-
ter and collector currents take a form that is most easily written in terms of
hyperbolic functions:

Ig, = qA&[ Apg(e"“:': e"wj’:*’?*— ZAPC]
L, eMiils — g Wills
lgy = qA%(ﬁpE ctnh% ~ Apccsch %’3) (7-18a)
P P 7
Io = qA%-’{apE csch ":—" — Apccinh %) (7-18b)
» P (4

Now we can obtain the value of Iz by a current summation, noting that the
sum of the base and colector currents leaving the device must equal the
emitter current entering. If [z = [z, fory =1,

335

Figure 7-7

Sketch of the
terms in Eq.
(7-14), illustrating
the linearity of the
hole distribution in
the base region.
In this example,
Wi/l =1
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L

D w w
Ip=1g—Io= qA—P[(dp,; - Apc)(cmh—ﬁ — esch - ”)]
L? LF P

D, W,
lg= qA}:-[(&ps + Apc) tanh ﬁ:] (7-19)

P

By using the techniques of Chapter 5 we have evaluated the three ter-
iminal currents of the transistor in terms of the material parameters, the base
width, and the excess concentrations Ap; and Ap. Furthermore, since these
excess concentrations are related in a straightforward way to the emitter ar.?
collector junction bias voltages by Eq. (7-8), it should be simple to evaluate
the transistor performance under various biasing conditions. It is important
to note here that Egs. (7-18) and (7-19) are not restricted to the case of the
usual transistor biasing. For example, Ap, may be —p, for a strongly reverse-
biased collector, or it may be a significant positive number if the collector is
positively biased. The generality of these equations will be used in Section 7.5
in considering the application of transistors to switching circuits.

EXAMPLE 7-2 (a) Find the expression for the current / for the transistor connection
shown if y = 1.

(b) How does the current  divide between the base lead and the col-
lector lead?

SOLUTION (a) Since Vg =0, Eq. (7-8b) gives Apc = 0. Thus from Eq. (7-18a),
AD W
Ig=1= st Apg ctni -2
p L,
similarly,
: qAD, W,
(b, 1(‘ % LP &pg csch LP
AD W
Ig= o D,pgtanh—b

i 2L,
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where I and I are the components in the collector lead and ba:= fe..
spectively. Note thiat ihese results are analogous to those of Probs, 5.5 &
5.36 for the narrow base diode.

7.4.3 Approximctinn: «f the Terminal Currents

The general equations vi the previous section can be simplified for the case
of normal transisi biz.ing, and such simplification allows us 1o gain inzight
into the current fow, For example, if the collector is reverse biased, Ap- - —p,,
from Eq. (7-9b). Furthermore, if the equilibrium hole concentratio: 7, 1s
small (Fig. 7-8a), we can neglect the terms involving Ap.. For y = 1, tho ter-
minal currents reduce to those of Example 7-2:

L.P LP
D 6%
I = gA—L Apgcsch —> (7-200
C q PE )
LF L.ﬂ'
D
Ip= qA—" Apg tanh — (7-20c¢)

L 2L

r p

Series expansions of the hyperbolic functions are given in Table?-1. For
small values of W,/L,, we can neglect terms abaove the first order of the ar-
gument. It is clear from this table and Eq. (7-20) that I is only slightly small-
er than 7, as expectad. The first-order approximation of tanh y is simply y,
so that the base current is

D W, qAW,Ap;
I =gA— — = rr -2
B qA Lp Apf_zLF ITP ( | ,]
sp ép

Figure 7-8
Approximate ex-
cess hole distribu-
tions in the base:
(a) forward-
biased emiiter,
reverse-biased col-
lector; (b) triangu-
lar distribution for
V,r_] =0 or fD{

(@) (b) negligible p,.
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Table 71 Expansions of several periinent hyperbalic functions.
Yy
=] -4 _
sechy =1 3 2
_1 iy R
cinh y —y+ 7 E‘r
DI S .
SRYT L6 " 360
v
tanhy=_\-—3 4

The same approximate expression for the base current is found from the dif
ference in the first-order approximations to /, and /.

Ig=1g— I¢
oo (=5~ (i)
~gA-" — 4 o - - -22
LA\ WL, * T3 woL. 6 4 22
. ‘f_A_DPWb‘S{}E _4AWApg
212 27,

This expression for I, accounts for recombination in the base region.
We must include injection into the emitter in many BJT devices, as discussed
in Section 7.4.4,

If recombination in the base dominates the base current, 7 can be ob-
tained from the charge control model, assuming an essentially straight-line
hole distribution in the base (Fig. 7-8b). Since the hole distribution diagram
appecars as a triangle in this approximation, we have

Q, =131gA ApW, (7-23)

If we consider that this stored charge must be replaced every T, seconds and
relate the recombination rate to the rate at which electrons are supplied by
the base current, [, becomes

Qp  qAW,Ap,

T 27,

I.B = (7 -24 }
whicii is the same as that found in Eqs. (7-21) and (7-22).

Since we have neglected the collector saturation current and have as-
sumcd y = 1 in these approximations, the difference between Iy and [, is ac-
couiited for by the requirements of recombination in the bese. In Eq. (7-24)
we have a clear demonstration that the base current is reduced for smull W,
and large 7, We can increase 7, by using light doping in the base region,
which of course also improves the emitter injection efficiency.

The straight-line approximation of the excess hole disiribution (Fig. 7-8)
is fairly accurate in calculating the base current. On the other hand, it does
not zive  valid picture of /; and I, If the distribution were perfectly straight,
the sicpe would be the same at each end of the base region. This would imply
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sero base current, which is not the case. There must be some “droop” tc the
distribution, as in the more accurate curve of Fig. 7-7. This slight deviation
from linearity gives » steeper slope atx, =0 than at x, = Wy, and the value of
Ig is larger than [¢ by the amount /5. The reason we can use the straight-line
approximation in the charge control calculation of base current is that the
area under the hole distribution curve is essentially the same in the two cases.

7.44 Current Trouster Ratio

The vaiue of /g caiculated thus far in this section is more properly desig:at-
ed Ig,, since we have assumed that y = 1 (the emitter current due entirei; to
hole injection). Actually, there is always some electron injection across the
forward-biased emitter junction in a real transistor, and this effect is impor-
tant in calculating the current transfer ratio. It is easy to show that the emit-
ter injection efficiency of a p-n-p transistor can be written in terms of the
emitter and base properties:

Lgnaprn W, Wynpb 1!
—jﬂ""—,tanh—f] ~ [1 + —:"i] (7-25)
APy Ly LEpopp

In this equation we use superscripts to indicate which side of the emitter-base
junction is referred to. For example, Lj is the hole diffusion length in the
n-type base region and pJ, is the electron mobility in the p-type emitter re-
gion. In an n-p-n the superscripts and subscripts would be changed along
with the majority carricr symbols. Using Eq. (7-20a) for /g, and Eq. (7-20b)
for I, the base transport factor B is

I N csch Wb/Lp . W,

Lo - =2 7-26
Iy, ctmhW,/L, sech L (26}

y=|(1+

B=

F
and the current transfer ratio « is the product of B and v as in Eq. (7-3).

339

Assume that a p-n-p transistor is doped such that the emitter doping is ten
times that in the base, the minority carrier mobility in the emitter is one-half
that in the base, and the base width is one-tenth the minority carrier diffusion

length. The carrier lifetimes are equal. Calculate « and B for this transistor.
' L]

From Egs. (7-25) and (7-26), we have
W, Lpnup w,1!
a = By = jcosh— + sinh —
L, Lipok; L,
Using the values given, and taking Lj/L} =V pp/pf for equal lifetimes,
a = [cash 0.1 + V2(0.1)(0.5) sinh 0.1]"

= [1.005 § 0.0707(0.1))] ' = 0.988

EXAMPLE 7-3
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Yee can find B from Eq. (7-6):
a
1 —e

‘Thus an incremental change in [, causes a significant change in /.
7.5 The exp_r-éssions derived in Section 7.4 describe the terminal currents of {2
GENERALIZED  transistor. if the device geometry and other factors are consistent with the as
BIASING  sumptions. Real transistors may deviate from these approximations, as we

shall see in Section 7.7. The collector and emitter junctions may differ in area,
saturation current, and other parameters, so that the proper description of the
terminal currents may be more complicated than Eqgs. (7-18) and (7-19) sug-
gest. For example, if the roles of emitter and collector are reversed, these
¢.juations predict that the behavior of the transistor is symmetrical. Real
traasistors, on the other hand, are generally not symmetrical between emit-
ter and collector. This is a particularly important consideration when the
transistor is not biased in the usual way. We have discussed normai biasing
(sometimes called the normal active mode), in which the emitter junction is
forward biased and the collector is reverse biased. In some applications, par-
ticularly in switching, this normal biasing rule is violated. In these cases it is
important to account for the differences in injection and collection proper-
ties of the two junctions. In this section we shall develop a generalized ap-
proach which accounts for transistor operation in terms of a coupled-diode
model, valid for all combinations of emitter and collector bias. This mode! in-
volves four measurable parameters that can be related to the geometry and
material properties of the device. Using this model in conjunction with the
charge control approach, we can describe the physical operation of a tran-
sistor in switching circuits and in other applications.

7.5.1 The Coupled-Diode Model

If the collector junction of a transistor is forward biased, we cannot neglect
Ap.:instead, we must use a more general hole distribution in the base re-
gion. Figure 7-9a illustrates a situation in which the emitter and collector
junctions are both forward biased, so that Ap; and Ap are positive numbers.
We can handle this situation with Eqs. (7-18) and (7-19) for the symmetrical
transistor. It is interesting to note that these equations can be considered as
linear superpositions of the effects of injection by each junction. For exam-
ple, the straight line hole distribution of Fig. 7-9a can be broken into the two
corponents of Figs. 7-9b and 7-9¢. One component (F:3. 7-9b) accounts for
the holes injected by the emitter and collected by the collector. We can call
the resulting currents (Igy and I.y) the normal mode components, since they
are <{ue o injection from emitter to collector. The component of the hole dis-
tribution ilustrated by Fig. 7-9c results in currents /, and I, which describe
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sp &p
Apg N\
N
\\ o A

e \ - ! h

Ten Nlew i —f-

N 3 - ey |

0 W, x, 0 w, x,

(a) (b) (c)

injection in the inverted mode of injection from collector to emitter.* Of
course, these inverted components will be negative, since they account for
hole flow opposite to our original definitions of /g and /..

For the symmetrical transistor, these various components are described
by Eqs. (7-18). Defining a = (gAD,/L,) ctnh (W,/L,) and b = (gAD,/L,) csch
(Wy/L,), we have

Igy =alpy and Icy =bApg withApc =0 (7-27a)
I.Ef = 'bAPC and IC‘J = -I'JAPC with AP& =0 -{-'r 271)}
The four components are combined by linear superposition in Eq. (7-18):

Ip =lgy + I = alpe — bApe

= A(e?Ve¥T — 1) — B(e?eeMT - 1) (7-28a)
Ic =lcy + Iy = bApg — alpe
= B(etVealtT — 1) — AT — 1) (7-28b)

where A =gp,and B = bp,.

We can see from these equations that a linear superposition of the
normal and inverted componendts does give the result we derived previous-
ly for the symmetrical transistor. To be more general, however, we must re-
late the four components of current by factors which allow for asymmetry
in the two junctions. For example, the emitter current in the normal mode
can be written

Len = Ies(@™47 ~ 1), Apc =0 (7-29)

where /¢ is the magnitude of the emitter saturation current in the normal mode.
Since we specify Ap = 0 in this mode, we imply that Vg =01n Eq.(7-8b). Thus
we shall consider /¢ to be the magnitude of the emitter saturation current with

*Here the woids emifter and collecior refer to physicol regicns of the device rather than to the functions of
injection and collection of holes.
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Figure 7-9
Evaluation of a
hole distribution in
terms of compo-
nents due to nor-
mal and inverted
modes: (a) ap-
preximate hole
distribution in the
base with emitter
and collector junc-
tions forward
biased; (b) com-
ponent due 1o in-
jection and
collection in the
normal mode; (c|
component due to
the inverted
mode.
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the collector junction short circuited. Similarly, the collector current in the in-
verled imode is

Icf - —I(_-S(equ"rkr = 1), &pg ={ (7 -30_}

where I is the magnitude of the collector saturation current with Vg = 0.
As before, the minus sign associated with I¢; simply means that in the in-
verted mode holes are injected opposite to the defined direction of /.

The corresponding collected currents for each mode of operation can
be written by defining a new o for each case:

lr(_'H = uNIEN == ﬂﬁ!ss{e"uﬂ&mr - 1) (?—313}
IEF = Cl;!c: = _u‘ilc‘{‘(eqy‘.‘l*?— - }.) (?_zlb}

where ay and o are the ratios of collected current to injected current in each
mode. We nctice that in the inverted mode the injected current is /; and the
collected current is I

The total current can again be obtained by superposition of the com-
ponents:

Ig = Ign + Igp = Lg% = 1) — aylcg(e?’ ™7 — 1)|  (7-32a)
Ic = Icn + Ie; = aplgs(e? =T — 1) = I e — 1) (7-32b)

These relations were derived by 1.J. Ebers and J.L.. Moll and are re-
ferred to as the Ebers—Moll equations.* While the general form is the same
as Egs. (7-28) for the symmetrical transistor, these equations allow for vari-
ations in Iz, Icg, @), and ay due to asymmetry between the junctions. Al-
though we shall not prove it here, it is possible to show by reciprocity
arguments that

anlgs = aylcs (7-33)

cven for nonsymmetrical transistors.

An interesting feature of the Ebers-ioli cquations is that /[ and f¢
@i = described by terms resembling diode relations (Igy and Iy), plus terms
which provide coupling between the properties of the emitter and cellector
(I -y and Ix). This coupled-diode property is illustrated by the equivalent cir-
cuit of Fig. 7-10. In this figure we take advantage of Eq. (7-8) tc write the
Ebers-Moll equations in the form

“: . Ebers ond ).L. Moll, *Large-Signal Behavior of Junction Transistors, " #+-aedlings of the IRE 42,

pp. 1761-72 [December 1954). In the original paper and in many texts, the terminal currents are all de-
"ned cs flowing info the ransistor. This infroduces minus signs info the expressions for |, and /; as we have
desloped them here.
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A Ape 1
Ig = Igg e _ alcs €= ES(APL — ayApe) {7-342)
Pn Pr Pn
A A 1
b= “Nfss_pE ~ Igs Pe _ —oyApe — Apc) (7-34p)
Pn Pn Pn

It is often useful to relate the terminal currents to cach other as well as
to the saturation currents. We can eliminate the saturation current froni the
coupling term in ezh part of Eq. (7-32). For example, by multiplying Eq. (7-22a)
by ay and subtracting the resulting expression from Eq. (7-32b), we havs

IIL" =anlg—(1 - ﬂ.w'ar)fc‘s(eqw”” o 1) (7 5}
Similarly, the emitter current can be written in terms of the collector current:

IE = Ci‘r.fl-: + (1 = Clnrﬂ{)lfs{eq‘qm}i?— oot l) {? ‘;f‘r}

The terms (1 - ayey) g and (1 - aper)) /g can be abbreviated as I and /.,
respectively, where I, is the magritude of the collector saturation current
with the emitier junction open (I = 0), and I, is the magnitude of the emit-
ter saturation current with the collector open. The Ebers-Moll equations
then become

(7-37a)
(7-37b)

Ie = oylc + Igole™*T = 1))

Ie = aylg — Ico(e?" T - 1)!

and the equivalent circuit is shown in Fig. 7-11a. In this form the equations
describe both the emitier and collector currents in terms of a simple diode
characteristic plus a current generator proportional to the other current. For
example, under normal biasing the equivalent circuit reduces to the form
shown in Fig. 7-11b. The collector current is a, times the emitter current pius

Apg Ap,

e e

£ <>
ol 4 ¢
I’t_ "(

_‘”),
A i 4
ooy p_pf. | T m,
n '
Iy

B

A K
EE & (1 = a) Fap 2EE

Iy = (\ —oy) Igg

Figure 7-10

An equivalent cir-
cuit synthesizing
the Ebers—Moll
equations.
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Figure 7-11
Equivalent circuits
of the transistor in
terms of the fermi-

nal currents and
the open<ircuit
saturation cur-
rents: (a) synthesis
of Eqs. (7-37); (b)
equivalent circuit
with normal bias-
ing; {c) collector
characleristics
vsith normal

biasing.
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(b)

the collector saturation current, as expected. The resulting collector charac-
teristics of the transistor appear as a series of reverse biased diode curves, dis-
placed by increments proportional to the emitter current (Fig. 7-11c¢).

7.5.2 Charge Confrol Analysis

The charge control approach is useful in analyzing the transistor terminal
currents, particularly in §-c applications. Considciations of transit time ef-
fects and charge storage are revealed easily by this method. Following the
te< Aniques of the previous section, we can separaic an arbitrary excess hole
dis:ribution in the base into the normal and inverted distributions of Fig.7-9.The
charge stored in the normal distribution will be called Oy and the charge
under the inverted distribution will be called Q. Then we can evaluate the
currents for the normal and inverted modes in terms of these stored charges.
For example, the collected current in the normal mode Iy is simply the
charge Qy divided by the mean time required for this charge to be collect-
.. This time is the transit time for the normal mode 7. On the other hand,
the emitter current must support not only the rate of charge collection by the
collector but also the recombination rate in the base Q,/7,y. Here we use a
subscript N with the transit time and lifetime in the normal mode in contrast
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to the inverted mode, to allow for possible asymmetries due to imbzlance in
the transistor structure. With these definitions, the normal components of
current become

QN Q\' Q'&' "
ley=— , Ign=—"—7+ =" (7-38a)
N = EN = Ton
Similarly, the inverted components are
O o O
Tgpesemme | Jape = aasrs (7-38b)
e Tu s Tet Tpf

where the { subscripts on the stored charge and on the transit and recoinbi-
nation times designate the inverted mode. Combining these equations a3 in
Eg. (7-32) we have the terminal currents for general biasing:

1 1 Qi
Iy = (—— + ——) - =L 7-3Ya)
£ = Qn T T % (
On ( 1 1 ) e
I = = i (7-39b)
; Tiw Q“ T Tpr

1t is not difficult to show that these equations correspond to the Ebers-Moll
relations [Eq. (7-34)], where

TpN Tpl
=== RS o=
Tn + Tpn Ty + Ty
1 1 1 1
Ies = ( + —-) . bmagl =% —) (7-40
804 TN TeN e qr\"’u Tt )
Apg Apc
Q - ——— Q =
N A

The base current in the normal mode supports recombination, and the
base-to-collector current amplification factor By takes the form predicted
by Eq. (7-7):

i Timic ToN
Eoe 5 O By = SEN _ e (7-41)

TpN ? !5.’\' Tw

'his expression fok By is also obtained from ay/(1 - ay). Similarly. I, is Qi

and the total base current is
Oy O

Ip=1Igy + 1y R | By ( )

This expression for the base current is substantiated by 1, — I,-from Eq. (7-39).

The effects of time dependence of stored charge can be included in

these equations by the methods introduced in Section 5.5.1. We can include
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the proper dependencies by adding a rate of change of stored charge to each
of the miesction currents gy and I

1 Qr dQy
QN( ¥ TpN) df (?-‘433)
1 1Y, e
- Q(('r” + Tﬂ) 5 (7-43b)
_9v O dOn  dO: e
Ig= Ty + o + df + di (7-43c)

We shall return to these equations in Section 7.8, when we discuss the use of
transistors at high frequencies.

7.6 Ii 2 switching operation a transistor is usually controlled in two conduction
SWITCHING  st=*es, which can be referred to loosely as the “on” state and the “off” state.
Ideally, a switch should appear as a short circuit when turned on and an open

circuit when turned off. Furthermore, it is desirable to switch the device from

onc state to the other with no lost time in between. Transistors do not fit this

ideal description of a switch, but they can serve as a useful approximation in

practical electronic circuits. The two states of a transistor in swiiching can be

seen in the simple common-emitter example of Fig. 7-12. In this figure the

collector current ic is controlled by the base current iz over most of the

family of characteristic curves. The load line specifies the locus of allowable

5k0

Figure 7-12
Simple switching e,
cireuit for a tran-
sistor in the
common-emitter
configuration: (a) ey
biasing circuit; (b} \
collector charoc-
teristics and load t
line for the circuit,
with cutoff and i~
saturation
indicated. (a) ®)

i~imA)
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(ic,— vce) points for the circuit, in analogy with Fig. 6-2. If ig is such that the
operating point lies somewhere between the two end points of the load line
(Fig. 7-12b), the transistor operates in the normal active mode. That is, the
emitter junction is forward biased and the collector is reverse biased, with a
reasonable value of ig flowing out of the base. On the other hand, if the base
current is zero or negative, the point C is reached at the bottom end of the load
line, and the collector current is negligible. This is the “off” state of the tran-
sistor, and the device is said to be operating in the cutoff regime. If the base
current is positive and sufficiently large, the device is driven Lo the sawuration
regime, marked S. This is the “on" state of the transistor, in which a large value
of i flows with only a very small voltage drop vog. As we shall see below, the
beginning of the saturation regime corresponds to the loss of reverse bias
across the collector junction. In a typical switching operation the base cur-
rent swings from positive to negative, thereby driving the device from satu-
ration to cutoff, and vice versa. In this section we shall explore the nature of
conduction in the cutoff and saturation regimes; also we shall investigate the
factors affecting the speed with which the transistor can be switched between
the two states.

7.6.1 Cutoff

If the emitter junction is reverse biased in the cutoff regime (negative iz), we
can approximate the excess hole concentrations at the edges of the reverse-
biased emitter and collector junctions as

Ape _ Apc
pﬂ pﬂ

which implies p(x,) = 0. With a straight-line approximation, the excess hole
distribution in the base appears constant at —p,, as shown in Fig. 7-13a. Ac-
tually, there will be some slope to the distribution at each edge to account for
the reverse saturation current in the junctions, but Fig. 7-13a is approximately
correct. The base current ig can be approximated for a symmetrical transis-
tor on a charge storage basis as —qAp,W,/7,. In this calculation a negative ex-
cess hole concentration corresponds to generation in the same way that a
positive distribution indicates recombination. This expression is also obtained
by applying Eq. (7-44) to Eq. (7-19) with an approximation from Table 7-1.
Physically, a small saturation current flows from n to p in each reverse-biased
junction, and this current is supplied by the base current ig (which is nega-
tive when flowing into the base of a p-n-p device according to our defini-
tions). A more general evaluation of the currents can be obtained from the
Ebers-Moll equations by applying Eq. (7-44) to Eq. (7-34):

iE ol _IES + II;ICS ot _(1 = uN}’ES (7—453)
ic = _aH!ES + !CS = (1 = l]f)!{_-_; (7—45b]
ig=ig—ic=—(1—ay)lg — (1 —a)lcs (7-45c¢)

~ -1 (7-44)
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Figure 7-13

The cutoff regime
of a pnp rronsis-
tor: (a) excess
hole distribution in
the base region
with emitter and
collector junctions
reverse biased;
[b) equivalent cir-
cuit correspond-
ing to Eq. (7-45).

6p
(1 —ap)lq
0 x,
W,
~Pn (I —ap) d g
Apg=—p, Ape=-p,

plx,)=0

(a) (b)

If the short-circuit saturation currents Ies and I¢g are small and ay and o
are both near unity, these currents will be negligible and the cutoft regime will
closely approximate the “off” condition of an ideal switch, The equivalent
circuit corresponding to Eq. (7-45) is illustrated in Fig. 7-13b.

7.6.2 Saturation

The saturation regime begins when the reverse bias across the collector june-
tion is reduced to zero, and it continues as the collector becomes forward bi-
ased. The excess hole distribution in this case is illustrated in Fig.7-14.The
device is saturated when Ap, = 0, and forward bias of the collector junction
(Fig. 7-14b) leads to a positive Ap, driving the device further into saturation.
With the load line fixed by the battery and the 5-k(} resistor in Fig. 7-12, sat-
uration is reached by increasing the base current i, We can see how a large
value of ig leads to saturation by applying the reasoning of charge control to
Fig. 7-14. Since a certain amount of stored charge is required to accommo-
date a given iz (and vice versa), an increase in iy calls for an increase in the
area under the dp(x,) distribution.

In Fig. 7-14a the device has just reached saturation, and the collector
junction is no longer reverse biased. The implication of this condition for the
circuit of Fig. 7-12 is easy to state. Since the emitter junction is forward bi-
ased and the collector junction has zero bias, very little voltage drop appears
across the device from collector to emitter. The magnitude of — Vepisonly a
fraction of a volt. Therefore, almost all of the battery voltage appears across
the resistor, and the collector current is approximately 40 V/S kfl = 8 mA. As
the device is driven deeper into saturation (Fig. 7-14b), the collector current
stays essentially constant while the base current increases. In this saturation
condition the transistor approximates the “on” state of an ideal switch.
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&p Ap,

Apg
(V gy positive) (Vg positive)
Ap,

( Vg positive)

(Viep zero)

0 W, x, 0 W, x,

(a) (b)

Whereas the degree of “oversaturation” (indicated by the shaded area
in Fig. 7-14b) does not affect the value of i significantly, it is important in de-
termining the time required to switch the device from one state to the other.
For example, from previous experience we expect the turn-off time (from
saturation to cutoff) to be longer for larger values of stored charge in the
base. We can calculate the various charging and delay times from Eq. (7—43).
Detailed calculations are somewhat involved, but we can simplify the prob-
lem greatly with approximations of the type used in Chapter 5 for transient
effects in p-n junctions.

7.6.3 The Switching Cycle

The various mechanisms of a switching cycle are illustrated in Fig. 7-15.If
the device is originally in the cutoff condition, a step increase of base cur-
rent to I causes the hole distribution to increase approximately as illus-
trated in Fig. 7-15b. As in the transient analysis of Chapter 5, we assume for
simplicity of calcuiation that the distribution maintains a simple form in
each time interval of the transient. At time #, the device enters saturation,
and the hole distribution reaches its final state at t,. As the stored charge
in the base Q, increases, there is an increase in the collector current i. The
collector current does not increase beyond its value at the beginning of
saturation £, however. We can approximate this saturated collector current
as I~ = Ecc/ Ry, where Ec is the value of the collector circuit battery and
R, is the load resistor (I = 8 mA for the example of Fig. 7-12). There is
an essentially exponential increase in the collector current while Q, rises
to its value Q, at t,; this rise time serves as one of the limitations of the
transistor in a switching application. Similarly, when the base current is
switched negative (e.g., to the value —/z), the stored charge must be with-
drawn from the base before cutoff is reached. While Q, is larger than Q,,
the collector current remains at the value /., fixed by the battery and re-
sistor, Thus there is a storage delay time 1, after the base current is switched
and before i, begins to fall toward zero. After the stored charge is reduced
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Figure 7-14
Excess hole distri-
bution in the base
of a saturated
transistor: o) the
beginning of satu-
ration; (b) oversat-
uration.
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Figure 7-15
Switching effects
in @ common-
emitter transistor
circuit: {a) circui
diagram; (b)
approximate
hole distributions
in the base
during switching
from cutoff to
saturation; (c)
base current,
stored charge,
and collector
current during

a turnon and o
turn-off transient.
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(b) (e)
0 fy 'f’t".u,
t — Cutoff
t, — Normal active region

i — Beginning of saturation
1, — Final saturated state

below @, i drops exponentially with the characteristic fall time. Once the
stored charge is withdrawn, the base current cannot be maintained any
longer at its large negative value and must decay to.the small cutoff value
described by Eq. (7-45c).

7.6.4 Specifications for Switching Transistors

We can determine f, and ¢, by solving for the time-dependent base current,
ig(1) given by an expression similar to Eq. (547). We must also not neglect
the charging time of the emitter junction capacitance in going from cutoff to
saturation. Since the emitter junction is reverse biased in cutoff, it is neces-
sary for the emitter space charge layer to be charged to the forward bias con-
dition before collector current can flow. Therefore, we should include a delay
time t, as in Fig. 7-16 to account for this effect. Typical values of ¢, are given
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e ty — Delay i:me while junction
I capacitance is charging
e~ t, — Rise time from 0.1-0.9/~

097 ty — Fall time from 0.9-0.1/¢

0l

in the specification information of most switching transistors, along with a rise
time t,, defined as the time required for the collector current to rise from 10
10 90 per cent of its final value. A third specification is the fall rime 1;required
for i to fall through a similar fraction of its turn-off excursion.
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Figure 7-16
Callector current
during switching
fransients, includ-
ing the delay time
required for
charging the junc-
lion capacitance;
definitions of the
rise time and fall
time.

The approach we have taken in analyzing the properties of transistors has in-
volved a number of simplifying assumptions. Some of the assumptions must
be modified in dealing with practical devices. In this section we investigate
some common deviations from the basic theory and indicate situations in
which each effect is important. Since the various effects discussed here involve
modifications of the more straightforward theory, they are often labeled “sec-
ondary effects.” This does not imply that they are unimportant; in fact, the ef-
fects described in this section can dominate the conduction in transistors
under certain conditions of device geometry and circuit application.

In this section we shall consider the effects of nonuniform doping in
the base region of the transistor. In particular, we shall find that graded dop-
ing can lead to a drift component of charge transport across the base, adding
to the diffusion of carriers from emitter to collector. We shall discuss the ef-
fects of large reverse bias on the collector junction, in terms of widening the
space charge region about the junction and avalanche multiplication. We
shall see that transistor parameters are affected at high current levels by the
degree of injection and by heating effects. We shall consider several structural
effects that are important in practical devices, such as asymmetry in the areas
of the emitter and collector junctions, series resistance between the base con-
tact and the active part of the base region, and nonuniformity of injection at
the emitter junction. All these effects are important in understanding the op-
eration of transistors, and proper consideration of their interactions can con-
tribute greatly to the usefulness of practical transistor circuits.

7.7
OTHER

EFFECTS
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Figure 7--17
Graded doping in
the base region of

a p-n-p fransistor:
(a) typical doping
profile on a
semilog plot; (b}
approximate
exponential distri-
bution of the

net donor con-
centration in the
base region on a
linear plot.

7.7.1 Drift in the Base Region

The assumption of uniform doping in the base breaks down for implanted junc-
tion transistors which usually involve an appreciable amount of impurity grad-
ing; for example, the implanted transistor of Fig. 7-5 has a doping profile similar
to that sketched in Fig. 7-17. In this example there is a fairly sharp discontinuity
in the doping profile, when the donor concentration in the base region becomes
smaller than the constant p-type background doping in the collector. Similarly,
the emitter is assumed to be a heavily doped (p*) shallow region, providing a sec-
ond rather sharp boundary for the base. Within the base region itself, however,
the net doping concentration (N, - N, = N) varies along a profile which de-
creases from the emitter edge to the collector edge. The most likely doping dis-
tribution in the base is a portion of a gaussian (see Section 5.1.4); however, we
can clearly see the effect of an impurity gradient by assuming for simplicity that
N(x,) varies exponentially within the base region (Fig. 7-17b).

One important result of a graded base region is that a built-in electric
field exists from emitter to collector (for a p-n-p), thereby adding a drift com-
ponent to the transporl of holes across the base. We can demonstrate this ef-
fect very simply by considering the required balance of drift and diffusion in
the base at equilibrium. If the net donor doping of the base is large enough
to allow the usual approximation n(x,) = N(x,), the balance of electron drift
and diffusion currents at equilibrium requires
dN(x,)
[{xa) = QAW N(x)E(x,) + gAD,— — =0 (7-406)

Therefore, the built-in electric field is

D, 1 dN(x)) kT 1 dN(x,)

B = ——2 — - — (1447)
&)= =, M) dv @ N dm,
B*
e - 0
ks N, | .
%T = Y N = 'Nd = .'\'d
1 .
‘g‘! i n p X
g N(O)
£~
2
= N, (background)
N(Wy)
X 0 “’h Xn
(a) (b)
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For a doping profile N(x,) that decreases in the positive x,-direction, this
field is positive, directed from emitter to collector.

For the example of an exponential doping profile, the electric field
&(x,) turns out to be constant with position in the base. We can represent an
exponential distribution as

N(0)
N(W,)

Taking the derivative of this distributicn and substituting in Eq. (7-47), we
obtain the constant field

N(x,) = N(0)e "> wherea = In (7-48)

kT @
Xy === (7-49)
¥(x,) . W,

Since this field aids the transport of holes across the base region from
emitter to collector, the transit tine 7, is reduced below that of a compara-
ble uniform base transistor. Similarly, electron transport in an n-p-n is aided
by the built-in field in the base. This shortening of the transit time can be
very important in high-frequency devices (Section 7.8.2). Another approach
for obtaining & built-in field is to vary the alloy composition x (and therefore
E,) in a base made of an alloy such as Si;_,Ge, or In,Ga, _,As. We will dis-
cuss this further in Section 7.9.

7.7.2 Base Narrowing

In the discussion of transistors thus far, we have assumed that the effective
base width W, is essentially independent of the bias voltages applied to the
collector and emitter junctions. This assumption is not always valid; for ex-
ample, the p*-n-p" transistor of Fig. 7-18 is affected by the reverse bias ap-
plied to the collector. If the base region is lightly doped, the depletion region
at the reverse-biased collector junction can extend significantly into the
n-type base region. As the collector voltage is increased, the space charge
layer takes up more of the metallurgical width of the base Ly, and as a result,
the effective base width W, is decreased. This effect is variously called base
narrowing, base-width modulation, and the Early effect after IM. Early, who
first interpreted it. The effects of base narrowing are apparent in the collec-
tor characteristics for the common-emitter configuration (Fig. 7-18b). The de-
crease in W, causes B to increase. As a result, the collector current I-increases
with collector voltage rather than staying constant as predicted from the sim-
ple treatment. The slope introduced by the Early effect is almost linear with
I, and the common-emitter characteristics extrapolate to an intersection
with the voltage axis at V,,, called the Early voltage.

For the p*-n-p* device of Fig. 7-18 we can approximate the length / of
the collector junction depletion region in the n material from Eq. (5-23b)
with V; replaced by V, - Vg and V4 taken to be large and negative:
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Figure 7-18
The effects of base narrowing on the characteristics of a p*np* iransistor: (a] decrease in the effective
base width as the reverse bias on the collector junction is increased; (b) common-emitter characterisfics

showing the increase in I with increased collector voltage. The black lines in (b) indicate the extrapola-
fion of the curves to the Early voltage V.

/2
. d

If the reverse bias on the collector junction is increased far enough, it
is possible to decrease W, to the extent that the collector depletion region es-
sentially fills the entire base. In this punch-through condition holes are swept
directly from the emitter region to the collector, and transistor action is lost.
Punch-through is a breakdown effect that is generally avoided in circuit de-
sign. In most cases, however, avalanche breakdown of the collector junction
occurs before punch-through is reached. We shall discuss the effects of
avalanche multiplication in the following section.

In devices with graded base doping, base narrowing is of less impor-
tance. For example, if the donor concentration in the base region of a p-n-p
increases with position from the collector to the emitter, the intrusion of the
collector space charge region into the base becomes less important with in-
creased bias as more donors are available to accommodate the space charge.

7.7.3 Avdlanche Breakdown

Before punch-through occurs in most transistors, avalanche multiplication at the
collector junction becomes important (see Section 5.4.2). As Fig. 7-19 indicates,
the collector current increases sharply at a well-defined breakdown voltage
BV ¢ for the common-base configuration. For the common-emitter case, how-
ever, there is a strong influence of carrier multiplication over a fairly broad
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—Ver
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range of collector voltage. Furthermore, the breakdown voltage in the com-
mon-emitter case BV g, is significantly smaller than BV .5,. We can under-
stand these effects by considering breakdown for the condition /¢ = 0 in the
common-base case and for Iy = 0 in the common-emitter case. These conditions
are implied by the O in the subscripts of BV oz, and BV 5. In each case the ter-
minal current /. is the current entering the collector depletion region multi-
plied by the factor M. Including multiplication due to impact ionization,
Eq.(7-37b) becomes

1
1= (Vac/BV cgo)

where for M we have used the empirical expression given in Eq. (5-44).

For the limiting common-base case of /5 = 0 (the lowest curve in Fig,
7-23a), I is simply MI, and the breakdown voltage is well defined, as in
an isolated junction. The term BV, signifies the collector junction break-
down voltage in common-base with the emitter open. In the common-emitter
case the situation is somewhat more complicated. Setting I = 0, and there-
fore, I = I in Eq. (7-51), we have

Mg
B 1-— MGN

We notice that in this case the collector current increases indefinitely when
May approaches unity. By contrast, M must approach infinity in the common-
base case before BV, is reached. Since ay is close to unity in most tran-
sistors, M need be only slightly larger than unity for Eq. (7-52) to approach
breakdown. Avalanche multiplication thus dominates the current in a common-
emitter transistor well below the breakdown voltage of the isolated collector
junction. The sustaining voltage for avalanching in the common-emitter case
BV g, is therefore smaller than BV 0.

We can understand physically why multiplication is so important in
the common-emitter case by considering the effect of M on the base cur-
rent. When an ionizing collision occurs in the collector junction depletion

Ie = (andg + Ico)M = (anlg + Icp) (7-51)

3 (7-52)
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Figure 7-19
Avalanche break-
down in a ransis-
tor: (a)
common-base
configuration; (bj
common-emitter
configuration.
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region, a secondary hole and electron are created. The primary and sec-
ondary holes are swept into the collector in a p-n-p, but the electron is
swept into the base by the junction field. Therefore, the supply of elec-
trons to the base is increased, and from our charge control analysis we
conclude that hole injection at the emitter must increase to maintain space
charge neutrality. This is a regenerative process, in which an increased in-
jection of holes from the emitter causes an increased multiplication cur-
rent at the collector junction; this in turn increases the rate at which
secondary electrons are swept into the base, calling for more hole injection.
Because of this regenerative effect, it is easy to understand why the mul-
tiplication factor M need be only slightly greater than unity to start the
avalanching process.

7.7.4 Injection Level; Thermal Effects

In discussions of transistor characteristics we have assumed that « and 3 are
independent of carrier injection level. Actually, the parameters of a practical
transistor may vary considerably with injection level. which is determined
by the magnitude of I, or /. For very low injection, the assumption of neg-
ligible recombination in the junction depletion regions is invalid (see Section
5.6.2). This is particularly important in the case of recombination in the emit-
ter junction, where any recombination tends to degrade the emitter injec-
tion efficiency y. Thus we expect that « and B should decrease for low values
of I, causing the curves of the collector characteristics to be spaced more
closely for low currents than for higher currents.

As I~ is increased beyond the low injection level range, & and B increase
but fall off again at very high injection. The primary cause of this fall-off is the
increase of majority carriers at high injection levels (see Section 5.6.1). For ex-
ample, as the concentration of excess holes injected into the base becomes large,
the matching excess electron concentration can become greater than the back-
ground n,,. This base conductivity madulation effect results in a decrease in -y as
more electrons are injected across the emitter junction into the emitter region.

Large values of I, may be accompanied by significant power dissipa-
tion in the transistor and therefore heating of the device. In particular, the
product of /- and the collector voltage Vi is a measure of the power dissi-
pated at the collector junction. This dissipation is due to the fact that carri-
ers swept through the collector junction depletion region are given increased
kinetic energy, which in turn is given up to the lattice in scattering collisions.
It is very important that the transistor be operated in a range such that I¢Vc
does not exceed the maximum power rating of the device. In devices de-
signed for high power capability, the transistor is mounted on an efficient
heat sink, so that thermal energy can be transferred away from the junction.

If the temperature of the device is allowed to increase due to power dis-
sipation or ther:al environment, the transistor parameters change. The most
important parameters dependent on temperature are the carrier lifetimes
and diffusion coefficients. In Si or Ge devices the lifetime 7, increases with

£
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temperature for most cases, due to thermal reexcitation fzom recombination
centers. This increase in 7, tends to increase B for the transistor. On the other
hand, the mobility decreases with increasing temperature in the lattice-
scattering range, varying approximately as 77 (see Fig. 3-22). Thus from
the Einstein relation, we expect D, to decrease as the temperature increas-
es, thereby causing a drop in B due to an increasing transit time 7, Of these
competing processes, the effect of increasing lifetime with temperature usu-
ally dominates, and B becomes larger as the device is heated. It is clear from
this effect that thermal runaway can occur if the circuit is not designed to
prevent it. For example, a large power dissipztion in the device can cause an
increase in T this results in a large B and therefore a large /- for a given base
current; the large /. causes more collector dissipation and the cycle contin-
ues. This type of runaway of the collector current can result in overheating
and destruction of the device.

7.7.5 Base Resistance and Emitter Crowding

A number of structural effects are important in determining the operation
of a transistor. For example, the emitter and collector areas are considerably
different in the implanted transistor of Fig. 7-20a. This and most other struc-
tural effects can be accounted for by differences in ay, oy, and other para-
meters in the Ebers-Moll model. Several effects caused by the structural
arrangement of real transistors deserve special attention, however. One of the
most important of these effects is the fact that base current must pass from
the active part of the base region to the base contacts B.Thus, to be accurate,
we should include a resistance r, in equivalent models for the transistor to
account for voltage drops which may occur between B and the active part of
the base. Because of r,, it is common to contact the base with the metalliza-
tion pattern on both sides of the emitter, as in Fig. 7-20c.

If the transistor is designed so that the n-type regions leading from the
base to the contacts are large in cross-sectional area, the base resistance r,
may be negligible. On the other hand, the distributed resistance r, along the
thin base region is almost always important.® Since the width of the base be-
tween emitter and collector is very narrow, this distributed resistance is usu-
ally quite high. Therefore, as base current flows from points within the base
region toward each end, a voltage drop occurs along r,. In this case the for-
ward bias across the emitter-base junction is not uniform, but instead varies
with position according to the voltage drop in the distributed base resistance.
In particular, the forward bias of the emitter junction is largest at the corner
of the emitter region near the base contact. We can see that this is the case
by considering the simplified example of Fig. 7-20e. Neglecting variations in
the base current along the path from point A to the contact B, the forward
bias of the emitter junction above point A is approximately

*The distributed resistance r, is oflen called the base spreading resistance.
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Figure 7-20
Effects of a base
resistance: (a)
cross section of
an implonted tran-
sistor; (b) and |c)
top view, showing
emitter and base
areas and metal-
lized contacts; (d)
illustration of base
resistance; (e} ex-
panded view of
distributed resis-
tance in the active
part of the base
region.
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SiO,

(b) “ P

Vea=Vig — Ig(Ryp + Rpp) (7-53)

Actually, the base current is not uniform along the active part of the base
region, and the distributed resistance of the base is more compiicated than
we have indicated. But this example does illustrate the point of nonuniform
injection. Whereas the forward bias at A is approximately described by Eq.
(7-53), the emitter bias voltage at point D is

VED = VEB - IBRDB

which can be significantly closer to the applied voltage V4.

Since the forward bias is largest at the edge of the emitter, it follows that
the injection of holes is also greatest there. This effect is called emitter crowd-
ing, and it can strongly affect the behavior of the device. The most impor-
tant result of emitter crowding is that high-injection effects described in the
previous section can become dominant locally at the corners of the emitter
before the overall emitter current is very large. In transistors designed to
handle appreciable current, this is a problem which must be dealt with by
proper structural design. The most effective approach to the problem of emit-
ter crowding is to distribute the emitter current along a relatively large emit-
ter edge, thereby reducing the current density at any one point. Clearly, what

(7-54)
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is needed is an emitter region with a large perimeter compared with its area,
A likely geometry to accomplish this is a long thin stripe for the emitter, with
base contacts on each side (Fig. 7-20b and c). With this geometry the total
emitter current /g is spread out along a rather long edge on each side of the
stripe. An even better geometry is several emitter stripes, connected electri-
cally by the metallization and separated by interspersing base contacts (Fig.
7-21). Many such thin emitter and base contact “fingers” can be interlaced
to provide for handling large current in a power transistor. This is often called
very descriptively an interdigitated geometry.

7.7.6 Gummel-Poon Model

The Ebers-Moll model runs into problems if a high degree of accuracy is re-
quired for very small BJTs, or where second order effects become impor-
tant. The Gummel-Poon model, which is a charge control model, incorporates
much more physics. We present a simplified version of the model here.

As discussed in Section 7.7.1, for typical graded doping profiles in the
base, there is a built-in electric field that causes drift of minority carriers in
the same direction they are diffusing from emitter to collector. This forms the
starting point for the derivation of the Gummel-Poon model. As mentioned
in Section 7.7.1, this electric field aids the motion of the minority carriers in
the base, so the current can be written as

ap(x,)
P od
We can replace the electric field in the base in Eq. (7-55) by the expression
in Eq. (7-47), assuming n(x,) = Ny(x,)

Tep = qAp,p(x,)€ — gAD (7-35)
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Figure 7-21

An inferdigitated
geometry to com-
pensate for the ef-
tects of emitter
crowding in a
power Iransistor:
(a) cross section;
(b) top view cf im-
planted regions;
(<) top view with
metallized con-
tacts. The metal
interconnections
are isolated from
the device by an
oxide layer ex-
cept where they
contact the appro-
priate base and
emitter regions at
“windows” in the

oxide.
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kT 1 dn dp
IEP = qu,p’(——q s dx.,) = qADde

N MD,,( dn dp)
T a \U dx, i dx, (#=5%)

where the Einstein relation is used. We recognize the expression in paren-
thesis as the derivative of the pn product.

—qAD, d(pn)
= Lk 7-57
ley n dx, . ( 2)
-] d
Slan A (7-57b)
qAD, dx,

We integrate both sides of Eq. (7-57b) from the emitter-base junction (0) to
the base-collector junction (W,), keeping in mind that the current /,, flow-
ing from the emitter to the collector is more or less constant in the narrow
base (so that it can be pulled out of the integral).

B J’“‘» ndx, r»d(pn}
k), qAD, | dx,

Now, as described in Sections 5.2.2 and 5.3.2, the pn product changes from the
equilibrium value

dx, = p(W,)n(W;) — p(0)n(0) (7-58)

pn=n} (7-59a)
to the non-equilibrium expression
Fu=F, qv
pn = nle KT = plekT (7-59b)

where the separation of the Fermi levels is determined by the applied bias
across the junction. Applying this to Eq. 7-58, we get

Ve v
PWIn(W,y) = e ¥ (7-60a)
e
p(0)1(0) = nle (7-60b)
q¥ew qY en
—qAP;,n?(eT — ¢ kT )
Igp = W, (7-61)
J ndx,
o

We have assumed a constant hole diffusivity in the base, D,. The integral in
the denominator corresponds to the integrated majority carrier charge in the
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base, and is known as the base Gummel number, Q4. In the normal active
mode of operation, where the collector-base junction is reverse biased (Vp
is negative), and the emitter-base junction is forward biased, the emitter hole
current flowing to the collector (which is the dominant current) becomes

Y is

qAD ie T
"7 Qs

We can similarly write the base electron current flowing back into the emitter as

lg (7-62a)

Ven
GAD nte ¥T
Qs

where QO is the integrated majority carrier charge in the emitter, known as
the emitter Gummel number. The crux of the Gummel-Poon model is that the
currents are expressed in terms of the net integrated charges in the base and
emitter regions, and can easily handle non-uniform doping. Also, since we
have obtained expressions for /¢, and I, in terms of Qp and Qp, we can write
down BJT parameters such as the emitter injection efficiency vy (see Eq. 7-2),
in terms of the Gummel numbers,

We can also modify the Gummel-Poon model 1o handle several second
order effects such as the Early effect and high level injection in the base, sim-
ply by writing the expression for the base Gummel number, Q,, more pre-
cisely as follows:

ey (7-62b)

WlVig)
Qp = J n(x,)dx, (7-63)
(LU
where we explicitly account for the fact that the integration limits, the base-
emitter junction (x, = 0) and the base-collector junction (W,) are bias de-
pendent. This is, of course, the Early effect (Section 7.7.2).
Furthermore, we see that under high level injection (Sections 5.6.1 and
7.7.4), the integrated majority carrier charge becomes greater than the inte-
grated base dopant charge:

W, W,
J n(x,)dx, >J Np(x,)dx, (7-64)
0 0

Clearly, from Eq.7-61, this will cause the current from the emitter-to-collector,
gy, to increase less rapidly with emitter-base voitage at high biases. Based
on what we learned in Section 5.6.1 about high level injection in a diode, the
emitter-to-collector current for high level injection in the base increases as

” .
Ie o Ig, esﬂjf‘ (7-65a)
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On the other hand, because the emitter doping is typically higher than the
base doping, one does not see high level injection effects in the emitter, and
the base current injected into the emitter scales as

VY e

Ip x I, oc et (7-65b)
Hence, for high Vg,
AT
B ic e kT ‘;:Tfﬂ P
B = Ty oC ¥ar x € e I¢
e kr

This result shows that the common emitter gain decreases at high in-
jection levels due to cxcess majority carriers in the base.

The Gummel-Poon model also accounts for generation-recombination
effects in the basc-emitter depletion region at low current levels As discussed
in Section 5.6.2, such effects are accounted for by the diode ideality factor,
n. Hence the base current injected into the emitter can be written as

Vs
lg o Ig, x enk7 (7-67a)

On the other hand, the generally large emitter current injected into the base -
is not likely to be affected by generation-recombination. Therefore,

"

Ven o
lg, x e kT el (7-67b)

Thus, for low Vg or low /¢, the current gain

qVis
fo. O gv'..-g(; A S
B=-5x Vaxekl \ 8/ x J(.‘ ) (7-68)
B e kT .

The transistor collector current /- and the base current / are plotted
on a semi-log scale as a function of Vi, in Fig. 7-22a. This is referred Lo as a
Gummel plot. The current gain B is shown as a function of /¢ in Fig. 7-22b.
We see the dependence of B on /. in the different bias regions, as described
by the Gummel-Poon model. At low injection levels B is degraded by poor
emitter injection efficiency [Eq. (7-68)],and at high currents  decreases due
to excess majority charge in the base, which degrades .
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7.7.7 Kirk Effect

The current gain drops at high collector currents due to yet another mecha-
nism known as the Kirk effect. This involves an effective widening of the neu-
tral base due to modification of the depletion space charge distribution at the
reverse-biased base-collector junction. This is caused by the buildup of mo-
bile carriers due to increased current flow from the emitter to the coliector.
This is illustrated in Fig. 7-23 for a p-n-p BJT. Notice that the polarity of
these mobile charges adds to the fixed donor charges on the base side of the
base-collector depletion region, but subtracts from the fixed acceptor charges
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Figure 7-22
Currentvoltage
characteristics of
BJTs: (o) Gummel
plot of log of col-
lector and base
currents as a func-
tion of emitter-
base forward
bias; (b) dc com-
mon-emitter cur-
rent gain (=/c/lg)
as a function of
le. For the interme-
diate range, we
have ideal behav-
jor where both /-
and g increase
exponentially with
forward bias with
ideolity factor

n =1, lsading

fo ¢ current-
independent gain.
For very low for-
ward biases, the
generation-
recombination
|G-R) current in-
creases g and the
gain drops. For
high forward bias-
es, high level in-
jection effects
cause the Ic fo in-
crease more slow-
ly (n = 2) than /g,
and the gain

drops as |- !
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Figure 7-23

Kirk effect: (a)
cross-section of
pn-p BIT; (b}
space charge dis-
tribution in the
basecollector re-
verse biased junc-
tien for very low
currents; (c)
spacecharge
distribution at the
basecollector
junction for higher
current levels. We
see that the inject-
ed mobile holes
(shown in color)
odd to the space
charge of the im-
mabile donors on
the base side of
the depletion re-
gion, but subtract
from the space
charge of the im-
mobile acceptors
on the collector
side. This leads to
a widening of the
neutral base width
from W, to W,

(a)

b : -
{ } 0 wh - - - W(

-

oy

(c) 0 W, = el e |wc,

on the collector side of the junction (Fig. 7-23c). Therefore, fewer uncom-
pensated donors (and thus a smaller depletion width) are needed to main-
tain the reverse voltage V4 across this junction, As a result, the neutral base
width increases from W, in Fig. 7-23b to W), in Fig. 7-23c. Also, the depletion
region extends more into the collector side. This is tantamount to moving
the base-collector junction deeper into the collector. This leads to an effec-
tive widening of the neutral base region (the Kirk effect) and to a drop of the
current gain and an increase of the base transit time.

The electric field profile in the collector depletion region in the pres-
ence of uncompensated dopant charges and mobile carriers (due to the cur-
rent flow) is given by Poisson’s equation.
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de_1
dx €

1
Nj —N;)+— 7-69
[q( d l') AV‘J ( 19)
where the mobile carrier charge concentration is given by the last term, and
v, is the drift velocity of the carriers.

The voltage across the reverse-biased collector-base junction, V. is
related to the electric field profile by:

wf
Vc-g — _J Edx (7—?0)
W,
Assuming that V¢, is fixed, and I increases, the last term in Eq. 7-69 be-
comes more important with respect to the ionized dopant charges. In Pois-
son’s equation (Eq. 7-69), the extra holes injected into the depletion region
have the same effect as if the doping level on the base side were increased
and that on the collector side decreased. Since the integral of this field with
respect to distance is fixed at Vi (Eq. 7-70), this implies that the depletion
region on the base side collapses.

Although we have chosen to illustrate the Kirk effect for a p-n-p BJT, sim-
ilar results are obtained for the n-p-n transistor. Obviously, the treatment is
identical except for the polarity of the various charges. From a more detailed
analysis, for n-p-n devices with an n* sub-collector, it can be shown that the
base widening can extend at even higher current levels all the way thesugh
the lightly doped collector region to the heavily doped buried sub-collector.
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In this section we discuss the properties of bipolar transistors under high-
frequency operation. Some of the frequency limitations are junction capac-
itance, charging times required when excess carrier distributions are altered,
and transit time of carriers across the base region. Our aim here is not to at-
tempt a complete analysis of high-frequency operation, but rather to con-
sider the physical basis of the most important effects. Therefore, we shall
include the dominant capacitances and charging times and discuss the ef-
fects of the transit time on high-frequency devices.

7.8.1 Capacitance and Charging Times

The most obvious frequency limitation of transistors is the presence of junc-
tion capacitance at the emitter and collector junctions. We have considered
this type of capacitance in Chapter 5, and we can inciude junction capacitors
Cie and C;. in circuit models for the transistor (Fig. 7-24a). If there is some
equivalent resistance r, between the base contact and the active part of the
base region, we can also include it in the model, along with 7, to account for

78

FREQUENCY
LIMITATIONS OF
TRANSISTORS
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Figure 7-24
Models for ac op-
eration: [a) inclu-
sion of base and
collector resis-
tances and junc-
tion capacitances;
(b) hybrid-pi
model systhesiz-
ing Egs. (7-75)
and (7-76).

(a)

a series collector resistance.® Clearly, the combinations of r, with C,, and r,
with C;, can introduce important time constants into a-c circuit applications
of the device.

From Section 5.5.4 we recall that capacitive effects can arise from the
requirements of altering the carrier distributions during time-varying injec-
tion. In a-c circuits the transistor is usually biased to a certain steady state op-
erating point characterized by the d-c quantities Vg, Vi, Ic, Iy, and I;;and
then a-c signals are superimposed upon these steady state values. We shall call
the a-c terms vy, , V., i., iy, and i,. Total (a-c + d-c) quantities will be lower-
case with capitalized subscripts.

If a small a-c signal is applied to the emitter p-n junction along with a
d-c level, we can show (Prob. 7-27) that

P Apg{d-c(l " ‘-f?) (7-71)

%Since alements such as r, and 1, in Fig. 7-24 are added 1o the basic transistor model we have previously
analyzed, it is most convenient 1o refer here to the terminol voltages and currents as vy, i;,and so on, In
this way we can use previously derivad expressions involving the internal quantities [i; ond v., in Eq.
(7-75), for example]. In most circuits texts the primes are instead used for the internal quantities, just the
opposite method from that used here.
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We can relate this time-varying excess hole concentration to the stored charge
in the base region, and then use Eq. (7-43) to determine the resulting cur-
rents. For simplicity we shall assume the device is biased in the normal active
mode and use only Qx{7). Assuming an essentially triangular excess hole dis-
tribution in the base, Eq. (7-23) gives

On(t) = 3gAW, Ape(r) = %qAWbﬁps{d-c}[l + %:"] (7-72)

The terms outside the brackets constitute the d-c stored charge J57,:

Q.(1) = 137(1 + “'k—,;f’) (7-73)

Now that we have a simple relation for the time-dependent stored
charge, we can use Eq. (7-43c¢) to write the total base current as
t dQ (¢
i) = 20 dO() "
b % dt
As discussed in Section 5.5.4, we must be careful about boundary con-
ditions in determining where the stored charges are extracted or “reclaimed”
in a diode. For the emitter-base diode in a BJT, we have a “short” diode where
Eq. (5-67b) is applicable. The result is that only 2/3 of the stored chargg is re-
claimed. Hence, we obtain

2 q dy,
ig(t) = Iy + r,,v,,, ¥ kT:,. 2 d:" (7-74b)
The a-c component of the base current is
dv (1
ip =G, vy + c,,—”” (7-75)
dr
where
2 q 2
G:e kaB and C, = ‘3‘ EIJTP = EGWTP

Thus, as in the case of the simple diode, an a-c conductance and capacitance
are associated with the emitter-base junction due to charge storage effects.
. From Eq. (7-43b) we have

QN(f) g
idt) = =Blp + I}-—Bl.ﬂvah
- i w E Cn 7.7
i = guVy whereg,,,:krﬂis—z = (7-76)

The quantity g, is an a-c transconductance, which is evaluated at the
steady-state value of collector current /. = Bl;. We can synthesize Eqs. (7-75)
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and (7-76) in an equivalent a-c circuit as in Fig. 7-24b. In this equivalent
circuit the voltage v, used in the calculations appears “inside” the device,
so that a new applied voltage v,, must be used external to r, to refer to the
voltage applied between the contacts, and similarly for v,,. This equivalent
model is discussed in detail in most electronic circuits texts; it is often called
a hybrid-pi model.

From Fig. 7-24b it is clear that several charging times are important in
the a-c operation of a transistor; the most important are the time required to
charge the emitter and collector depletion regions and the delay time in al-
tering the charge distribution in the base region. Other delay times includ-
ed in a complete analysis of high-frequency transistors are the transit time
through the collector depletion region and the charge storage time in the
collector region. If all of these are included in a single delay time v, we can
estimate the upper frequency limit of the device. This is usually defined as the
cutoff frequency for the transistor fr= (277,)~". It is possible to show that fr
represents the frequency at which the a-c amplification for the device
[B(a-c) = hy, = 9i,/di,] drops to unity.

7.8.2 Transit Time Effects

In high-frequency transistors the ultimate limitation is often the transit time
across the base. For example, in a p-n-p deviee the time T, required for holes
to diffuse from emitter to collector can determine the maximum frequency
of operation for the device. We can calculate 1, for a transistor with normal
biasing and y = 1 from Eq. (7-20) and the relation B = 7,/7;:

csch Wy/L, oL 5 2Dy, T

T anhW,2L, Wi W: T
W (7-77)
*~2p,

Another instructive way of calculating T, is to consider that the diffus-
ing holes seem to have an average velocity (v(x,)) (actually the individual
hole motion is completely random, as discussed in Section 4.4.1). The hole
current i,(x,) is then given hy

ip(x,) = AP (x,)(v(x,) (7-78)

The transit time is

W d W A
T::J % _J L, (7-79)
0

b () Ly e T

For a triangular distribution as in Fig. 7-8b, the diffusion current is almost con-
stant at i, = gAD,Ap/W,, and 7, becomes
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2

- 94 ApeWy/2 _ Wi (7-80)
gAD,Apg/W, 2D,

as before. The average velocity concept should not be pushed too far in the

case of diffusion, but it does serve to illustrate the point that a delay time
exists between the injection and collection of holes.

We can estimate the transit time for a typical device by choosing a value
of W,, say 0.1 um (10 cm). For Si, a typical number for D, is about 10 cm®s;
then for this transistor 7, = 0.5 X 10™'' s, Approximating the upper frequen-
cy limit as (27r,) ", we can use the transistor to aboat 30 GHz. Actually, this
estimate is too optimistic because of other delay times. The transit time can
be reduced by making use of field-driven currents in the base. For the im-
planted transistor of Fig. 7-17, the holes drift in the built-in field from emit-
ter to collector over most of the base region. By increasing the doping
gradient in the base, we can reduce the transit time and thereby increase the
maximum frequency of the transistor,

7.8.3 Webster Effect

While the transit time expression [Eq. (7-80)] is valid for low level injection,
7,is reduced by up to a factor of 2 under high level injection. This occurs be-
cause the majority carrier concentration increases significantly aboyg #s<equi-
librium value in the base, to match the injected minority carrier concentration.
Since the minority carrier concentration decreases from the base-emitter
junction to the base-collector junction (see Fig. 7-8), so does the majority
carrier concentration. This tends to create a diffusion of the majority carri-
ers from emitter to base. Such majority carrier diffusion would upset the
drift-diffusion balance required to maintain a quasi-equilibrium distribution
in the base. Therefore, a built-in electric field develops in the base to create
an opposing majority carrier drift current. The direction of this induced field
then aids the minority carrier transport from the emitter to the collector, re-
ducing the transit time 7, in Eq. (7-80).

This is known as the Wehster effect. It is interesting to note that this ef-
fect is similar to the drift field effects in the base region due to non-uniform
base doping (Section 7.7.1). For the Webster effect, the induced field is not
due to nonuniform doping but rather the nonuniform majority carrier con-
centration induced by carrier injection.

7.8.4 High-Frequency Transistors

The most obvious generality we can make about the fabrication of high-
frequency transistors is that the physical size of the device must be kept small.
The base width must be narrow to reduce the transit time, and the emitter and
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Figure 7-25

A low-noise Si
bipolar transistor
with f;r = 8 GHz.
This device has ¢
interdigitated
emilter stripes,

each 1 um X 20
um. (Photograph
courtesy of

Motorola.)

collector areas must be small to reduce junction capacitance. Unfortunate-
ly, the requirement of small size generally works against the requirements
of power rating for the device. Since we usually require a trade-off between
frequency and power, the dimensions and other design features of the tran-
sistor must be tailored to the specific circuit requirements. On the other hand,
many of the fabrication techniques useful for power devices can be adapted
to increase the frequency range. For example, the method of interdigitation
(Fig. 7-21) provides a means of increasing the useful emitter edge length
while keeping the overall emitter area to a minimum. Therefore, some form
of interdigitation is generally used in transistors designed for high frequen-
cy and reasonable power requirements (Fig. 7-25).

Another set of parameters that must be considered in the design of a high-
frequency device is the effective resistance associated with each region of the
transistor. Since the emitter, base, and collector resistances affect the various RC
charging times, it is important to keep them to a minimum. Therefore, the met-
allization patterns contacting the emitter and base regions must not present sig-
nificant series resistance. Furthermore, the semiconductor regions themselves
must be designed to reduce resistance. For example, the series base resistance r,
of an n-p-n device can be reduced greatly by performing a p* diffusion between
the contact area on the surface and the active part of the base region. Further re-
duction of base resistance by heavy doping of the base requires the use of a het-
erojunction (Section 7.9) to maintain vy at an acceptable value.
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In Si, n-p-n transistors are usually preferred, since the electron mo-
bility and diffusion coefficient are higher than for holes. It is common to
fabricate n-p-n transistors in n-type epitaxial material grown on an n* sub-
strate. The heavily doped substrate provides a low-resistance contact to
the collector region, while maintaining low doping in the epitaxial collec-
tor material to ensure a high breakdown voltage of the collector junction
(see Section 7.3). It is important, however, to keep the collector depletion
region as small as possible to reduce the transit time of carriers drifting
through the collector junction. This can be accomplished by making the
lightly doped collector region narrow so that the ‘depletion region under
bias extends to the n* substrate.

In addition to the various parameters of the device itself, the transistor
must be packaged properly to avoid parasitic resistance, inductance, or ca-
pacitance at high frequencies. We shall not attempt to describe the many
techniques for mounting and packaging transistors here, since methods vary
greatly among manufacturers.
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In Section 7.4.4 we saw thal the emitter injection efficiency of a bipolar tran-
sistor is limited by the fact that carriers can flow from the base into the emit-
ter region, over the emitter junction barrier, which is reduced by the forward
bias. According to Eq. (7-25) it is necessary to use lightly doped mateniaffor
the base region and heavily doped material for the emitter to maintain a
high value of ¥ and, therefore, « and B. Unfortunately, the requirement of
light base doping results in undesirably high base resistance. This resistance
is particularly noticeable in transistors with very narrow base regions. Fur-
thermore, degenerate doping can led to a slight shrinkage of E, in the emit-
ter as the donor states merge with the conduction band. This can decrease the
emitter injection efficiency. Therefore, a more suitable BJT for high frequency
would have a heavily doped base and a lightly doped emitter, This is just the
opposite of the traditional BIT discussed thus far in this chapter. To accom-
plish such a radically different transistor design, we need some other mech-
anism instead of doping to control the relative amount of injection of
electrons and holes across the emitter junction.

If transistors are made in materials that allow heterojunctions to be
used, the emitter injection efficiency can be increased without strict require-
ments on doping. In Fig. (7-26) an n-p-n transistor made in a single material
(homojunction) is contrasted with a heterojunction bipolar transistor (HBT),
in which the emitter is a wider band gap semiconductor. It is possible in such
a structure for the barrier for electron injection (gV,) to be smaller than the
hole barrier (¢V,). Since carrier injection varies exponentially with the bar-
rier height, even a small difference in these two barriers can make a very
large difference in the transport of electrons and holes across the emitter

7.9
HETEROJUNCTION

TRANSISTORS
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Figure 7-26
Contrast of carrier
injection at the
amitter of (a) o ho-
mojunction BJT
and (b) a hetero-
junction bipolar
transistor (HBT). In
the forward-
biased homojunc-
tion emitter, the
electron barrier
gV, and the hole
barrier gV, are
the same. In the
HBT with a wide
band gap emitter,
the electron barri-
er is smaller than
the hole barrier,
resulting in prefer-
ential injection of
electrons across
the emitter
junction.

Chapter 7

b Heterojunction
(b) T i qV,‘CqVP
qv,
" L—
N P n

junction. Neglecting differences in carrier mobilities and other effects, we can
approximate the dependence of carrier injection across the emitter as
L, . .N§
—
I, NE
In this expression, the ratio of electron current /, to hole current , crossing
the emitter junction is proportional to the ratio of the doping in the emitter

AE kT ( 7-81 )
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Nf and the base Nf. In the homojunction BIT this doping ratio is all we
have to work with in designing a useful emitter junction. However, in the
HBT there is an additional factor in which the band gap difference AE, be-
tween the wide band gap emitter and the narrow band gap base appears in
an exponential factor. As a result, a relatively small value of AE_ in the ex-
ponential term can dominate Eq. (7-81). This allows us to choose the dop-
ing terms for lower base resistance and emitter junction capacitance. In
particular, we can choose a heavily doped base to reduce the base resistance
and a lightly doped emitter to reduce junction capacitance,

The heterojunction shown in Fig. 7-26 has a smooth barrier, without the
spike and notch commonly observed for heterojunctions (see Fig, 5-46). It is
possible to smooth out such discontinuities in the bands by grading the com-
position of the ternary or quaternary alloy between the two materials (Fig.
7-27). Clearly, grading out the conduction band spike improves the electron
injection by reducing the barrier that electrons must overcome. There are
some HBT designs, however, that make use of the spike as a “launching
ramp” to inject hot electrons into the base.

Materials commonly used in HBTS obviously include the AlGaAs/GaAs
system because of its wide range of lattice-matched composition. In addition,
the InGaAsP system (including In, 5;Ga, ;As) grown on InP has become pop-
ular in HBT design. InGaAs has much lower surface recombination than GaAs,
and the I'-L and I'-X intervalley band separations are much larger than imwGaAs
(see Fig. 3-6). The lower rate of surface recombination reduces loss of injected
carriers at the surface of the device. This is a particularly important effect in
small-geometry devices in which the base perimeter-to-area ratio, and thus the
intersection of the base with the surface, is large. The larger intervalley band sep-
aration in InGaAs helps ensure that the electrons remain in the low-mass (high
mobility) I' valley during field-enhanced transport through the base region.

( RN

Abrupt

N

Graded /

e T

Al Ga,_  As
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Figure 7-27
Removal of the
conduction band
spike by grading
the alloy composi-
tion (] in the het-
erojunction. In this
example the junc-
tion is graded
from the composi-
tion used in the
AlGaAs emitter to
x = 0 at the GaAs
base. This grad-
ing typically takes
place over a dis-
tance of 100 A or
less.
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It is also possible to make HBTSs using elemental semiconductor het-

erostructures such as Si/Si;_,Ge,. In this material system, the band gap dif-
ference AE, between the Si emitter and the narrower band gap Si;_.Ge, base
occurs primarily in the valence band. As a result, a rather small addition of
Ge to the base results in higher electron injection efficiency than is possible
in hiomojunction silicon bipolar transistors.

If the alloy composition in the base of an n-p-n is.varied such that E;

decreases slightly from the emitter side to the collector side of the base, a
built-in electric field accelerates electrons through the base region. The re-
sulting field-aided base transport is a major advantage of the HBT.

PROBLEMS

741

7.2

7.3

74

T8

7.6

A bipolar junction transistor is fabricated by ion implantation as follows. A
50 keV boron ion implant (dose = 5 X 10'* cm ) is performed into an n-type
silicon substrate with N, = 2 % 10" cm ™3, followed by a 30 keV phosphorus
implant (dose = 1 X 10" cm2). A rapid thermal anneal is then performed at
1100°C for 10 s in a N, environment. Assume the implants are 100 percent ac-
tivated by this anneal. The diffusivity of boron at 1100°C can be assumed con-
stant with D = 10~ cm%s, and for phosphorus D = § X 10~ cm®(s. Assume that
dopants can outdiffuse from the substrate.

(a) Where are the peaks and what are the widths (at 0.607 of the peak) of the
boron and phosphorus implant profilesprior to annealing?

(b) Where are the peaks and what are the widths of the implant profiles

after annealing?

(c) What is the emitter junction depth and the collector junction depth (as
measured from the silicon surface) after annealing?

Sketch the ideal collector characteristics (ic,—vcg) for the transistor of Fig. 7-4;let
i vary from zero to 0.2 mA in increments of 0.02 mA, and let -v¢ vary from
010 10 V. Draw a load line on the resulting characteristics for the circuit of Fig.
7-4,and find the steady state value of -V ¢ graphically for Iz =0.1 mA.

Calculate and plot the excess hole distribution 8p(x,) in the base of a p-n-p
transistor from Eq. (7-14), assuming W}/L, = 0.5. The calculations are simpli-
fied if the vertical scale is measured in units of 5p/Ap and the horizontal scale
in units of x,/L,. In good transistors, W,/ L, is much smaller than 0.5; however,
8p(x,) is quite lincar even for this rather large base width.

Derive Eq. (7-19) from the charge control approach by integrating Eq. (7-11)
across the base region and applying Eq. (7-13).

Extend Eq. (7-20a) to include the effects of nonunity emitter injection effi-
ciency (y < 1). Derive Eq. (7-25) for y. Assume the emitter region is long com-
pared with an electron diffusion length. Apply the charge control approach to
the linear distribution in Fig. 7-8b to find the base transport factor B. Use Eq.
(7-80) for the transit time. Is the result the same as Eq. (7-26) for small W,/L,?

A symmetrical p*-n-p* Si bipolar transistor has the following properties:
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A=10*cm™? N, = 10" N;=10%¢m™?
W,=1um T, =0.1 ps T, =10 us
pp = 200 By = 1300 cm?/V-s
Bn = 700 j, =450

(a) Calculate the saturation current Iz = [,

(b) With Vg =03V and V=40V, calculate the base current /g, assuming
perfect emitter injection efficiency.

(¢) Calculate the emitter injection efficiency v and the amplification factor 3,
assuming the emitter region is long compared to L,,.

The symmetrical p*-n-p’ transistor of Fig. P7-7 is connected as a diode in the

four configurations shown. Assume that V > kT/q. Sketch 8p(x,) in the base re-

gion for each case. Which connection seems most appropriate for use as a

diode? Why?

(c) (d)
For the transistor connection in Fig. P7-7a, (a) show that Vg = (k Tig) In 2;
(b) find the expression for { when V > kT/g and sketch 1 vs. V.

(a) Find the expression for the current / for the transistor connection of Fig.
P7-7b; compare the result with the narrow base diode problem (Prob. 5 35),

(b) How does the current / divide between the base lead and the collector lead?
Suppose that V is negative in Fig, P7-7c.

(a) Find ] from the Ebers-Moll equations.

(b) Find the expression for Vg

(c) Sketch 8p(x,) in the base.

For the transistor connection of Fig. P7-7d, (a) find the expression for 8p(x,) in
the base region; (b) find the current /.

Itis obvious from Egs. (7-35) and (7-36) that I, and I, are the saturation cur-
rents of the emitter and collector junctions, respectively, with the opposite junc-
tion open circuited.

(a) Show that this is true from Eq. (7-32).

Figure P7-7
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7.i3

7.14

7.17

7.18

7.19

(h) Find expressions for the following excess concentrations: Apc with the emit-
ter junction forward biased and the collector open: Ap g with the collector
junction forward biased and the emitter open.

(c) Sketch 3p(x,) in the base for the two cases of part (b).
{a) Show that the definitions of Eq.(7-40) are correct; what does g represent?

(h) Show that Egs. (7-39) correspond to Egs. (7-34), using the definitions of
Eqgs. (7-40).

(a) How is it possible that the average time an injected hole spends in transit
across the base 7, is shorter than the hole lifetime in the base 7,7

(b) Explain why the turn-on transient of a BJT is faster when the device is dri-
ven into oversaturation.

Use Example 5-6 to design an N-p-n heterojunction bipolar transistor with rea-
sonable y and base resistance.

The current amplification factor B of a BJT is very sensitive to the base width
as well as to the ratio of the base doping to the emitter doping. Calculate and
plot B for a p-n-p BIT with L7 = L, for:

(a) n,=p,, Wy/L,=0.01101;

(a) Wy= L, n,/p,=001talL

Neglect mobility variations (2 = p}).

Calculate and plot the common-base characteristics at 300 K of a symmetrical
i p-n-p BJT with a base area of 107 cm 7, a base width of 500 A, base doping
of 10" cm~, emitter and collector doping of 10'7 cm %, and carrier lifetimes
7, =T, = 107" 5, for emitter currents of 0,0.04,0.08, and 0.12 A.

(a) How much charge (in coulombs) due to excess holes is stored in the base
of the transistor shown in Fig. 7-4 at the d-c bias given?

(b) Why is the base transport factor B different in the normal and inverted
modes for the transistor shown in Fig, 7-57

A Si p-n-p transistor has the following properties at room lemperature:
T, =T,= 0.1 ps

D,=D,=10cm/s

Np = 10" cm ™ = emitter concentration

N = 10" cm ™ = base concentration

Ne= 10" e¢m™ = collector concentration

W = emitter width =3 pm

W = metallurgical base width = 1.5 um = distance between base-emitter junc-
tion and base-collector junction

A = cross-sectional area = 10 cm?
Calculate the neutral base width W,, for V5 = 0and Vg =02V, repeat for 0.6V.
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For the BJT in Prob. 7.19, calculate the base transport factor and the emitter
injection efficiency for Vg =0.2 and 0.6 V.

For the BJT in Prob. 7.19, calculate a, B, I, Iy and /. for the two values of V.
What is the base Gummel number in each case?

A 8i pn-p BJT has the following parameters at room temperature,

Emitter Base Collector
N,=5x10%ecm™ Ny=10" " N, = 10"
t.=1ps 1, =25 =2
I, = 150 cm?/V-s , = 1500 i, = 1500
Ky = 100 cm?/V-s i, = 400 B, = 450

Base width, W, = 0.2 pm

Area =10""cm?

Calculate the B of the transistor from B and v, and using the charge control
model. Comment on the results. |

For the BIT in Prob. 7.22, calculate the charge stored in the base when Vg = 0
and Vg = 0.7V. If the base transit time is the dominant delay component for
this BJT, what is the f;?

Three n-p-n transistors are identical except that transistor #2 has a base region
twice as long as transistor #1, and transistor #3 has a base region doped*twice
as hegvily as transistor #1. All other dopings and lengths are identical for the
three transistors. Which transistors have the largest value of each parameter
listed below?

Give clear mathematical reasons for each of your answers.

(a) Emitter injection efficiency

(b) Base transport factor

(c) Punch through voltage

(d) Collector junction capacitance with V4 reverse biased at 10V,

(e) Common emitter current gain.

1 2 3

L fa— 2w — > W |

7.25

4 \“ ‘ \\ %_

N,= N, N, 2N

Assume the transit time for electrons across the base of an n-p-n transistor is
100 ps. and electrons cross the 1-um depletion region of the collector junction
at their scattering limited velocity. The emitter-base junction charging tim. is

Figure P7-24
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30 ps and the collector capacitance and resistance are 0.1 pF and 10 (), respec-
tively. Find the cutoff frequency fr.

7.26 An n-p-n Si transistor has an emitter doping of 10" donors/cm® and a base dop-
ing of 10'® acceptors/cm’. At what forward bias of the emitter junction does
high-level injection occur (injected electrons equal to the base doping)? Com-
ment on the emitter injection efficiency for electrons.

7.27 Derive Eq. (7-71) for Apg(f) assuming that the emitter has an applied voltage

veg(t) = Vs + vell)

where Vg = kT/q.For v, <€ kTiq, the approximation ¢* = 1 + x can be employed.
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Chapter 8
Optoelectronic Devices

So far we have primarily concentrated on electronic devices. There is also a
wide variety of very interesting and useful device functions involving the in-
teraction of photons with semiconductors, These devices provide the optical
sources and detectors that allow broadband telecommunications and data
transmission over optical fibers. This important area of device applications
is called optoelectronics. In this chapter we will discuss devices that detect
photons and those that emit photons. Devices that convert optical energy
into electrical energy include photodiodes and solar cells. Emitters of pho-
tons include incoherent sources such as light-emitting diodes (LEDs) and
coherent sources in the form of lasers.

In Section 4.3.4 we saw that bulk semiconductor samples can be used as pho-
toconductors by providing a change in conductivity proportional to an opti-
cal generation rate. Often, junction devices can be used to improve the speed
of response and sensitivity of detectors of optical or high-energy radiation.
Two-terminal devices designed to respond to photon absorption are called
photodiodes. Some photodiodes have extremely high sensitivity and response
speed. Since modern electronics often involves optical as well as electrical sig-
nals, photodiodes serve important functions as electronic devices. In this sec-
tion, we shall investigate the response of p-n junctions to optical generation
of EHPs and discuss a few typical photodiode detector structures. We shall also
consider the very important use of junctions as solar cells, which convert ab-
sorbed optical energy into useful electrical power.

8.1.1 Current and Voltage in an llluminated Junction

In Chapter 5 we identified the current due to drift of minority carriers across
a junction as a generation current. In particular, carriers generated within
the depletion region W are separated by the junction field, electrons being
collected in the n region and holes in the p region. Also, minority carriers

B.1
PHOTODIODES
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Figure 8-1
Optical genera-
tion of carriers in
a p-n junction: (g)
absorption of light
by the device; (b}
current [, result-
ing from EHP gen-
eration within a
diffusion length of
the junction on the
n side; c] FV
charocteristics of
an illuminated
junction.

generated thermally within a diffusion length of each side of the junction
diffuse to the depletion region and are swept to the other side by the elec-
tric field. If the junction is uniformly illuminated by photons with kv > E,,
an added generation rate g, (EHP/cm®-s) participates in this current (Fig. 8-1).
The number of holes created per second within a diffusion length of the tran-
sition region on the n side is AL,g.p Similarly AL,g,, electrons are gener-
ated per second within L, of x,, and AWg,, carriers are generated within W,
The resulting current due to collection of these optically generated carriers
by the junction is

lop = QAgop(L, + L, + W) (8-1)

If we call the thermally generated current described in Eq. (5-37b) I, we
can add the optical generation of Eq. (8-1) to find the total reverse current
with illumination. Since this current is directed from n to p, the diode equa-
tion [Eq. (5-36)] becomes

£ T ~ 1)~ I

L b _
= QA(':r'gpﬂ + T—n,,)(e‘f"»’“" = 1) = qAg(L, + L, + W) (8-2)
P ]

Thus the I-V curve is lowered by an amount proportional to the genera-
tion rate (Fig. 8-1c). This equation can be considered in two parts—the
current described by the usual diode equation, and the current due to op-
tical generation.

When the device is short circuited (V = 0), the terms from the diode
cquation cancel in Eq. (8-2), as expected. However, there is a short-circuit
current from n to p equal to /. Thus the /-V characteristics of Fig. 8-1c cross
the J-axis at negative values proportional to g,,. When there is an open cir-
cuit across the device, I = 0 and the voltage V=V is

hv = E,

Bkl

l._f‘ = __..| A v

i’ﬂ“p - -ﬁup Tp

bbiid :H "|L|! = ‘fA"-lr-Kd]l

(a) (b) (c)
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T
Vi = k—ln[Iq,/!m +1]

kT Lyt L+ W
{ o F 1] (8-3)

(Lp/ Tp)pu Ln/ T,,)ﬂ

For the special case of a symmetrical junction, p, = n, and 1, = 1,, we

can rewrite Eq. (6-5) in terms of the thermal generation rale Pn/T, = gm and
the optical generation rate g, Neglecting generation within W:

kT 8o
Ve = —q{—]nﬁ—p for g,, = gy (8-4)

Em

Actually, the term g, = p,/1, represents the equilibrium thermal generation—
recombination rate. As the minority carrier concentration is increased by op-
tical generation of EHPs, the lifetime 7, becomes shorter, and p,/t, becomes
larger (p, is fixed, for a given N, and T). Therefore, V__ cannot increase in-
definitely with increased generation rate;in fact, the limit on V,_ is the equi-
librium contact potential V, (Fig. 8-2). This result is to be expected, since the
contact potential is the maximum forward bias that can appear across a junc-
tion. The appearance of a forward voltage across an illuminated junction is
known as the photovoltaic effect.

Depending on the intended application, the photodiode of Fig. 8-1 can
be operated in either the third or fourth quarters of its I-Vcharacteristic. As
Fig. -3 illustrates, power is delivered to the device from the external circuit
when the current and junction voltage are both positive or both negative
(first or third quadrants). In the fourth quadrant, however, the junction volt-
age is positive and the current is negative. In this case power is delivered from
the junction to the external circuit (notice that in the fourth quadrant the
current flows from the negative side of V to the positive side, as in a battery).

If power is to be extracted from the device, the fourth quadrant is used;
on the other hand, in applications as a photodetector we usually reverse bias
the junction and operate it in the third quadrant. We shall investigate these
applications more closely in the discussion to follow.

(=) (b)
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Figure 8-2

Effects of illumina-
tion on the open
circuit voltage of
a junction: [a)
junction at
equilibrium; ({b)
appearance of a
voltage Vcwith

illumination.
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Figure 8-3
Operation of an
illuminated junc-

tion in the various
quadrants of its
-V characteristic;:
in (@) and (b}
power is deliv-
ered to the device
by the external
circuit; in [c) the
device delivers
power to the
load.

R E R
1| mh:
(‘f ’r m
+ ¥ = -V * V-

Ist quadrant Ird quadrant 4th quadrant

i 1 I

; v ; v _.._.; Vv
(a) (b) ©

8.1.2 Solar Cells

Since power can be delivered to an external circuit by an illuminated junc-
tion, it is possible to convert solar energy into electrical energy. If we consider
the fourth quadrant of Fig. 8 3c, it appears doubtful that much power can be
delivered by an individual device. The voltage is restricted to values less than
the contact potential, which in turn is generally less than the band gap volt-
age E/q. For Si the voltage V. is less than about 1 V. The current generated
depends on the illuminated area, but !yplcally Iop is in the 10-100 mA range
for a junction with an area of about 1 cm?, However if many such devices are
used, the resulting power can be significant. In fact, arrays of p-n junction
solar cells are currently used to supply electrical power for many space satel-
lites. Solar cells can supply power for the electronic equipment aboard a
satellite over a long period of time, which is a distinct advantage over bat-
teries. The array of junctions can be distributed over the surface of the satel-
lite or can be contained in solar cell “paddles” attached to the main body of
the satellite (Fig. 8-4).

To utilize a maximum amount of available optical energy, it is necessary to
design a solar ccll with a large area junction located near the surface of the de-
vice (Fig. 8-5). The planar junction is formed by diffusion or ion implantation,
and the surface is coated with appropriate materials to reduce reflection and to
decrease surface recombination. Many compromises must be made in solar cell
design. In the device shown in Fig, 8-5, for example, the junction depih d must
be less than L, in the n material to allow holes generated near the surface to dif-
fuse to the junction before they recombine; similarly, the thickness of the p re-
gion must be such that electrons generated in this region can diffuse to the
junction before recombination takes place. This requirement implies a proper
match between the electron diffusion length L, the thickness of the p region, and
the mean optical penetration depth 1/a [see Eq. (4-2)]. It is desirable to have a
large contact potential V, to obtain a large photovoltage, and therefore heavy
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Antireflective
coating

Metal contact

(a) (b)

doping is indicated; on the other hand, long lifetimes are desirable gnd these are
reduced by doping too heavily. It is important that the serics resistance of the de-
vice be very small so that power is not lost to heat due to ohmic losses in the de-
vice itself A series resistance of only a few ohms can seriously reduce the output
power of a solar cell (Prob. 8.4). Since the area is large, the resistance of the
p-type body of the device can be made small. However, contacts to the thin n re-
gion require special design. If this region is contacted at the edge, current must
flow along the thin n region to the contact, resulting in a large series resistance.
To prevent this effect, the contact can be distributed over the n surface by pro-
viding small contact fingers as in Fig. 8-5b. These narrow contacts serve to reduce
the series resistance without interfering appreciably with the incoming light.
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Figure 8-4

Solar call arrays
nitakched 1o the
Mars Hy-by =ats
lite Maviner. [Pro

vidaa irougn the

courtesy of the
National Aero-
nautics and Space
Administration,
California Institute
of Technology,

Jet Propulsion
Laboratory.)

Figure 8-5
Configuration of a
solar cell: [a) en-
larged view of the
planar junction;
(b) top view,
showing metal
contact “fingers.”
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Figure 8-6

-V characleristics
of an illuminated
solar cell.

The maximum
power rectangle

is shaded.

Figure 8-6 shows the fourth-quadrant portion of a solar cell charac-
teristic, with /, plotted upward for convenience of illustration. The open-
circuit voltage V. and the short-circuit current /. are determined for a given
light level by the cell properties. The maximum power delivered to a load by
this solar cell occurs when the product V1, is a maximum. Calling these val-
ues of voltage and current V,, and I,,, we can se¢ that the maximum delivered
power illustrated by the shaded rectangle in Fig. 8-6 is less than the IV,
product. The ratio £,,V,,/I.. V. is called the fill factor,and is a figure of merit
for solar cell design.

Applications of solar cells are not restricted to outer space. It is possi-
ble to obtain useful power from the sun in terrestrial applications using solar
cells, even though the solar intensity is reduced by the atmosphere. About 1
kW/m? is available in a particularly sunny location, but not all of this solar
power can be converted to electricity. Much of the photon flux is at energies
less than the cell band gap, and is not absorbed. High-energy photons are
strongly absorbed, and the resulting EHPs may recombine at the surface. A
well-made Si cell can have about 10 percent efficiency for solar energy con-
version, providing approximately 100 W/m’ of electrical power under full il-
lumination. This is a modest amount of power per unit solar cell area,
considering the effort involved in fabricating a large area of Si cells. One ap-
proach to obtaining more power per cell is to focus considerable light onto
the cell using mirrors. Although Si cells lose efficiency at the resulting high
temperatures, GaAs and related compounds can be used at 100°C or high-
er. In such solar concentrator systems more effort and expense can be put into
the solar cell fabrication, since fewer cells are required. For example, a GaAs—
AlGaAs heterojunction cell provides good conversion efficiency and oper-
ates at the elevated temperatures common in solar concentrator systems.

8.1.3 Photodetectors

When the photodiode is operated in the third quadrant of its I~V character-
istic (Fig. 8-3b), the current is essentially independent of voltage but is pro-
portional to the optical generation rate. Such a device provides a useful means

i
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of measuring illumination levels or of converting time-varying optical sig-
nals into electrical signals.

In most optical detection applications the detector’s speed of response
is critical. For example, if the photodiode is to respond to a series of light
pulses 1 ns apart, the photogenerated minority carriers must diffuse to the
junction and be swept across to the other side in a time much less than 1 ns.
The carrier diffusion step in this process is time consuming and should be
climinated if possible. Therefore, it is desirable that the width of the deple-
tion region W be large enough so that most of the photons are absorbed
within W rather than in the neutral p and n regions. When an EHP is creat-
ed in the depletion region, the electric field sweeps the electron to the n side
and the hole to the p side. Sinze this carrier drift occurs in a very short time,
the response of the photodiode can be quite fast. When the carriers are gen-
erated primarily within the depletion layer W, the detector is called a deple-
tion layer photodiode. Obviously, it is desirable to dope at least one side of
the junction lightly so that W can be made large. The appropriate width for
W is chosen as a compromise between sensitivity and speed of response. If
W is wide, most of the incident photons will be absorbed in the depletion re-
gion. Also, a wide W results in a small junction capacitance [see Eq. (5-62)],
thereby reducing the RC time constant of the detector circuit. On the other
hand, W must not be so wide that the time required for drift of photogener-
ated carriers out of the depletion region is excessive.

One convenient method of controlling the width of the depletion region
is to build a p-i-n photodetector (Fig. 8-7). The “i” region need not be truly in-
trinsic, as long as the resistivity is high. It can be grown epitaxially on the n-type
substrate, and the p region can be obtained by implantation. When this device is
reverse biased, the applied voltage appears almost entirely across the i region.

If the carrier lifetime within the i region is long compared with the drift time, most '

of the photogenerated carriers will be collected by the n and p regions.

If low-level optical signals are to be detected, it is often desirable to
operate the photodiode in the avalanche region of its characteristic. In this
mode each photogenerated carrier results in a significant change in the cur-
rent because of avalanche multiplication. In the avalanche photodiode the
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Figure 8-7
Schematic repre-
sentation of a pin
photodiode.
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junction must be uniform, and a guard ring is generally used to ensure against
edge breakdown. With proper design a Si avalanche photodiode can have
high sensitivity to low-level optical signals, and the response time is in the
neighborhood of 1 ns. These devices are particularly useful in fiber optic com-
munication systems (Section 8.2.2).

The type of photodiode described here is sensitive to photons with en-
ergics near the band gap energy (intrinsic detectors). If hv is less than £, the
photons will not be absorbed; on the other hand, if the photons are much
more energetic than E, they will be absorbed very near the surface, where

_ the recombination rate is high. Therefore, it is necessary to choose a photo-

diode material with a band gap corresponding to a particular region of the
spectrum. Detectors sensitive to longer wavelengths can be designed such
that photons can excite electrons into or out of impurity levels (extrinsic de-
tectors). However, the sensitivity of such extrinsic detectors is much less than
intrinsic detectors, where electron-hole pairs are generated by excitation
across the band gap.

By using lattice-matched multilayers of compound semiconductors, the
band gap of the absorbing region can be tailored to malch the wavelength of
light being detected. Wider band gap material can then be used as a window
through which the light-is transmitted to the absorbing region (Fig. 8-8). For
example, we saw in Fig. 1-13 that InGaAs with an In mole fraction of 53 per-
cent can be grown epitaxially on InP with excellent lattice matching. This com-
position of InGaAs has a band gap of about 0.75 eV, which is sensitive to a
useful wavelength for fiber optic systems. (1.55 pm), as we shall see in Section
8.2.2. In making a photodiode using InGaAs as the active material, it is possi-
ble to bring the light through the wider band gap InP (1.35 eV), thus greatly
reducing surface recombination effects. In the case of avalanche photodiodes
requiring narrow band gap material, it is often advantageous to absorb the
light in the narrow-gap semiconductor {e.g., InGaAs) and transport the re-
sulting carriers to a junction made in wider band gap material (e.g., InP), where
the avalanche multiplication takes place (Fig. 8-8b). Such a separation of the
absorption and muitiplication regions avoids the excessive leakage currents
typical of reverse-biased junctions in narrow-gap maierials.

B.1.4 Noise and Bandwidth of Photodetectors

In optical communication systems the sensitivity of the photodetector and its
response time are of critical importance. Unfortunately, these two properties
are generally difficult to optimize without making compromises between
them. For example, in a photoconductor the gain depends on the ratio of car-
rier lifetime to transit time (see Prob. 8-6). On the other hand, the frequen-
cy response (and therefore the bandwidth) varies inversely with carrier
lifetime. As a result, trade-offs must be made between these two desirable
characteristics. It is common to express the gain-bandwidth product as a fig-
ure of merit for detectors. Designs which increase gain tend to decrease band-
width and vice versa. Another important property of detectors is the
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Abzorption
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signal-to-noise ratio, which is the amount of usable information compared
with the background noise in the detector.

In the case of photoconductors the major source of noise is random
fluctuations in the dark current (called Johnson noise). The noise current in-
creases with temperature and the conductance of the material in the dark.
Therefore, the photoconductor noise at a given temperature can be reduced
by increasing the dark resistance. Increased dark resistance also increases
the gain of the photoconductor, thereby decreasing the bandwidth.

In a p-i-n diode there is no gain mechanism, since at most one electron-
hole pair is collected by the junction for each photon absorbed. Thus the gain
is essentially unity, and the gain-bandwidth product is determined by the
bandwidth, or frequency response. In a p-i-n the response time is dependent
on the width of the depletion region, and the main source of noise is random
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Figure 8-8

Use of multiloyer
heterojunctions to
enhance photodi-
ode operation: (a)
o p-i-n photodiode
in which light
near 1,55 um is
absorbed in a
narrow band gap
material (InGaAs,
E =075eV)
aHter passing
through a wider-
gap material (InP,
E,= 1.35eV); (b)
an dvalanche
photodiode in
which light is ab-
sorbed in the
InGaAs and

holes are swept
to an InP
junction, where
the avolanche
multiplication _
takes place. This
separation of the
absorption ond
mulfiplication re-
gions reduces the
junction leakage
current. In this fig-
ure, n~ refers to
lightty doped
rype material.
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Figure 8-9
Schematic cross
section of @
silicon hetero-
interface photo-
detector [SHIP).
The light passes
through the wide-
bandgap Si and
is absorbed

in the InGaAs,

thermal generation of EHPs within this region (called shor noise). The noise
in a p-i-n device is considerably lower than that in a photoconductor, which
compensates for the lack of gain in the p-i-n.

Avalanche photodiodes have the advantage of providing gain through
the avalanche multiplication effect. The disadvantage is increased noise rel-
ative to the p-i-n, due to random fluctuations in the avalanche process. This
noise is reduced if the impact ionization in the high ficld region is due to
only one type of carrier, since more fluctuations in the ionization process
occur when both electrons and holes participate. In Si the ability of clectrons
to create EHPs in an impact ionization event is much higher than for holes.
Therefore, Si avalanche photodiodes can be operated with high gain and rel-
atively low noise. Unfortunately, Si avalanche photodiodes (APDs) cannot
be used for most fiber optic transmission because Si is transparent at the
wavelengths of low loss and low dispersion (A = 1.55 and 1.3 pm) for optical
fibers. For these longer wavelengths, In, s:Ga, ;;As has become the material
of choice. However, the ionization rates of electrons and holes in most com-
pound semiconductors are comparable, which degrades their noise and fre-
quency response relative to Si APDs. One creative way of overcoming this
problem is shown in Fig. 8-9. The Si-InGaAs APD is fabricated by using
wafer fusion to bond an InGaAs absorption layer to a Si avalanche photo-
diode. The advantage of this approach is that it utilizes the strengths of both
materials systems. In operation, light is absorbed in the narrow bandgap In-
GaAs layer and the photogenerated electzons are injected into the Si
avalanche region, which is better suited for the large fields applied. These

p contact
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ATARAREARNANAR s
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APDs have achieved low dark current, a quantum efficiency of 60 percent at
1.3 pm, and a gain-bandwidth product of 300 GHz.

Another approach that has demonstrated excellent performance utilizes
an APD structure in a resonant cavity. The resonant-cavity photodiode (Fig.
8-10) consists of a thin absorbing layer sandwiched between two distributed
Bragg reflector (DBR) mirrors. The structure is similar to that of a vertical-
cavity, surface-emitting laser (to be discussed in Section 8.4.4) except that the
active region is an absorber instead of an emitter and the Q of the cavity is
typically much lower than that of laser structures. The resonant-cavity structure
can provide several performance advantages, one of which is that the tradeoff
between responsivity and bandwidth ihat is inherent to conventional, single-
pass p-i-n photodiode structures can be circumvented. For the typical normal-
incidence photodetector, a wide bandwidth necessitates a thin absorption layer
which, in turn, results in low quantum efficiency. The resonant-cavity structure,
on the other hand, effectively decouples the responsivity from the transit-time
component of the bandwidth because the optical signal makes multiple pass-
es across the thin absorbing layer inside the microcavity. Consequently, high
speed and high quantum efficiency can be achieved simultaneously. In the
resonant-cavity APD shown in Fig. 8-10, light 1s absorbed in the thin InGaAs

InGaAs cap
layer "*\..‘__“
Incoming
light
) Deposited
£ dielectric DBR
\ 7
Probe metal N Metal ring

: contact

e TR
APD activk region Nl |

SR ————

n * InP buffer layer

i Semi-msulaung InP subsirate

Figure 8-10
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Cross section of InAlAs—InGaAs resonant<avity avalanche photodiode, and a detail of the active region.
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layer. The electrons then drift into the InAlAs multiplication region where the
field is high enough to provide gain by impact ionization. For very thin multi-
plication layers there is a size effect that can lead to very low multiplication
noise,comparable to that of Si APDs, and high gain-bandwidth products. At low
gains where the bandwidth is limited by the transit time and the RC time con-
straint, bandwidths in excess of 30 GHz have been achieved. At higher gains
the bandwidth is determined by the gain-bandwidth product which can be in
excess of 300 GHz.

8.2
LIGHT-EMITTING
DIODES

When carriers are injected across a forward-biased junction, the current is
usually accounted for by recombination in the transition region and in the
neutral regions near the junction. In a semiconductor with an indirect band
gap, such as Si or Ge, the recombination releases heat to the lattice. On the
other hand, in a material characterized by direct recombination, consider-
able light may be given off from the junction under forward bias, This effect,
called injection electroluminescence (Section 4.2.2), provides an important
application of diodes as generators of light. The use of light-emitting diodes
(LED:s) in digital displays is well known. There are also other important ap-
plications in communications and other areas. Another important device
making use of radiative recombination in a forward-biased p-n junction is the
semiconductor laser. As we shall see in Section 8.4, lasers emit coherent light
in much narrower wavelength bands than LEDs, and with more collimation
(directionality).

8.2.1 Light-Emiting Materials

The band gaps of various binary compound semiconductors are illustrated
in Fig. 4-4 relative to the spectrum. There is a wide variation in band gaps
and, therefore, in available photon energies, extending from the ultravio-
let (GaN, 3.4 ¢V) into the infrared (InSb, 0.18 eV). In fact, by utilizing
ternary and quaternary compounds the number of available energies can
be increased significantly (see Figs. 1-13 and 3-6). A good example of the
variation in photon energy obtainable from the compound semiconduc-
tors is the ternary alloy gallium arsenide~phosphide, which is illustrated in
Fig. 8-11. When the percentage of As is reduced and P is increased in this
material, the resulting band gap varies from the direct 1.43-eV gap of GaAs
(infrared) to the indirect 2.26-¢V gap of GaP (green). The band gap of
GaAs, P, varies almost linearly with x until the 0.45 composition is
reached, and electron-hole recombination is direct over this range, The
most common alloy composition used in LED displays is x = 0.4. For this
composition the band gap is direct, since the I’ minimum (at k = 0) is the
lowest part of the conduction band. This results in efficient radiative re-
combination, and the emitted photons (~1.9 eV) are in the red portion of
the spectrum.



Oploelectronic Devices

/Y

" AL

S
b
& I
g /
TR .
I
/ GaAs |, P,
1.6
A K
]4 1 I '] 1 1
02 0.4 0.6 0.8 1.0
Cran\s X =— Coal?

For GaAs, P, with P concentrations above 45 percent, the band gap is
due to the indirect X minimum. Radiative recombination in such indirect ma-
terials is generally unlikely, because electrons in the conduction band have dif-
ferent momentum from holes in the valence band (see Fig. 3-5). Interestingly,
however, indirect GaAs,_,P, (including GaP, x = 1) doped with nitrogen can
be used in LEDs with light output in the yellow to green portions of the spec-
trum. This is possible because the nitrogen impurity binds an electron very
tightly. This confinement in real space (Ax) means that the electron momentum
is spread out in momentum space Ap by the Heisenberg uncertainty principle
(see Eq. 2-18). As a result, the momentum conservation rules, which general-
ly prevent radiative recombination in indirect materials, are circumvented.
Thus nitrogen doping of GaAs, _ P, is not only useful technologically, but also
provides an interesting and practical illustration of the uncertainty principle.

N

Figure 8-11
Conduction band
energies as a
function of alloy
composition for
GoAs; ,P,.
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In many applications light from a laser or an LED need not be visible
to the eye. Infrared emitters such as GaAs, InP, and mixed alloys of these
compounds are particularly well suited to optical communication systems.
For example, a laser or light-emitting diode can be used in conjunction with
a photodiode or other photosensitive device to transmit information opti-
cally between locations. By varying the current through the diode, the light
output can be modulated such that analog or digital information appears in
the optical signal directed at the detector. Alternatively, the information may
be introduced between the source and detector. For example, a semicon-
ductor laser-photodetector arrangement can be used in a compact disc sys-
tem for reading digital information from the spinning disc. A light emitter and
a photodiode form an optoelectronic pair, which provides complete electri-
cal isolation between input and output, since the only link between the two
devices is optical. In an oproelecironic isolator, both devices may be mount-
ed on a ceramic substrate and packaged together to form a unit that passes
information while maintaining isolation.

In view of the broad range of applications requiring semiconductor lasers
and LEDs with visible and infrared wavelengths, the wide variety of available
ITI-V materials is extremely useful. In addition to the AlGaAs and GaAsP
systems shown in Figs. 3-6 and 8-11, the InAlGaP system is useful for yellow
and green wavelengths, and GaN is a strong emitter in the blue. Even more
wavelengths will be accessible as GaN and related materials become increas-
ingly used in LEDs and lasers. For many years the 1I-V1 semiconductors have
been known as efficient light emitters in photoluminescence, but obtaining
p-n junctions was extremely difficult. With traditional doping methods, crys-
tal defects tend to compensate the doping impurities such that only n-type
(ZnS, ZnSe, CdS, CdSe) or p-type (Zn'Te) can be obtained. This frustrating prob-
lem prevented the formation of useful p-n junctions until 1990, when the use
of nitrogen doping resulted in p-type ZnSe in MBE-grown material. Rapid
progress has been made since then, including the use of multilayer hetero-
structures grown by MBE and OMVPE in the (Zn, Cd)(S, Se) system. Using
a nitrogen plasma source, ZnTe can be doped p-type to acceptor concentra-
tions above 10" em™. In spite of this research progress, however, II-VI LEDs
and lasers lag behind I1I-V semiconductors in most applications. The avail-
ability of blue light from GaN is of particular importance in extending [iI-V
light emission across the entire visible spectrum.

8.2.2 Fiber Optic Communications

The transmission of optical signals from source to detector can be greatly
enhanced if an opiical fiber is placed between the light source and the de-
tector. An optical fiber is essentially a “light pipe” or waveguide for optical
frequencies. The fiber is typically drawn from a boule of glass to a diameter
of ~25 pm. The fine glass fiber is relatively flexible and can be used to guide
optical signals over distances of kilometers without the necessity of perfect
alignment between source and detector. This significantly increases the ap-
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plications of optical communication in areas such as telephone and data
Lransmission.

One type of optical fiber has an outer layer of very pure fused silica
(Si0,), with a core of germanium doped glass having a higher index of re-
fraction (Fig. 8-12a)." Such a step-index fiber maintains the light beam pri-
marily in the central core with little loss at the surface. The light is transmitted
along the length of the fiber by internal reflection at the step in the refrac-
tive index.

Losses in the fiber at a given wavelength can be described by an at-
tenuation coefficient e [similar to the absorption coefficient of Eq. (4-3)]. The
intensity of the signal at a distance x along the fiber is then related to the
starting intensity by the usual expression.

I(x) = Le ™

The attenuation is not the same for all wavelengths, however, and it is there-
fore important to choose a signal wavelength carefully. A plot of a vs. A for
a typical silica glass fiber is shown in Fig. 8-13. It is clear that dips in « near
1.3 and 1.55 pm provide “windows” in the attenuation, which can be ex-
ploited to reduce the degradation of signals. The overall decrease in atten-
uation with increasing wavelength is due to the reduced scattering from
small random inhomogeneities which result in fluctuations of the refrac-
tive index on a scale comparable to the wavelength. This type of attenua-
tion, called Rayleigh scattering, decreascs with the fourth power of
wavelength. This effect is observed at sunrise and sunset, when attenuation

(8-5)

" m
il M
(a)
n—»
(b)
n—

'The index of refroction [or refractive index} m compares the velocity of light v in the material o its velocity
€inavocuum, n = c/v. Thus it m) > ny in Fig. 8120, the light velocity is greater in material 2 than in 1.
The value of n varies somewhat with the wavelength of light.
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Figure 8-12
Two examples of
multimode fibers:
(a) step-index,
having a core
with slightly larger
refractive index n;
(b) graded-index
having in this
case a parabolic
grading of n in
the core. The fig-
ure illustrates the
cross section (left)
of the fiber, its
index of refraction
profile (center),
and typical mode
patterns (right).
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Figure 8-13
Typical plot of at-
tenuation coeffi-
cient a vs.
wavelength A for
a fused silica opti-
cal fiber. Peaks
are due primarily
to OH~ impurities.
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of short wavelength blue and green light results in red and orange sunlight.
Obviously, Rayleigh scattering encourages operation at long wavelengths in
fiber optic systems. However, a competing process of infrared absorption
dominates for wavelengths longer than about 1.7 pm, duc to vibrational
excitation of the atoms making up the glass. Therefore, a useful minimum
in absorption for silica fibers occurs at about 1.55 pm. where epitaxial lay-
ers in the (In, Ga) (As, P) system can be grown lattice-matched to InP sub-
strates (see Fig. 1-13).

Another consideration in choice of operating wavelength is the pulse
dispersion, or spreading of data pulses as they propagate down the fiber. This
effect can be caused by the wavelength dependence of the refractive index,
causing different optical frequencies to travel down the fiber with slightly
different velocities. This effect, called chromaiic dispersion,is much less pro-
nounced at the 1.3 pm window in Fig. 8-13. Another cause of dispersion is
the fact that different modes propagate with different path lengths (Fig. 8-12a).
This type of dispersion can be reduced by grading the refractive index of the
core (Fig. 8-12b) such that various modes are continually refocused, reduc-
ing the differences in path lengths.

In early optoelectronic systems for fiber optics, it was most convenient
to use the well-established GaAs-AlGaAs system for making lasers and
LEDs. These light sources are very efficient, and good detectors can be made
using Si p-i-n or avalanche photodiodes. However, these sources operate in
the wavelength range near 0.9 um, where the attenuation is greater than for
longer wavelengths. Modern systems, therefore, operate near the 1.3- and
1.55-pwm minima in Fig. 8-13. At these wavelengths, sources can be made
using InGaAs or InGaAsP grown on InP, and detectors can be made of the
same materials (see Fig. 8-8), or using Ge.
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8.2.3 Multilayer Heterojunctions for LEDs

The light source in a fiber optic system may be a laser or an LED. In the case
of a laser, the light is of essentially a single frequency and allows a very large in-
formation bandwidih. Semiconductor lasers suitable for fiber optic communi-
cations will be discussed in Section 8.4. An LED designed for a fiber optic
system is illustrated in Fig. 8-14.The LED is a multilayer structure of GaAs
and AlGaAs. To take advantage of the 1.3- and 1.55-pm windows in Fig. 8-13,
similar devices using InGaAs or InGaAsP can be used. The quaternary (four-
clement) alloy is particularly suitable, in that band gap (and therefore emission
wavelength) can be adjusted along with choosing lattice constants for epitaxi-
al growth on convenient substrates. In Fig. 8-14 the fiber is held in an etched well
on the back side of the diode by an epoxy resin. This configuration, often called
a “Burrus diode” after its developer, is particularly convenient for launching
signals from an LED into a fiber, with good mechanical stability.

Although LEDs are less suited to transmission of digital information than
are lasers, they are easily modulated by analog si gnals. The optical power emit-
ted by a properly constructed LED varies linearly with the input current over a
wide range. An LED is an incoherent light source, in that photons are emitted ran-
domly from the junction in all directions and not in phase with each other. There-
fore, transmission of LED-generated signals inherently involves many modes, as
in Fig. 8-12. Multimode fibers are larger (~25 pm in diameter) than are single-
mode fibers (~5 pm), which transmit a coherent laser beam.

By forming numerous optical fibers into a bundle, with an appropri-
ate jacket for mechanical strength, an enormous amount of information can
be transmitted over long distances.? Depending upon the losses in the fibers,

Light Fiber

Epoxy resin
L Metal
GaAs
~ 50 pm
T Metal heat sink
- h AlGaAs

«+—— p AlGaAs
~———— p AlGaAs

——p* GaAs

Metallization

Mransmission rotes of many G-bit/’s have been achieved. As a convenient calibration of this rate, it is
worth noting that the human eye is able to ransmit about one G-bit/s to the brain.
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Figure 8~14
Cross section of a
GaAs-AlGaoAs
LED fer fiber-optic
applications.
[After C.A. Burrus
and B.l. Miller,
Optics Communi-
cations, vol. 4,

p. 307 (1971)]
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repeater stations may be required periodically along the path. Thus many
photodetectors and LED or laser sources are required in a fiber optic sys-
tem. Semiconductor device development, including appropriate binary,
ternary, and quaternary compounds for both emitters and detectors, is there-
fore crucial to the successful implementation of such optical communica-
tions systems.

8.3
LASERS

Figure 8-15
Stimulated transi-
tion of an eleciron
from an upper
state to a lower
state, with accom-
panying photon
emission.

The word L ASER is an acronym for light amplification by stimulated emis-
sion of radiation, which sums up the operation of an important optical and
electronic device. The laser is a source of highly directional, monochromat-
ic, coherent light, and as such it has revolutionized some longstanding opti-
cal problems and has created some new fields of basic and applied optics.
The light from a laser, depending on the type, can be a continuous beam of
low or medium power, or it can be a short burst of intense light delivering mil-
lions of watts. Light has always been a primary communications link between
humans and the environment, but until the invention of the laser, the light
sources available for transmitting information and performing experiments
were generally neither monochromatic nor coherent, and were of relatively
low intensity. Thus the laser is of great interest in optics; but it is equally im-
portant in optoelectronics, particularly in fiber optic communications. The
last three letters in the word laser are intended to imply how the device op-
erates: by the stimulated emission of radiation. In Chapter 2 we discussed the
cmission of radiation when excited electrons fall to lower energy states; but
generally, these processes occur randomly and can therefore be classed as
spontaneous emission. This means that the rate at which electrons fall from
an upper level of energy E, to a lower level E| is at every instant propor-
tional to the number of electrons remaining in E, (the population of E,).
Thus if an initial electron population in E, were allowed to decay, we would
expect an exponential emptying of the electrons to the lower energy level,
with a mean decay time describing how much time an average electron
spends in the upper level. An electron in a higher or excited state need not
wait for spontaneous emission to occur, however; if conditions are right, it can
be stimulated to fall to the lower level and emit its photon in a time much
shorter than its mean spontaneous decay time. The stimulus is provided by
the presence of photons of the proper wavelength. Let us visualize an elec-
tron in state E, waiting to drop spontaneously to E, with the emission of a
photon of energy hvy, = E, — E, (Fig. 8-15). Now we assuze that this electron

" s s = s e E,
e
hv 2 P ey T~ — hv 5
Fhoton field
* ® s eese 8 w
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in the upper state is immersed in an intense field of photons, each having en-
ergy hvy, = E, - E,,and in phase with the other photons. The electron i in-
duced to drop in energy from E; 10 E,, contributing a photon whose wave is
in phase with the radiation field. If this process continues and other electrons
are stimulated to emit photons in the same fashion, a large radiation ficld
can build up. This radiation will be monochromatic since each photon will
have an energy of precisely hv,; = E; - E; and will be coherent, because all
the photons released will be in phase and reinforcing, This process of stimu-
lated emission can be described quantum mechanically to relate the proba-
bility of emission to the intensity of the radiation field. Without quantum
mechanics we can make a few observations here about the relative rates at
which the absorption and emission processes occur. Let us assume the in-
stantaneous populations of £, and E; to be n; and n,, respectively. We know
from earlier discussions ~f distributions and the Boltzmann factor that at
thermal equilibrium the relative population will be

n

T2 _ o (Ea—EMAT = g=hwa/kT (8-6)

if the two levels contain an equal number of available states.

The negative exponent in this equation indicates that n, < n; at
equilibrium; that is, most electrons are in the lower energy level as ex-
pected. If the atoms exist in a radiation field of photons with cneegy hv,,
such that the energy density of the field is p(v12),? then stimulated emis-
sion can occur along with absorption and spontaneous emission. The rate
of stimulated emission is proportional to the instantaneous number of
electrons in the upper level n, and to the energy density of the stimulat-
ing field p(vy;). Thus we can write the stimulated emission rate as
B, nyp(vyy), where By, is a proportionality factor. The rate at which the
electrons in £; absorb photons should also be proportional to p(v;,), and
to the electron population in E,. Therefore, the absorption rate is
By,nyp(vya), where B;, is a proportionality factor for absorption. Finally,
the rate of spontaneous emission is proportional only to the population
of the upper level. Introducing still another coefficient, we can write the
rate of spontaneous emission as A,n, For steady state the two emission
rates must balance the rate of absorption to maintain constant populations
n, and n, (Fig. 8-16).

Bupnp(viz) = Anm + Bynyp(viz)
Absorption

; (8-7)
spontaneous + stimulated

emission emission

]

Mhe snergy density p|viz) indicates the total energy in the rodiation field per unit volume and per unit fre-
quency, due 1o photons with hvy; = E; = E,.



Figure 8-16
Balance of ab-
sorption and emis-
sion in steady
state: (a} stimulat-
ed emission; (b)
absorption; (c)
spontaneous
emission.
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This relation was described by Einstein, and the cocfficients B,,, A,,, B,, are
called the Einstein coefficients. We notice from Eq. (8-7) that no energy den-
sity p is required to cause a transition from an upper to a lower state; spon-
taneous emission occurs without an energy density to drive it. The reverse is
not true, however; exciting an electron to a higher state (absorption) requires
the application of energy, as we would expect thermodynamically.

At equilibrium, the ratio of the stimulated to spontaneous emission
rates is generally very small, and the contribution of stimulated emission is
negligible. With a photon field present,

> Byynyp(vy,)
Ay,

BZI

Stimulated emission rate
A p(viz)

Spontaneous emission rate

(8-8)

As Eq. (8-8) indicates, the way to enhance the stimulated emission over spon-
taneous emission is to have a very large photon field energy density p(v,;).
In the laser, this is encouraged by providing an optical resonant cavity in
which the photon density can build up to a large value through multiple in-
ternal reflections at certain frequencies (v).

Similarly, to obtain more stimulated emission than absorption we must
have n, > n;:

By np
By, m

lenzp(v,«)
© Bpnp(vy)

Thus if stimulated emission is to dominate over absorption of photons from
the radiation field, we must have a way of maintaining more electrons in the
upper level than in the lower level. This condition is quite unnatural, since Eq.
(8-6) indicates that n,/n is less than unity for any equilibrium case. Because
of its unusual nature, the condition n, > n, is called population inversion. It
is also referred to as a condition of negative temperature. This rather star-
!]mg terminology emphasizes the nonequilibrium nature of populanon in-
version, and refers to the fact that the ratio n,/n, in Eq. (8-6) could be larger
than unity only if the temperature were negative. Of course, this manner of
speaking does not imply anything about temperature in the usual sense of

Stimulated emission rate
Absorption rate

(8-9)
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that word. The fact is that Eq. (8-6) is a thermal equilibrium equation =nd
cannot be applied to the situation of population inversion without invoking
the concept of negative temperature.

In summary, Ecs (8-8) and (8-9) indicate that if the photon density s
to build up through a predominance of stimulated emission over both spori-
taneous emission and absorption, two requirements must be met. We must
provide (1) an optical resonant cavity to encourage the photor. field to build
up and (2) a means of obtaining population inversion.

An optical resonant cavity can be obtained using reflecting mirrors to
reflect the photons back and forth, allowing the photon energy density io
build up. One or both of the end mirrors are constructed to be partially trans-
mitting so that a fraction of the light will “leak out” of the resonant systein.
This transmitted light is the output of the laser. Of course, in designing such
a laser one must choose the amount of transmission to be a small perturba-
tion on the resonant system. The gain in photons per pass between the end
plates must be larger than the transmission at the ends, scattering from im-
purities, absorption, and other losses. The arrangement of parallel plates pro-
viding multiple internal reflections is similar to that used in the Fabry-Perot
interferometer:* thus the reflecting ends of the laser cavity are often referred
to as Fabry-Perot faces. As Fig. 8-17 indicates, light of a particular frequen-
cy can be reflected back and forth within the resonant cavity in a reinforcing
(coherent) manner if an integral number of half-wavelengths fit between the
end mirrors. Thus the length of the cavity for stimulated emission must be

R (8-10)

’/ End mirror

Interferometers are discussed in mony sophomore physics fexts.

Figure 8-17
Resonant modes
within a laser
cavity.
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where mis an integer. In this equation X is the photon wavelength within the
laser material. If we wish to use the wavelength X, of the output light in the
atmosphere (often taken as the vacuum value), the index of refraction m of
the laser material must be considered

A= An (8-11)

In practice, L ¥ \, and Eq. (8-10) is automatically satisfied over some por-
tion of the mirror. An important exception occurs in the vertical cavity
surface-emitting lasers discussed in Section 8.4.4, for which the cavity length
is comparable to the wavelength.

There are ways of obtaining population inversion in the atomic levels
of many solids, liquids, and gases, and in the energy bands of semiconduc-
tors. Thus the possibilities for laser systems with various materials are quite
extensive. An early laser system used a ruby rod. In gas lasers, electrons are
excited to metastable levels in molecules to achieve population inversion.
These are interesting and useful laser systems, but in view of our emphasis
on semiconductor devices in this book, we will move to the description of
semiconductor lasers.

8.4
SEMICONDUCTOR
LASERS

The laser became an important part of semiconductor device technology in
1962 when the first p-n junction lasers were built in GaAs (infrared)” and
GaAsP (visible).* We have already discussed the incoherent light emission
from p-n junctions (LEDs), generated by the spontaneous recombination of
electrons and holes injected across the junction. In this section we shall con-
centrate on the requirements for population inversion due to these injected
carriers and the nature of the coherent light from p-n junction lasers. These
devices differ from solid, gas, and liquid lasers in several important respects.
Junction lasers are remarkably small (typically on the order of 0.1 X 0.1 X
0.3 mm), they exhibit high efficiency, and the laser output is easily modulat-
ed by controlling the junction current. Semiconductor lasers operate at low
power compared, for example, with ruby or CO, lasers; on the other hand,
these junction lasers compete with He—Ne lasers in power output. Thus the
function of the semiconductor laser is to provide a portable and easily con-
trolled source of low-power coherent radiation. They are particularly suitable
for fiber optic communication systems (Section 8.2.2).

8.4.1 Population Inversion at a Junction

If a p-n junction is formed between degenerate materials, the bands under
forward bias appear as shown in Fig. 8-18. If the bias (and thus the current)

58, N. Hall et al., Physical Review Letters 9, pp. 364-368 (November 1, 1962]; M. |. Nathan ef al., Ap-
plied Physics Latters 1, pp. 62-64 November 1, 1962); T. M. Quist el al., Applied Physics lefters 1, pp.
91-92 [Dacember 1, 19462).

“N. Holoayak, Jr., and S. F. Bevacauo, Applied Physics Letiers 1, pp. 82-83 ([December 1, 1962).
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is large enough, electrons and holes are injected into and across the transi-
tion region in considerable concentrations. As a result, the region about the
junction is far from being depleted of carriers. This region contains a large
concentration of electrons within the conduction band and a large concen-
tration of holes within the valence band. If these population densities are
high enough, a condition of population inversion results, and the region about
the junction over which it occurs is called an inversion region.”

Population inversion at a junction is best described by the use of the con-
cept of quasi-Fermi levels (Section 4.3.3). Since the forward-biased condition of
Fig. 818 is a distinctly nonequilibrium state, the equilibrium equations defining
the Fermi level are not applicable. In particular, the concentration of electrons
in the inversion region (and for several diffusion lengths into the p material)
is larger than equilibrium statistics would imply; the same is also true for the
injected holes in the n material. We can use Eqs. (4-15) to describe the carri-
er concentrations in terms of the quasi-Fermi levels for electrons and holes in
steady state. Thus

n = N E-FINT = g JF.~EWKT (8-12a)

p= N FomEIT =y flE~F T (8-12b)

Using Eqs. (8-12a) and (8-12b), we can draw F, and F, on any band di-
agram for which we know the electron and hole distributions. For example,
in Fig. 8-18, F,, in the neutral n region is essentially the same as the equilib-
rium Fermi level Eg, This is true to the extent that the electron concentra-
tion on the n side is equal to its equilibrium value. However, since large
number of electrons are injected across the junction, the electron concen-
tration begins at a high value near the junction and decays exponentially to
its equilibrium value n, deep in the p material. Therefore, F,, drops from Ep,
as shown in Fig. 8-18. We notice that, deep in the neutral regions, the quasi-
Fermi levels are essentially equal. The separation of F, and F, at any point

This is o different meaning of the term from that used in referance to MOS transistors.
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Figure 8-18

Band diagram of
a pn junclion
laser under for-
ward bias. The
crosshatched re-
gion indicates the
inversion region .
at the junction.
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Figure 8-19
Expanded view of
the inversion

region.

is a measure of the departure from equilibrium at that point. Obviously, this
departure is considerabl¢ in the inversion region, since F, and F, are sepa-
rated by an energy greater than the band gap (Fig. 8-19).

Unlike the case of the two-level system discussed in Section 8.3, the con-
dition for population inversion in semiconductors must take into account the
distribution of energies available for transitions between the bands The basic de-
finition of population inversion holds—for dominance of stimulated emission be-
tween two energy levels separated by energy hv, the electron population of the
upper level must be greater than that of the lower level. The unusual aspect of
a semiconductor is that bands of levels are available for such transitions. Popu-
lation inversion obviously exists for transitions between the bottom of the con-
duction band E_ and the top of the valence band E, in Fig. 8-19. In fact, transitions
between levels in the conduction band up to F, and levels in the valence band
down to F, take place under conditions of population i inversion. For any given
transition energy hv in a semiconductor, population inversion exists when

(Fo—Fp) > hv (8-13a)

For band-to*band transitions, the minimum requirement for popula-
tion inversion occurs for photons with hv = E_ — E, = E;

(F,— F,) > E, (8-13b)

When F, and F, lie within their respective bands (as in Fig. 8-19), stimulat-
ed emission can  dominate over a range of transitions, from kv = (F, - F,) to
hy = E,. As we shall see below, the dominant transitions for laser action are
deiermmed largely by the resonant cavity and the strong recombination ra-
diation occurring near hv = E,.

In choosing a material for junction laser fabrication, it is necessary that
electron-hole recombination occur directly, rather than through trapping
processes such as are dominant in Si or Ge. Gallium arsenide is an example of
such a “direct” semiconductor. Furthermore, we must be able to dope the ma-
terial n-type or p-type to form a junction. If an appropriate resonant cavity can
be constructed in the junction region, a laser results in which population in-
version is accomplished by the bias current applied to the junction (Fig. 8-28).
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8.4.2 Emission Specira for p-n Junction Lasers

Under forward bias, an inversion layer can be obtained along the plane of the
junction, where a large population of electrons exists at the same location as
a large hole population. A second look at Fig. 8-19 indicates that sponta-
neous emission of photons can oceur due to direct recombination of elec-
trons and holes, releasing cnergics ranging from approximately F, - F,to E,..
That is, an electron can recombine over an energy from F, to F,, yielding a
photon of energy hv = F, - F,,, or an electron can recombine from the bot-
tom of the conduction band to the top of the valence band, releasing a pho-
ton with hv = E, - E, = E,. These two energics scrve as the approximate
outside limits of the laser spectra.

The photon wavelengths which participate in stimulated emission are
determined by the length of the resonant cavity as in Eq. (8-10). Figure 8-21
illustrates a typical plot of emission intensity vs. photon energy for a semicon-
ductor laser. At low current levels (Fig. 8-21a), a spontaneous emission spec-
trum containing energics in the range E, < hv < (F, - F,) is obtained. As the
current is increased to the point that significant population inversion exists.
stimulated emission occurs at frequencies corresponding to the cavity modes
as shown in Fig. 8-21b. These modes correspond to successive numbers of in-
tegral half-wavelengths fitted within the cavity, as described by Eq. (8-10). Fi-
nally, at a still higher current level, a most preferred mode or set of medes will
dominate the spectral output (Fig. 8-21c). This very intense mode represents
the main laser output of the device; the output light will be composed of almost
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Figure 8-20
Variation of inver-
sion region width
with forward bias:
Vo) < Vib).

Figure 8-21

Light intensity vs.
phol’on energy hv
for a junction
laser: (a) incoher-
ent emission
below threshold;
(b} laser modes at
threshold; (c)
dominant laser
mode above
threshold. The in-
tensity scales are
greatly com-
pressed from (a)
to (b) to [c).
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Figure 8-22
Fabrication of a
simple juncfion
laser: (a) degener-
afe ntype sample;
(b) diffused p
layer; [c) isolation
of junctions by
cutting or eiching;
(d) individual junc-
tion to be cut or
cleaved into de-
vices; (¢) mounted
laser structure.

monochromatic radiation superimposed on a relatively weak radiation back-
ground, due primarily to spontaneous emission.

The separation of the modes in Fig. 8-21b is complicated by the fact that
the index of refraction n for GaAs depends on wavelength X. From Eq. (8-10)
we have

2Ln
=== 8-14
m ~ ( )

If m (the number of half-wavelengths in L) is large, we can use the deriva-
tive to find its rate of change with Ay

dm 2Ln i 2L dn

—_— = = — (8-15)
dg N Ao d)g
Now reverting to discrete changes in m and A;, we can wrile
AS ( Mo dn)*1
Aho=2a\! " n o) O™ &-16)

If we let Am = —1, we can calculate the change in wavelength A\, between
adjacent modes (i.e., between modes mand m — 1).

8.4.3 The Basic Semiconductor Laser

To build a p-n junction laser, we need to form a junction in a highly doped,
direct semiconductor (GaAs, for example), construct a resonant cavity in
the proper geometrical relationship to the junction, and make contact to
the junction in a mounting which allows for efficient heat transfer. The first
lasers were built as shown in Fig. 8-22. Beginning with a degenerate n-type
sample, a p region is formed on one side, for example by diffusing Zn into
the n-type GaAs. Since Zn is in column I of the periodic table and 1s in-
troduced substitutionally on Ga sites, it serves as an acceptor in GaAs; there-
fore, the heavily doped Zn diffused layer forms a p” region (Fig. 8-22b). At

p alloy Leai

% ? n alloy
Header

(c) (d) (e)

(b)
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this point we have a large-area planar p-n junction. Next, grooves are cut or
etched along the length of the sample as in Fig. 8-22c, leaving a series of
long p regions isolated from each other. These p-n junctions can be cut or
broken apart (Fig. 8-22d) and then cleaved into devices of the desired length.

At this point in the fabrication process, the very important require-
ments of a resonant cavity must be considered. It is necessary that the front
and back faces (Fig. 8-22¢) be flat and parallel. This can be accomplished
by cleaving. If the sample has been oriented so that the long junctions of
Fig. 8-22d are perpendicular to a crystal plane of the material, it is possible
to cleave the sample along this plane into laser devices, letting the crystal
structure itself provide the parallel faces. The device is then mounted on a
suitable header, and contact is made to the p region. Various techniques are
used to provide adequate heat sinking of the device for large forward cur-
rent levels.

8.4.4 Heterojunction Lasers

The device described above was the first type used in the early development
of semiconductor lasers. Since the device contains only one junction in a sin-
gle type of material. it is referred to as a homojunction laser. To obtain more
efficient lasers, and particularly to build lasers that operate at room temwper-
ature, it is necessary to use multiple layers in the laser structure. Such de-
vices, called heterojunction lasers, can be made to operate continuously at
room temperature to satisfy the requirements of optical communications.
An example of a heterojunction laser is shown in Fig. 8-23. In this structure
the injected carriers are confined to a narrow region so that population

g
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£
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Figure 8-23

Use of a single
haterojunction for
carrier confine-
ment in laser
diodes: (a)
AlGaAs heferc-
junction grown on
the thin ptype
GoAs layer; (b)
band diagrems
for the structure of
(o), showing con-
finement of elec-
frons to the thin p
region under bias.
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Figure 8-24

A double-
heterojunction
laser structure: (a)
multiple layers
used fo confine in-
jected carriers
and provide
waveguiding for
the light; (b] a
siripe geomeiry
designed lo re-

~ sirict the current
injection to a nar-
row stripe along
the lasing direc-
tion. One of many
methods for ob-
taining the stripe
geometry, this ex-
ample is obtained
by proton bom-
bardment of the
shaded regions in
(b), which con-
verts the GaAs
and AlGoAs to
semi-insulating

form.
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inversion can be built up at lower current levels. The result is a lowering of
the threshold current at which laser action begins. Carrier confinement is ob-
tained in this single-heterojunction lasér by the layer of AlGaAs grown epi-
taxially on the GaAs.

In GaAs the laser action occurs primarily on the p side of the junction
due 1o a higher efficiency for electron injection than for hole injection. In a
rormal p-n junction the injected electrons diffuse into the p material such that
population inversion occurs for only part of the electron distribution near the
junction. However, if the p material is narrow and terminated in a barrier, the
injected electrons can be confined near the junction. In Fig. 8-23a,an epitaxial
layer of p-type AlGaAs (E, =~ 2 eV) is grown on top of the thin p-type GaAs
region. The wider band gap of AlGaAs effectively terminates the p-type
GaAs layer, since injected electrons do not surmount the barrier at the
GaAs-AlGaAs heterojunction (Fig. 8-23b). As a result of the confinement
of injected electrons, laser action begins at a substantially lower current than
for simple p-n junctions. In addition to the cffects of carrier confinement,
the change of refractive index at the heterojunction provides a waveguide ef-
fect for optical confinement of the photons.

A further improvement can be obtained by sandwiching the active GaAs
layer between two AlGaAs layers (Fig. 8-24). This double-heterojunction struc-
ture further confines injected carriers to the active region, and the change in
refractive index at the GaAs-AlGaAs boundaries helps to confine the gener-
ated light waves. In the double-heterojunction laser shown in Fig. 8-24b the in-
jected-current is restricted to a narrow stripe along the lasing direction, to
reduce the total current required to drive the device. This type of laser was a
major step forward in the development of lasers for fiber-optic communications.

Active layer
stripe

Proton
bombarded
region

(r; | wm

1l

(a) (&)
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Separate Confinement and Graded Index Channels. One of the disadvan-
tages of the double-heterostructure laser shown in Fig. 8-24 is the fact that the
carrier confinement and the optical waveguiding both depend on the same
heterojunctions. It is much better to optimize these two functions by using 2
narrow confinement region for keeping the carriers in a region of high re-
combination, and 2 somewhat wider optical waveguide region. In Fig. 8-25a
we show a separate confinement laser in which the width of the optical wave-
guiding region (w) is optimized by using the refractive index step at a sepa-
rate heterojunction from that used to confine the carriers. For example, in the
GaAs-Al,Ga,_ As system the optical confinement (waveguiding) occurs at
a boundary with much larger composition x (and therefore smaller refractive
index) than is the case for the carrier confinement barrier. By grading the
composition of the AlGaAs it is possible to obtain even better waveguiding.
For example, in Fig. 8-25b a parabolic grading of the refractive index leads to
a waveguide within the laser analogous to that shown in Fig. 8-12 for a fiber.
This graded index separate confinement heterostructure ( GRINSCH) laser also
provides built in fields for better electron confinement.

Vertical Cavity Surface-Emisting Lasers (VCSELs). There are advantages
to laser structures in which light is emitted normal to the surface, including
ease of device testing on the wafer before packaging. An interesting approach
is the VCSEL, in which the cavity mirrors are replaced by DBRs, which use
many partial reflectors spaced to reflect light constructively. DBRs can be
grown by MBE or OMVPE. In Fig, 8-26 the bottom DBR mirror of a VCSEL

E,

- LN

(a) (b)
Figure 8-25
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Separate confinement of carriers and waveguiding: (a} use of separate changes in AIGeAs alloy compo-
sition fo confine carriers in the region (d) of smallest band gap, and to obtain waveguiding (w) ot the
larger step in refractive index; (b) grading the alloy composition, and therefore the refractive index, for

better waveguiding and carrier confinement.
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Figure 8-26
Schematic cross section of oxide-confined vertical cavity surface-emitting laser diode. [D.G.Deppe et al.,
IEEE . Selected Topics in Quantum Elec., 3(3) (une 1997): 893-904]

is composed of many alternating layers of AlAs and GaAs with thickness
one-quarter of a wavelength in each material. The top mirror is composed of
deposited dielectric layers (alternating ZnSe and MgF). Current is funineled
into the active region from the top contact by using an oxide layer achieved
by laterally oxidizing an AlGaAs layer to form an aluminum oxide. The ac-
tive region of the laser employs InGaAs-GaAs quantum wells, and the GaAs
cavity between the two DBRs is one wavelength long. The VCSEL can be
made with much shorter cavity length than other structures, and as a result
of Eq. (8-16) the laser modes are widely separated in wavelength. Thus single-
mode laser operation is more easily achieved with the VCSEL. Lasing can be
achieved at very low current (< 50 pA) with this device.

8.4.5 Materials for Semiconductor Lasers

We have discussed the properties of the junction laser largely in terms of
GaAs and AlGaAs. However, as discussed in Section 8.2.2, the InGaAsP/InP
system is particularly well suited for the type of lasers used in fiber optic
communication systems. Lattice matching (Section 1.4.1) is important in cre-
ating heterostructures by epitaxial growth. The fact that the AlGaAs band gap
can be varied by choice of composition on the column ITI sublattice allows
the formation of barriers and confining layers such as those shown in Section
8.4.4. The quaternary alloy InGaAsP is particularly versatile in the fabrica-
tion of laser diodes, allowing considerable choice of wavelength and flexi-
bility in lattice matching. By choice of composition, lasers can be made in
the infrared range 1.3-1.55 wm required for fiber optics. Since four compo-
nents can be varied in choosing an alloy composition, InGaAsP allows si-
multaneous choice of energy gap (and therefore emission wavelength) and
lattice constant (for lattice matched growth on convenient substrates). In
many applications, however, other wavelength ranges are required for laser
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output. For example, the use of lasers in pollution diagnostics requires wave-
lengths farther in the infrared than are available from InGaAsP and AlGaAs.
In this application the ternary alloy PbSnTe provides laser output wave-
lengths from about 7 jum to more than 30 wm at low temperatures, depend-
ing on the material composition. For intermediate wavelengths, the InGaSb
system can be used.

Materials chosen for the fabrication of semiconductor lasers must be ef-
ficient light emitters and aiso be amenable to the formation of p-n junctions
and in most cases ihe formation of heterojunction barriers. These require-
ments eliminate some materials from practical use in laser diodes. For ex-
ample, semiconductors with indirect band gaps are not sufficiently efficient
light emitters for practical laser fabrication. The 1I-VI compounds, on the
other hand, are generally very efficient at emitting light but junctions are
difficult to form. By modern crystal growth techniques such as MBE and
MOVPE it is possible to grow junctions in ZnS, ZnSe, ZnTe, and alloys of
these materials, using N as the acceptor. Lasers can be made in these mate-
rials which emit in the green and blue-green regions of the spectrum.

In recent years much progress has been made in the growth of large
bandgap semiconductors using GaN, and its alloys with InN and AIN. The
InAlGaN system has direct bandgaps over the entire alloy composition range,
and hence offers very efficient light emission. Bandgaps range from about
2¢V for InN, to 3.4eV for GaN and 5 eV for AIN. This covers the wavelength
range from about 620 nm to about 248 nm, which is from biue to UV The
resurgence of interest in this field was triggered by the work of Nakamura at
Nichia Corporation in Japan who demonstrated very high efficiency blue
light emitting diodes (LEDs) in GaN.

Two of the problems which had stymied progress in this ficld since pi-
oneering work by Pankove in the 1970s was the absence of a suitable sub-
strate having sufficient lattice match with GaN, and the inability to achieve
p-type doping in this semiconductor. GaN bulk crystals cannot be grown eas-
ily because of the high vapor pressure of the nitrogen-bearing precursor (ge:i-
erally ammonia). This requires growth at high temperature and pressure.
This precludes using bulk GaN wafers as substrates for epitaxial growth.
However, epitaxial layers can be grown on other substrates with reasonable
success, in spite of the lattice mismatch.

GaN exists in the cubic zincblende form (which is the preferred struc-
rure) as well as the hexagonal wurtzite form. It was demonstrated recently
that cubic GaN could be grown heteroepitaxially on sapphire, even though
it is not lattice matched to GaN. In fact, sapphire does not even have a cubic
crystal structure—it is hexagonal. The lattice constant of GaN is about 4.5 A,
while that of sapphire is 4.8 A, which is a huge lattice mismatch. Contrary to
what would normally be expected, however, high quality epitaxial GaN films
can be grown on sapphire by MOCVD using ammonia and tri-methyl galli-
um as the precursors. One possible reason for the high quality of the films,
as evidence by blue LEDs and short wavelength lasers fabricated in thiese ni-
trides, is that these large-bandgap semiconductors have very high chemical
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bond strengths. This apparently precludes the easy propagation of dislocation
defects from the heterointerface to the active part of the devices, where they
wouid form traps and kill optical efficiency. Yet another lattice-mismatched sub-
strate that has been successfully used for these nitride semiconductors is SiC.

The second breakthrough required in the nitrides was the ability to
achieve high p-type doping so that p-n junctions could be formed. It has been
demonstrated that Mg (which is a column II element) doping of MOCVD
films, followed by high temperature annealing can be used to achieve high ac-
ceptor concentrations in these systems. '

Why is there so much interest in short wavelength emitters such as
blue LEDs and semiconductor lasers? As discussed in Section 8.2.1, high-
efficiency red, green and yellow-green LEDs have existed for a long time in
the GaAsP system, using concepts such as N isoelectronic doping. It has
been a major goal of the optoelectronics community to achieve high effi-
ciency blue emitters because, along with red and green, blue completes the
list of three primary additive colors. In fact, blue LEDs made in GaN have
been combined with the other color LEDs to form very intense white light
sources with luminous efficiencies exceeding those of conventional light
bulbs. Arrays of red, green and blue emitters can be used in outdoor dis-
plays and TV screens. Red, yellow and green LEDs are candidates for traf-
fic lights because they have much higher reliability and lifetime than
conventional light bulbs, and save energy.

Short wavelength emitters such as UV/blue semiconductor lasers are
important for storage applications such as digital versatile discs (DVDs),
which are higher density versions of compact discs (CDs). The storage den-
sity on these discs is inversely proportional to the square of the laser wave-
length that is used to read the information. Thus reducing the laser
wavelength by a factor of two leads to a four-fold increase of storage densi-
ty. Such increased storage capacity opens up entirely new applications for
DVDs that were not possible previously with conventional CDs, for exam-
ple, the storage of full-length movies. A recent example of success in this
rapidly progressing field is a 417 nm semiconductor laser made with InGaN
multi-quantum-well heterostructures.

PROBLEMS

8.1 For the p-i-n photodiode of Fig. 8-7, (a) explain why this detector does not
have gain; (b) explain how making the device more sensiiive to low light lev-
els degrades its speed; (c) if this device is to be used to detect light with A =0.6
wm, what material would you use and what substrate would you grow it on?

8.2 A Sisolarcell 2 em X 2 cm with /,, = 32 nA has an optical generation rate of 10'®
EHP/cm®-s within L, = L, =2 pm of the junction. If the depletion width is 1 pm,
calculate the short-circuit current and the open-circuit voltage for this cell.

8.3 A Sisolar cell with dark saturation current [, of 5 nA is illuminated such that
the short-circuit current is 200 mA. Plot the /-V curve for the cell as in Fig, 8-6
(remember that [ is negative but is plotted positive as 7,).
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A major problem with solar cells is internal resistance, generally in the thin re-
gion at the surface, which must be only partially contacted, as in Fig. 8-5. As-
sume that the cell of Prob. 8.3 has a scries resistance of 1 (1, so that the cell
voltage is reduced by the /R drop. Replot the I-V curve for this case and com-
pare with the cell of Prob. 8.3.

Show schematically and discuss how several semiconductor materials might
be used together ta obtain a more efficient solar cell.

Assume that a photoconductor in the shape of a bar of length L and area A has
a constant voltage V applied, and it is illuminated such that g,, EHP/cm’-s are
generated uniformly throughout. If p, > ., we can assume the optically in-
duced change in current A/ is dominated by the mobility p, and lifetime , for
electrons. Show that Al= qALgq,T./7, for this photoconductor, where T, is the
transit time of electrons drifting down the length of the bar,

What composition x of Al,Ga, ,As would produce red light emission at 680
nm? What composition of GaAs, .P.? In,Ga,_P?

(a) Why must a solar cell be operated in the fourth quadrant of the junction
I-V characteristic?

(b) What is the advantage of a quarternary alloy in fabricating LEDs for
fiber optics?

(c) Why is a reverse-biased GaAs p-n junction not a good photodetector for
light of A =1 um?
For steady state optical excitation, we can wriie the hole diffusion equation as
d’s )
pfia_ o
' d xz TP op

Assume that a long p*-n diode is uniformly illuminated by an optical signal, re-
suting in g,, EHP/cm’-s.

(a) Show that the excess hole distribution in the n region is

Lz g LZ
= AT oy o o B | i, i PR
op(x,) = | pa( 1} =~ g D, g D,

(b) Calculate the hole diffusion current I,(x,) and evaluate it at x, = 0. Com-
pare the result with Eq. (8-2) evaluated for a p*-n junction.

A Si solar cell has a short-circuit current of 100 mA and an open-circuit volt-
age of 0.8 V under full solar illumination. The fill factor is 0.7. What is the max-
imum power delivered to a load by this cell?

The maximum power delivered by a solar cell can be found by maximizing the
1-V product.

(a) Show that maximizing the power leads to the expression

q v I
e — kT — + —
(1 krv"")’“ =R
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8.16

8.17

818

where V', is the voltage for maximum power, /,. is the magnitude of the short
circuit current, and Iy, is the thermally induced reverse saturation current.

(b) Write this equation in the form In x = C - x for the case I, ¥ [, and
V=% kTlg.

(¢) Assume a Si solar cell with a dark saturation current I, of 1.5 nA is illu-
minated such that the short-circuit current is I, = 100 mA. Use a graphi-
cal solution to obtain the voltage V,, at maximum delivered power.

(d) What is the maximum power output of the cell at this illumination?
For a solar cell, Eq. (8-2) can be rewritien

len( Iy +1)

Given the cell parameters of Prob. 8.11, plot the /-V curve as in Fig. 8-6 and
draw the maximum power rectangle. Remember that / is a negative number
but is ploted positive as /, in the figure. [, and I, are positive magnitudes in
the equation.

Solar cells are severely degraded by unwanted series resistance. For the cell
deseribed in Prob. 84, include a series resistance R, which reduces the cell volt-
age by the amount /R. Calculate and plot the fill factor for a series resistance
R from 0 1o § 2, and comment on the effect of R on cell efficiency.

Based upon Fig. 1-13, what ternary alloy, composition, and binary substrate
can be used for an LED at the 1.55-um optical fiber window? What type of
epitaxial layer/substrate combination would you use for an LED with emis-
sion at 1.3 pm?

The degenerate occupation of bands shown in Fig. 8-19 helps maintain the
laser requirement that emission must overcome absorption. Explain how the
degeneracy prevents band-to-band absorption at the emission wavelength.

Assume that the system described by Eq. (8-7) is in thermal equilibrium at an
extremely high temperature such that the energy density p(vy;) is essentially in-
finite. Show that B, = B,,.

The system described by Eq. (8-7) interacts with a blackbody radiation field
whose energy density per unit frequency at v, is

p(vz) = Sﬂhvjz[fh"”'w ]

from Planck's radiation law. Given the result of Prob. 8.16, find the value of
the ratio A;,/B;.

Assuming equal electron and hole concentrations and band-to-band transitions,
calculate the minimum carrier concentration n = p for population inversion in
GaAs at 300 K. The intrinsic carrier concentration in GaAs is about 10° cm ™.
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