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The word diode originates from the Greek word Awdos mean-
ing passage or way through. In electronics terminology, in
fact, diode refers to a two-terminal device that allows current
to flow in one direction while it blocks the flow of current in
the opposite direction. Such devices usually employ semicon-
ductor junctions or metal-semiconductor junctions. There are
also diodes made of vacuum tubes or metal—purely ionic
crystal contacts. This article deals with semiconductor p-n
junction diodes because they are the most widely used in
practice due to their versatility, reproducibility, stability, and
compatibility with integrated circuit technology. Additionally,
an insight into the operation of the p—n junction diode is the
basis for understanding the device physics of other semicon-
ductor devices, the majority of which use the p—n junction as
the building block. The semiconductor of our choice will be
silicon because almost all diodes, discrete or integrated, are
made of this element. Extensions to other semiconductors will
be made to generalize theoretical results or to set limits to
the validity of certain equations.

Figure 1(a) shows the electrical symbol of a diode. The
arrow-type symbol indicates the conduction direction. For a
diode to conduct an appreciable electric current, the voltage
on the left side of the symbol must be a little higher than the
voltage on the right side. If this polarity is reversed, the cur-
rent drops to negligible values even for a large bias. The two
previous polarity modes are known as forward and reverse
bias, respectively. In Fig. 1(b) the very basic material struc-
ture of a diode is shown. The starting material is a high-pu-
rity silicon crystal, the properties of which are properly modi-
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Figure 1. Electrical symbol of a diode (a) and illustration of a semi-
conductor p—n junction (b). In (b) the large circles with the minus and
the plus signs are the acceptor and the donor ions, whereas the small
circles are the holes (empty) and the electrons (dark).
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Figure 2. The current-voltage characteristics of an ideal diode, curve
1, and a realistic one, curve 2.

fied by selectively introducing dopants (elements) from either
the third or the fifth column of the periodic table. The third-
column elements, when introduced into the silicon lattice, be-
have as acceptors: they trap electrons from the valence band,
thereby creating positively charged holes in the valence band
and negatively charged immobile acceptor ions. The acceptor-
doped part of the diode is called the p-side. On the other hand,
fifth-column elements behave as donors: they give up their
fifth electron, creating a population of conduction band elec-
trons and positively charged immobile donor ions. The donor-
doped part of the device is the n-side. The introduction of ac-
ceptor and donor dopants into silicon creates the two polarity
sides of the diode, as shown in Fig. 1(a). Schematically speak-
ing, when applying a forward bias, the higher voltage on the
p-side makes the electron and hole gases move into each
other. Thus, an electric current is created through electron-
hole pair recombination. On the contrary, a lower voltage on
the p-side moves the charge carriers away, thus preventing
recombination and eliminating the current. In terms of dop-
ants, the previous account of how the p—n diode is formed also
holds for germanium diodes, which also is a fourth-column
elemental semiconductor. For compound semiconductors (e.g.,
GaAs, InP, CdTe), the chemical origin of donor and acceptor
dopants is more complex in relation to the semiconductor ele-
ments themselves.

In Fig. 2 the current-voltage (I-V) characteristic of an
ideal diode as well as of a realistic one is shown. The ideal
diode would behave as a perfect switch when forward biased:
unlimited current flows without any voltage drop across the
device. The same ideal diode would allow no current in the
reverse direction, no matter what the magnitude of the re-
verse bias is. Now, a realistic semiconductor diode would ex-
hibit a resistance to current flow in the forward direction,
whereas in reverse bias a small current would always be pres-
ent due to leakage mechanisms. The disagreement between
the ideal and the actual electrical behavior is not restricted
only to the static -V characteristics shown in Fig. 2. It ex-
tends to the transient response obtained when applying a
time-dependent terminal excitation. The response of a realis-
tic diode cannot follow at exactly the same speed as the termi-
nal excitation of an ideal diode would. When designing a di-
ode to be used as a switching device, care is taken to bring
the device electrical characteristics as close to the ideal ones
as possible. This is done by choosing both the geometrical fea-
tures and the fabrication process steps in a way to suppress
the parasitic components of the diode. As a result of the semi-
conductor electronic band structure as well as technological
constraints, material limitations impose certain basic restric-
tions on the device performance and create the subsequent
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deviation from the ideal performance. In the following sec-
tions, these restrictions will be investigated, and the devia-
tion from the ideal performance will be analyzed in terms of
the basic device physics, material constants, and geometry
considerations.

Before considering the device physics of the diode, we will
briefly discuss the steps in the basic fabrication process em-
ployed when making a silicon diode. These steps determine
its basic geometrical and technological characteristics, which
in turn determine the device electrical behavior. Today, al-
most all silicon diodes are made through the standard planar
process of the silicon integrated circuit technology. A silicon
wafer is first oxidized at temperatures in the vicinity of
1000°C. Such oxidation creates a silicon dioxide (SiO,) cover
layer with a thickness on the order of a micron. This layer is
used as a mask for the subsequent technological steps. The
SiO, film is then patterned by lithographic techniques and
through etching, which allows windows of exposed silicon to
be opened. Then, either by diffusion or by ion implantation,
dopants are introduced into the exposed areas. The dopants
are of a type opposite to the one already existing in the origi-
nal wafer. In this way, p—n junctions are created in the ex-
posed areas. In the rest of the wafer, the SiO, layer stops the
ions and prevents diffusion into the silicon bulk. On the back
surface, another diffusion or implantation of the same dop-
ants as in the bulk is usually applied for reasons that will
become clear in the next sections. At the end, metal contacts
are evaporated on the front and the back. Lithography, again,
on the front side defines the contacts of the individual diodes.
The metal contacts are required for the diodes to interact with
the external world in terms of terminal excitation (voltage or
current) and terminal response (current or voltage, respec-
tively). Similar methods are used for germanium diodes,
whereas the compound semiconductor devices are usually
made by epitaxial growth on proper substrates and by in
situ doping.

FUNDAMENTALS OF P-N JUNCTIONS

The basic p—n junction device physics was proposed by Shock-
ley (1). He derived the current-voltage characteristics, consid-
ering the electron and hole current continuity equations and
the relationship between the carrier quasi-Fermi levels and
the externally applied potentials. Here, we rederive the gen-
eral current-voltage relation of a p-n junction based on
Shockley’s classic work (1) and its later extension (2).

Basic Equations and Assumptions

To formulate the electron and hole transport in a semiconduc-
tor device mathematically, we can always start by expressing
the carrier densities and currents in terms of the carrier
quasi-Fermi potentials under uniform temperature condi-
tions:

J, = —eu,nVF, (1a)
Jn =eunnE +eD,Vn (1b)
—eF, — E;

n =n;exp (T) (1c)

Jp, = —ep,pVF, (2a)

J, =eup,pE —eD,Vp (2b)
_ —(—el,) + E;

D =n;exp [ T ] (20)
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Figure 3. The band diagram of a forward-biased
p-n junction. Boundaries C; and C, are the ohmic
0 x

contacts, whereas C; is the base-injecting boundary.

In Egs. (1a) and (2a), J, and JJ, are the electric current densi-
ties of electrons and holes, respectively. Equations (1b) and
(2b) express the currents in terms of drift and diffusion,
where w,, D,, n and u,, D,, p are the mobilities, diffusivities,
and volume densities of electrons and holes, respectively. Fi-
nally, F, and F, are the electron and hole quasi-Fermi poten-
tials, E; is the intrinsic energy level, and E the electric field
density. Figure 3 shows the energy band diagram of a p-n
junction under forward bias and illustrates the space depen-
dence of the quasi-Fermi potentials, of the bottom of the con-
duction band E., and of the top of the valence band E,. Equa-
tions (1c) and (2¢) hold provided that the differences E, —
(eF,) and (eF,) — E, are positive and at least several times the
thermal energy k7. Equations (la) and (2a) are borrowed
from thermodynamics and hold provided that the bias is such
that perturbations from equilibrium are small. Small, here,
implies that the energy distribution of electrons and holes in
the conduction and the valence band, respectively, continue
(within a good approximation) to follow the Boltzmann statis-
tics. Additionally, we assume that the mean free paths of the
carriers are negligible compared to the physical dimensions
of the device. Finally, Eqgs. (1) and (2) hold provided quantum
mechanical tunneling of carriers across potential barriers is
not important. Such a constraint is relaxed in the last section
of nonconventional transport diodes.

The second set of equations to be considered is the electron
and hole continuity equations:

on 1

—=-V-J,-Umn, p+G (3)
ot e
op 1
Yl EV'Jp Un, pp+G (4)

where U is the electron-hole net recombination rate either by
band-to-band transitions or through traps, whereas G is the
band-to-band generation rate resulting from ionizing radia-
tion or impact ionization processes. For the sake of simplicity,
we assume that U and G are the same for both carriers. Equa-
tions (3) and (4) are more general than the previous ones be-
cause they do the “bookkeeping” by equating the increase in
the rate of carrier density to minus the carrier losses re-

sulting from carrier out-fluxing (VJ,/e and —VJ,/e) and re-
combination.

Next is the Poisson equation, which relates the electric
field to the charge density caused by both mobile and immo-
bile charges:

v-E:E[—n+p+ND—NA] 6))

where € is the semiconductor dielectric constant and Np and
N, are the donor and acceptor densities, respectively. The
charge density resulting from donors and acceptors is not car-
rier density dependent, unless the temperature drops to the
cryogenic region.

The final equation to be considered is the one that equates
the electric field to the gradient of the electrostatic potential:

E=lve.—1lve,-lvg (6)
e e e

Equation (6) implies that the electrostatic potential is deter-
mined by conduction and the valence band edges because the
carriers there have only potential energy. The last equation
assumes that the separation in the energy scale of the three
levels (E,, E,, and E;) is space independent. So, in Eq. (6), as
well as in Egs. (1b, ¢) and (2b, ¢), we neglect band distortion
resulting from heavy doping or other effects (e.g., mechanical
stain). This is discussed in a later section on heavy doping ef-
fects.

Boundary Conditions. Equations (1)-(6) form a system of
six relations with six unknown variables: F,, F,, E;, J,, J,,
and E. They apply, within the range of their validity, to any
semiconductor device. In this sense, any semiconductor device
understanding, design, operation, and performance is based
on this set of six equations. What distinguishes a device of a
particular kind is its boundary conditions, as well as the dop-
ing and trap density and type.

Ohmic Contacts. For a diode, a two-terminal device, the
boundary conditions necessarily include two ohmic contacts
that will supply the charge to be transported through the de-



vice. The voltage across and the current through the two
ohmic contacts are, interchangeably, the excitation or the re-
sponse of the device. The ohmic contacts are realized by de-
positing metals (e.g., Ti or Al) on heavily doped regions of the
semiconductor. An ideal ohmic contact should, by definition,
establish thermodynamic equilibrium between the metal and
the semiconductor at all the contact points. In analytical
terms, this is expressed by equating the carrier quasi-Fermi
potentials to the metal Fermi potential:

Fn(C1) =Fp(Cl) =Vl
Fn(Cz) =Fp(C2) =V2

(7a)
(7b)

where V, and V, are the voltages of the metal contacts (V; —
V, is the terminal voltage), whereas C, and C, are the contact
areas of the first and the second ohmic contact, respectively.
The pinning of the Fermi potentials at the externally applied
voltages is illustrated in Fig. 3. If V; = V, and G in Egs. (3)
and (4) were zero, the device would be in equilibrium. Then
the solution of the previous system of six equations would be
zero currents and equal and flat Fermi-potentials throughout
the diode. When an external voltage is applied, the splitting
of the Fermi-potential values between the two ohmic contacts
drives the device out of equilibrium. Such a boundary value
split enforces a separation of the electron and hole quasi-
Fermi potentials through the device, as shown in Fig. 3. The
separation of the two potentials implies that the nonequilib-
rium conditions mainly refer to the interaction between elec-
trons and holes. At any point, excluding ohmic contacts, elec-
trons are out of equilibrium with respect to holes because the
relaxation time of interband transitions (recombination and
generation mechanisms) required to bring them into equilib-
rium are too slow (milliseconds or microseconds for germa-
nium and silicon and nanoseconds for most compound semi-
conductors). On the contrary, the intraband transitions
resulting from scattering have short relaxation times (picosec-
onds) so that electrons or holes are nearly in equilibrium
within their band. This is required for the carrier Fermi-po-
tentials to have a meaning, as mentioned in the discussion
following Eqgs. (1) and (2).

Semiconductor-Insulator Interfaces. The surface that bounds
the device includes, in addition to the ohmic contact, the
semiconductor-vacuum or semiconductor-insulator interface.
The exposed semiconductor surface is usually covered by an
insulating film (SiO, in silicon) to reduce recombination. If
we assume that there is no injection in the insulator, then
at the interface the boundary conditions for Eq. (3) and (4)
are

ong 1

=——J"-U; 8
ot e " ®)
ops 1

=_J'-U; 9
ot e P ©)

where the subscript s refers to surface densities and the su-
perscript n refers to the normal component looking into the
insulator. The boundary conditions for Eq. (5) are dictated by
the lows of electrostatics. The discontinuity of the normal
component of the dielectric displacement vector must be equal
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to the surface-charge density, whereas the tangential compo-
nent of the electric field must be continuous.

Because the boundary conditions have been set, the system
of six equations [Eqgs. (1)—(6)] can be solved, in principle. As it
turns out, the solution of such a nonlinear system of coupled
equations can be found only numerically even for one-dimen-
sional p—n junctions with uniform acceptor and donor densi-
ties. To derive analytical approximations, we need to make
certain assumptions regarding the physical makeup of the de-
vice and the degree of bias. These analytical expressions help
predict the device response under reasonable bias, whereas
the appreciation of their validity range provides an insight
into the diode device physics.

DOPING-CARRIER PROFILES IN EQUILIBRIUM
AND THE QUASI-NEUTRAL APPROXIMATION

As mentioned earlier, a p—n junction diode consists of an ac-
ceptor-doped p-region in contact with a donor-doped n-region.
The two-dimensional area where the donor and acceptor den-
sities are equal is called the metallurgical junction. Let’s as-
sume, for the moment, equilibrium conditions. In such a case,
the currents are zero and the quasi-Fermi potentials are
equal and spatially independent, F, = F, = F. Therefore, from
Egs. (1¢) and (2¢), pn = n?, where n; is the intrinsic-carrier
density. Now, the six equations reduce to the Poisson equa-
tion, which, with the help of Egs. (1¢), (2¢), and (6), takes the
form

2
9 _et [ (—el") —E;
V[E; — (—eE)] = p [ n; exp <7kT )

E;, — (—eF)
kT

(10)

+niexp< )—i—ND—NA]

The last equation is known as the Boltzmann—Poisson equa-
tion. Approximate analytical solutions are possible when the
donor and acceptor densities are uniform in the n- and p-
regions, respectively. In this case, the field is zero, and the
bands are flat everywhere except at and near the metallurgi-
cal junction. The finite field region around the metallurgical
junction is called the space-charge region, whereas the zero-
field regions are called quasi-neutral regions, for reasons to
be explained shortly. In the n and p quasi-neutral regions,
electrons and holes are the majority carriers, respectively.
The majority-carrier densities are equal to the respective dop-
ing densities. With reference to the metallurgical junction,
the space-charge region extends W, and Wy within the p- and
the n-regions. At zero bias, and in one dimension, an approxi-
mate solution of Eq. (10) gives

2¢ Ny
| e
2¢ N,
Wy = \/? Vi AT (11b)
Vi = RT In (NA—ZZVD> (11c)
e ni

In Eq. (11c) Vy; is the zero bias electrical potential difference,
or barrier, between the p- and the n-side reflected in the level
differences of the flat bands of each side. Such a barrier pre-
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vents majority carriers from diffusing into the other side.
These approximations result by assuming that the electron
and hole densities are zero in the space-charge region. This is
the depletion approximation, which reduces Eq. (10) to a lin-
ear second-order differential equation with constant terms
and coefficients.

The zero-field condition for the rest of the n- and p-sides,
outside the space-charge region, apparently justifies the term
quasi-neutral regions. This term also applies when the n- and
p-regions have gradually changing dopant profiles in the
sense that the net space charge is much less than the major-
ity-carrier charge. Here, by gradually changing we mean that
the doping profile N(x) in the quasi-neutral region must such
that (3)

Gk—zT (12)

V2 [mM” < N@)

nl

In such regions, the zero-bias majority-carrier density contin-
ues to be nearly the same as the net dopant density, but the
electric field is not zero as in the uniform doping case.

FORWARD AND REVERSE BIAS CONDITIONS

The quasi-neutrality condition of the n- and p-regions is pre-
served even under bias, but now the boundaries with the
space-charge region move appropriately to accommodate the
new boundary conditions. This neutrality condition can be ex-
pressed as

n~p+Np—N, (13)
Under a small forward bias, the applied voltage changes the
electric field preferentially at the space-charge region, be-
cause it is the region with the fewest carriers, has the highest
resistance, and is in series with more conductive n- and p-
regions. The equilibrium barrier height V,; lowers under for-
ward bias, and the majority electrons overcoming the repul-
sive field diffuse from the n-side to the p-side, whereas the
holes are doing the opposite. The carrier quasi-Fermi poten-
tials are no longer equal, as shown in Fig. 3. The diffusion
process, through the space-charge region and inside the
quasi-neutral regions, increases dramatically the minority-
carrier population on either side and gives rise to an apprecia-
ble electric current.

For forward voltages, the degree of bias defines three injec-
tion-level regimes distinguished by how the minority-carrier
density compares to the majority one in the quasi-neutral re-
gions. These regimes are the low-level, the moderate-level,
and the high-level injection condition. In the low-level injec-
tion regime, the minority-carrier density is well below the ma-
jority-carrier density, and the electric field in the quasi-neu-
tral regions is practically unaffected by the bias. As a result,
the applied voltage drops across the space-charge region and
reduces the barrier height from Vy; to V, = V}; — V. Provided
the depletion approximation still holds, Eq. (11) still applies
with Vi; being replaced by Vi,. In low-level injection, the major-
ity-carrier density is the same as at zero bias, as Eq. (13)
points out, and is nearly equal to the net doping density. In
the high-level injection regime, the minority-carrier injection
is so intense that the injected carriers have densities far ex-
ceeding the dopant densities. Now, both carrier densities are

about the same, n = p, to preserve neutrality in the quasi-
neutral region. In other words, there is no real distinction
between minority and majority carriers in terms of concentra-
tions, but we obtain an electron-hole plasma having densities
well above that of the dopant densities instead. In the moder-
ate injection, the minority-carrier density approaches the or-
der of magnitude of the majority-carrier density causing the
majority-carrier density to start to increase, as Eq. (13) im-
plies.

Under reverse bias, the built-in barrier increases in the
space-charge region, the repulsive forces on the majority car-
riers coming from the quasi-neutral regions increase, and in-
jection of minority carriers is not possible. The space-charge
region is now totally depleted from both carriers, and a small
leakage current exists as a result of thermal generation of
electron and hole pairs in the depletion region.

Recombination Currents in the Steady State

Here, we will introduce the base and emitter terms as well as
a general expression for the terminal current as the sum of
recombination components. Between the two quasi-neutral
regions, emitter is the one that is heavily doped, usually by
diffusion or implantation, whereas the base is more lightly
doped and occupies most of the substrate on which the device
is made, at least in silicon. The heavy doping of the emitter
excludes the possibility of moderate- or high-level injection
conditions in this region. At forward bias, majority carriers
from the emitter diffuse as minority carriers to the base
where they recombine. Simultaneously, recombination occurs
in the emitter, because minority carriers are back-injected
from the base, as well as in the space-charge region. At steady
state, on/dt = dp/dt = 0, and in the dark G = 0. Now, the
continuity equations [Egs. (3)—(4)] become after volume inte-
gration:

In =1 + I, + Igcp (14)
where I is the terminal current and I,, I, and Isy are the
net recombination currents in the emitter, the base, and the
space-charge region, respectively. Equation (14) expresses the
total current as the sum of the recombination currents in
the three regions of the device. Therefore, excess carrier re-
combination along with diffusion are the two basic transport
mechanisms that determine the diode current at a given bias.
The carrier recombination occurs either at the ohmic contacts,
at the surface, or in the bulk. The minority carriers that ar-
rive at the ohmic contact are supposed to recombine simulta-
neously there, to preserve the boundary condition, Eq. (7).
The bulk recombination occurs either through traps or
through band-to-band transitions. In terms of trap-mediated
recombination, the Shockley—Read—Hall mechanism (4,5) is
the most common:

(pn —nf)N,

[ E,—E;

n+niexp< T >

m—a>
kT

In Eq. (15), N, is the trap density, o, and o, are the electron
and hole-capture cross sections, respectively, E; is the trap

USRH =

(15)

OpVth

+

enom-
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energy level in the gap and 1, is the carrier thermal velocity.
The band-to-band recombination is discussed in the heavy-
doping effects section.

APPROXIMATE ANALYTICAL EXPRESSIONS
IN THE STEADY STATE

As previously mentioned, the set of Eqs. (1)—(6) has no analyt-
ical solution in the general case. Approximate closed form ex-
pressions, though, are possible when low-level injection condi-
tions dominate in the quasi-neutral base region. Without loss
of generality, we assume that we are dealing with a p—n diode
with a heavily doped p-emitter and an n-base. The steady
state situation results when a terminal bias, say a terminal
voltage V, is steadily applied on the terminals, and we wait
long enough for the initial transient to disappear. The steady
state version of the continuity equations [Egs. (3)—(4)] is sim-
plified because the time derivatives are set equal to zero.
First, we will derive the expressions for the base current, and
then extensions will be made for the recombination current
in the emitter and the space-charge regions. If low-level injec-
tion conditions prevail in the base, then, to a good approxima-
tion, the original system of equations [Eqs. (1)—(6)] reduces to
the minority-carrier equations [Eqgs. (2) and (4)], which are
now decoupled from Eq. (5) (the Poisson equation). This de-
coupling results because, as previously mentioned, at low-
level injection the electric field is practically bias indepen-
dent. Any small field variations would affect only the drift
current of the majority carriers because of their high density;
the minority carriers would not be influenced. That is why we
focus on the minority-carrier transport to exploit the Poisson
equation decoupling. Another reason for focusing on the mi-
nority carriers is the fact that the recombination in low-level
injection, where p < n, can always be written as a linear func-
tion of their density:

U=(p—py/t (16)

In Eq. (16), p, is the equilibrium carrier density, whereas the
variable 7, called minority-carrier lifetime, is the inverse of
the derivative of the recombination rate with respect to the
minority-carrier density. In the case of Shockley—Read—Hall
recombination, 7 = 1/0,v4V;. Therefore, from Egs. (2b), (4),
and (16), we end up at

~V .- (Eppp' —DpyVp')—p'/t+G =0 amn
where, p’ = p — p, is the excess minority-carrier density. Be-
cause of the field independence on p’, Eq. (17) is linear and
becomes homogenous if G = 0. In the later case, the solution
is proportional to p'(C)), the excess minority-carrier density at
the injecting boundary (Fig. 3).

Forward Bias and Low-Level Injection

Under forward bias, a basic assumption will be made. This
assumption allows the coupling of the minority-carrier den-
sity to the externally applied terminal voltage: the Fermi lev-
els are flat in the regions where the carriers are a majority
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and also in the space-charge region. Under this condition and
from Egs. (1¢), (2¢), and (7),

p(Cj)n(Cj) = nl2 exp(eV /kT) (18)
n2leV /kT) — 1]

'C) = -t—"F—— 19

p ) Np () (19)

Equation (18) holds under any injection level, provided that
the flat Fermi potential assumption holds, whereas Eq. (19)
for the excess minority-carrier density holds only in low-level
injection. The proportionality of the solution with respect to
p'(C;) forces all carrier densities and currents to become pro-
portional to the term exp(eV/kT) — 1. Here, we note that the
surface recombination is also a linear function of the excess
minority-carrier density when p < n. More analytically, Eq.
(9) becomes

Jr =eS,p’ (20)

where S, is called surface recombination velocity. Therefore,
the total base recombination current in Eq. (14) is propor-
tional to the term exp(eV/kT) — 1. The same is true for the
quasi-neutral emitter recombination. Thus, Eq. (14) becomes

Ipy = (e + 1, lexp(eV /ET) — 1]+ Igop @D

where the pre-exponential factors I, and I, are called base
and emitter saturation currents, respectively. Equation (19)
points out that the saturation currents are proportional to
ni.

The space-charge region recombination is a current compo-
nent that is hard to express in analytical terms. This diffi-
culty arises because in this region the field depends on the
bias and there is no such entity as a minority carrier. Conse-
quently, the linearity conditions that allowed us to derive Eq.
(21) no longer hold. To derive an approximate expression for
the bias dependence of Iy, certain simplifications must be
made throughout the space-charge region regarding the inte-
gral of Eq. (15). These simplifications result in a bias depen-
dence of the form exp(eV/nkT) — 1, where n, the ideality or
slope factor, takes values from 1 to 2 (2). The specific value
depends on the trap position in the energy gap, the doping
profiles, and the cross section for hole capture relative to the
cross section for electron capture. This range for n holds pro-
vided that the capture coefficients do not depend on the elec-
tric field. Now the pre-exponential factor I'scg is proportional
to n;. Finally, the expression for the forward current of a diode
in the base of which low-level injection conditions prevail be-
comes

Iy = oe +1,)lexp(eV /kT) — 1] + Igoglexp(eV /nkT) — 1]
(22)

For voltages higher than 3nkT /e, the unity can be dropped
from Egs. (21) and (22). Because of a better slope factor, the
emitter and base recombination will dominate the diode cur-
rent for voltages above a certain level. Below this level, the
space-charge region recombination must be considered too.
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Figure 4. The experimental -V characteristics of two different di-
odes. Diode 1 has a base thickness of 250 um, a base-doping density
of 5.5 X 10" cm™3, and an area of 2.9 X 2.9 mm?. Diode 2 has a base
thickness of 300 um, a base-doping density of 4.5 X 10 ¢cm™3, and an
area of 5 X 5 mm? The base in both devices is of n-type. Plot 3 is the
I-V characteristic of diode 2 at 78 K. The other plots are at 300 K.
Curve 1(—V) is the reverse bias characteristic, with reversed sign, of
diode 1 (top axis). The straight lines in curves 1, 2, and 3 are the
exponential exp(eV/nkT) — 1 fits to the experimental points. The
slope factor n is also shown.

Such trends are seen in Fig. 4. Curve 1 is the I-V characteris-
tic of a diode with a base doping of 5.5 X 10 cm™ and has
an ideality factor of 1 in the bias range from 0.2 up to 0.4
V. For lower voltages, the space-charge region recombination
slightly increases the ideality factor and makes the measured
current deviate from the exp(eV/kET) — 1 dependence. The
ideality factor also increases for voltages above 0.4 V because
of high-injection effects, which are discussed in the next sub-
section. The device of curve 2 has a very light doping density
in the base, 4.5 X 10* ¢m 2 and is driven in high injection at
even smaller bias. As discussed in the next subsection, curve
2 exhibits unity slope factor even at very low voltages.

Curve 3 shows what happens if the temperature is reduced
to 78 K. The sharp reduction of the intrinsic-carrier density
due to its = exp(—E,/2kT) dependence requires much higher
voltages to reach the same current as at 300 K. In fact, to
reach a current density of 10 mA/cm?, a voltage in excess of 1
V is required. The reduction of n; reduces the recombination
in the base and the emitter is much faster than in the space-
charge region because the proportionality constants are n?
and n;, respectively. Therefore, at low temperatures, the bias
regions with higher than 1 ideality factor are expected to be
wider. This is evidenced in curve 3 of Fig. 4, where the ide-
ality factor is 3.5 for voltages below 950 mV. The increase of
the ideality factor above 2 is a result of the Poole—Frenkel
effect, which reduces the effective energy separation of the
traps from the bands (6). The influence of small values of n;
on the ideality factor is evident not only when the tempera-
ture drops but also when the band gap increases. In several
compound semiconductor devices, their large band gap, com-

pared to 1.1 eV of silicon, results in an intrinsic-carrier den-
sity, which is several orders of magnitude smaller than the
10 em™2 value for silicon at 300 K (7,8). Consequently, their
I-V characteristics show slope factors substantially larger
than 1 for the entire range of bias. On the contrary, germa-
nium diodes have slope factors of 1 even at reduced tempera-
tures because of the smaller gap, 0.66 eV, of the semicon-
ductor.

The One-Dimensional Case. Equation (22) holds for any
three-dimensional geometry and doping profiles because no
assumption, except for low-level injection, was made so far
regarding doping profiles and device topology. If, however, we
want to express in close form the saturation values of the
emitter and base recombination currents, then one-dimen-
sional devices with uniform doping profiles must be consid-
ered. In such a case, the one-dimensional, homogenous, and
constant-coefficient version of Eq. (17) becomes

d2 p/ p/
& = 1 (23)

where L, = VD,7is the minority-carrier diffusion length. The
first boundary condition for Eq. (23) is Eq. (19) applied at the
injecting boundary. The other one refers to the ohmic contact.
If it is an ideal ohmic contact deposited directly on the uni-
formly doped base, then the second boundary condition be-
comes, from Eq. (7), p'(l) = 0. Here, [ is the base length and
the coordinate origin is at the injecting boundary, as shown
in Fig. 3. In many cases, between the ohmic contact and the
uniformly doped base, a thin and heavily doped region inter-
venes.

This region has of thickness on the order of a micrometer
and a doping of the same type as the rest of the base. The
purpose of such a layer, called back-surface field, is to provide
a better ohmic contact and to isolate the contact from the
lightly doped base so that carrier recombination-generation is
reduced (9). Such a back-surface field terminates the lightly
doped base of diode 2 in Fig. 4 making it a p—i—n diode, where
i stands for intrinsic. Therefore, in the presence of this con-
tact layer, the base ends at a “low/high” n—n"* junction. In
terms of minority-carrier recombination, this interface is
characterized by an effective recombination velocity S,., expe-
rienced by the minority carriers at the low side of the junc-
tion. The expression for S, is

I,:Ny
Spe = en?S

(24)

where I is the saturation value of the recombination current
in the back-surface field and S is the device cross section.
Equation (24) can be derived from Eq. (20), by applying Eq.
(19) at the n—n" junction and by equating the minority cur-
rent at the low/high junction to the recombination in the
heavily doped region.

Under the previous boundary conditions, the solution of
Eq. (23) yields for the base saturation current:

D,
eniz & 1+ S..L, tanh(¢/Lp)

N, I, (25)

Iob =S D
h(¢/L L
tanh(¢/L,) + S,.L,




Equation (25) shows that, in terms of the one-dimensional
geometry, the quantity that matters is the ratio //L,. Val-
ues of this ratio much less than one define the short base,
whereas values above 3 define the long base. In the long
base case, Eq. (25) becomes I, = Sen?D,/(NpL,). Similar
equations hold for a uniform emitter, too, but now the
heavy doping effects could modify the value of n? as will
be discussed in the section on heavy doping effects. If the
base doping is very light, as in a p-i-n diode, then the
increased value of I; will make the base recombination
dominate the current components in Eq. (22). Accordingly,
the influence of space-charge region recombination current
on the slope factor will be suppressed even for voltages as
low as a few kT/e, as shown in Fig. 4, curve 2. Also, by
extrapolating the exp(eV/ET) fit of curve 2 at zero voltage,
a base recombination current of 0.7 nA is obtained. This
corresponds to a 300 K saturation current density of 2.8
nA/cm? compared to emitter saturation current densities on
the order of pA/cm? On the other hand, diode 1, with a
base-doping density three orders of magnitude higher than
that in diode 2, exhibits a saturation current of 24
pA/cm? This saturation current comes mainly from the
base recombination as a result of its relatively light doping
density and the absence of a back-surface field which gives
S,e very high values.

Equation (25) applies to uniformly doped regions. If
the doping is nonuniform, close form expressions are not pos-
sible, in the general case. This is the case because the one-
dimensional version of Eq. (17) is still an ordinary differential
equation with nonconstant coefficients. However, analytical
approximations can be derived based on iterative techniques
(10).

Diffusion in Three Dimensions. Equation (23) holds provided
the cross-sectional dimensions of the diode are much larger
than the diffusion length. Otherwise, lateral diffusion of
minority carriers in the base becomes important. In such a
case, the three-dimensional version of Eq. (23) takes the
form

’

2
vy = (26)

P
L;

The last equation can be solved very accurately by semiana-
lytical techniques based on the two-dimensional Fourier
transform (11). Simulation results are as shown in Fig. 5. As
illustrated, in the case of a point contact diode having emitter
dimensions of 0.1 L,, the base recombination is expected to
increase by a factor of 25 as a result of the lateral carrier dif-
fusion.

High-Level Injection

So far, our analytical approaches were based on the low-level
injection assumption. In high-level injection, where n = p, an
equation similar to Eq. (23) can be derived where now the
hole diffusion length is replaced by the ambipolar diffusion
length (12). The boundary conditions, however, are not linear
and depend on the electric field, which, now, is a function of
bias. If the quasi-Fermi potentials are flat in the quasi-neu-
tral base, then the electron-hole plasma density p is space
independent and equals n; exp(eV/2kT), as can be derived
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Figure 5. Three-dimensional diffusion base saturation current of a
planar p-n junction with a square emitter having a side length L.
The top surface of the base is supposed to have zero recombination
velocity. The current is normalized with respect to the one-dimen-
sional diffusion current I;, = en?L?D,/NpL,. In curve 2, S,, = 0 and
! = L,/2. In curve 2, [ is assumed to be infinite. In curve 3, S, =
D,/L, and | = L,/2, whereas in curve 4, S,, is assumed to be infinite
and [ = L,/2.

from Eq. (18). In such a case, by integrating the recombina-
tion current in the emitter the base and the back surface field,
we obtain

In = (oe + Ioc) exp(eV /RT) + (eSl/7") exp(eV /2kT)n;  (27)
In Eq. (27), 7' is the high-injection lifetime defined as the ratio
of the recombination rate divided by the plasma density. The
flat Fermi level condition can easily be satisfied in p—i—n di-
odes where the light base doping density makes the high-level
injection possible even at a bias of 0.4 V. In Fig. 4, curve 2
shows the exp(eV/2kT) dependence, or slope factor of 2, for
voltages of about 0.4 V, which drive the p—i—n device to high-
level injection. For even higher voltages, the emitter and
back-surface field recombination in Eq. (27) starts dominating
the current, and the slope factor drops again. For higher base
doping densities, as in curve 1 of diode 1, the required voltage
for high-level injection conditions could exceed 0.5 V at 300
K. Now, the heavily doped region recombination in Eq. (27)
competes with the bulk recombination, and the slope factor of
2 does not appear. The bent of both curves 1 and 2 at voltages
near 0.6 V is a result of series resistance effects, which invali-
date the assumption of flat Fermi levels across the base. In
such a case, the simulation is possible only by device simula-
tors that solve the complete system of the transport equa-
tions.

Reverse Bias

Under reverse bias where V < 0, the assumption of flat Fermi
levels across the space-charge region that led to Eq. (22) no
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longer hold. On the other hand, however, the space-charge
region can be considered to be fully depleted from free carri-
ers. In such a case, Eq. (11) holds with V,; replaced by V; +
[V]. Therefore, the depleted space-charge region will expand
toward the base according to the square root of the bias for
[V| > 5 V. In this region, the Shockley—Read—Hall Eq. (15)
predicts a negative recombination or generation of electron-
hole pairs. This generation current is the basic component of
the leakage current in reverse bias. The contribution of the
diffusion components from the base and the emitter, —1I, —
1., is usually negligible unless the base is very lightly doped.
The bottom line in Fig. 4 shows the reverse-bias current for
diode 1. The square-root dependence on voltage is not exactly
obeyed because of the Poole—Frenkel effect, which increases
the generation rate at higher fields.

TRANSIENT RESPONSE OF DIODES

If a diode is subjected to a transient terminal bias, then in
addition to currents due to carrier diffusion and recombina-
tion, we also have the dielectric displacement current re-
sulting from the time dependence of the electric field. If low-
level injection is observed in the quasi-neutral regions, the
displacement current is restricted in the space-charge region.
At the same time, low-level injection ensures that linearity
holds in the base and the emitter, and Eq. (17) still applies
with dp’/dt replacing zero in the right-hand side of the rela-
tion. The solution of the time-dependent edition of Eq. (17)
provides the minority-carrier currents at the injecting bound-
aries of the base and the emitter, I(¢) and I(¢), respectively.
These currents have now two components: the minority-car-
rier recombination and the minority-carrier storage current
dQ'/dt, where @' is the total excess minority-carrier charge.
To calculate the total transient current, reconsider Eq. (14) in
its transient version. Therefore, in addition to I,(¢) and I.(¢),
the transient space-charge-region current is required. Unlike
the base and the emitter, this current in addition to the re-
combination and storage component also includes the dis-
placement current (13). In so far as the displacement current
is concerned, the space-charge region behaves as a parallel
plate capacitor with a plate distance W = W, + Wy, Eq. (11),
a dielectric constant € and a capacitance Cycg = €S/ W. During
transit, the dielectric displacement current is supplied by the
majority carriers from either side of the junction.

To calculate the transient currents in the base and the
emitter, the boundary conditions must be defined. Boundary
condition Eq. (20) holds because of linearity. The other condi-
tion at the injecting boundary depends on the kind of tran-
sient to be considered (14). Here we will assume that the de-
vice is in equilibrium for ¢ < 0, whereas at ¢ = 0 a constant
voltage V is applied. We can now assume that Eq. (19) applies
with p’(C)) replaced by p'(C;, t) for ¢t > 0. This assumption has
a validity range depending on how fast the flat quasi-Fermi
potential condition can be established across the space-charge
region. As matter of fact, even in the absence of series resis-
tance effects, it takes a short time for this condition to be
established. This short time relates to the dielectric response
time of the majority carriers and the minority-carrier diffu-
sion time across the space-charge region (14). For almost all
practical cases, the delay in establishing a fixed minority-car-
rier density at the edge of the quasi-neutral region will not

exceed the limit of a few tens of a picosecond (14), in the ab-
sence of series resistance effects. Therefore, if the time granu-
larity used in solving the time-dependent version of Eq. (17)
is restricted to about a nanosecond, then the solutions will be
accurate. In practical cases, however, the very first part of
the transient current, following the sudden application of a
voltage, will be determined by charging Ccgz through the se-
ries resistance of the majority carriers in the base and the
emitter. The respective time constant could be on the order of
a nanosecond. In such a case, the minority-carrier transport
in the base will determine the transient only after several
nanoseconds have elapsed since the application of the voltage.
The transient base transport can be expressed in semianalyti-
cal forms using Laplace transform techniques (14), especially
in the case of uniform and one-dimensional quasi-neutral re-
gions. In a long-base diode, the transition will last for about
a minority-carrier lifetime. In a short-base device with an
ohmic contact at the base end, the transient will last approxi-
mately [?/2D,, which is the minority-carrier diffusion time
through the base.

Small-Signal Response

In many cases, the device operates under sinusoidal small-
signal excitation superimposed on a steady state excitation.
In such cases, Eq. (17) still holds, but now 1/7 will have to be
replaced by 1/7 + jw, where j is the imaginary unit and o is
the angular frequency of the excitation. This is the case be-
cause the time derivative of the small-signal carrier density
is the carrier density amplitude times jw. Having done the
complex lifetime replacement, the analysis that followed Eq.
(17) still holds. Now, however, the small-signal value of the
excess minority-carrier density at the injecting boundary will
be the steady state value in Eq. (19) times ev /kT. Here, v is
the small-signal terminal voltage, which is supposed to be
much less than £7T'/e. Under low-level injection and in view
of the previous transient response discussion, the small-
signal version of Eq. (22) will refer to a terminal current I
having a real and an imaginary component:

ev eV

. ev ev . .
(28)

The star exponents denote the complex values of the satura-
tion currents as a result of the complex lifetime. In Eq. (28),
G and C are the diode small-signal parallel conductance and
capacitance, respectively. These two components are of great
importance because their frequency dependence can reveal
minority-carrier properties, such as diffusivity and lifetime
(15) and allow the device circuit representation when the di-
ode is part of a greater small-signal circuit. For uniformly
doped quasi-neutral regions, I and I can be obtained from
Eq. (25) by replacing the diffusion length L = (D7)"? with the
complex diffusion length L* = L/(1 + jo)"2. For frequencies
sufficiently high, the magnitude of the complex diffusion
length will become much shorter than the base thickness.
Then, the complex version of Eq. (25) predicts that the base
current would change as 1/L*. If the base component in Eq.
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Figure 6. Experimentally measured capacitance (dots) and conduc-
tance (squares) at 300 K for diode 1. The bottom and the top curves
correspond to two different bias points: 420 mV and 450 mV, respec-
tively. The solid curves are the theoretical fits from the equivalent
circuit of Fig. 7.

(28) were to dominate, then beyond a certain frequency, C
would change as o '? while G would change as o2

This frequency dependence is confirmed in Fig. 6, which
shows the frequency response of diode 1, from Fig. 4, at two
bias points. The theoretical fit to the experimental results was
obtained on the basis of the diode equivalent circuit shown in
Fig. 7. This circuit includes all the components relating to
carrier injection and storage in the device’s three regions in
accordance with Eq. (28). It also includes the base resistance
Ry, which has been ignored in Eq. (28). In Fig. 6, the square
root law is better obeyed at the higher bias point and for fre-
quencies less than 1 MHz, especially for the capacitance. This
is a combined result of the space-charge-region capacitance,
the relative contribution of which increases at lower bias, and
the series resistance, the influence of which is stronger at
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Figure 7. The equivalent circuit model of a diode. The base injection
currents in Eq. (28) corresponds to C,, imaginary part, and G,, real
part. The injection in the emitter is represented by Gy. The space-
charge region recombination is represented by Ggcr, whereas Cgpc is
the space-charge region capacitance. The rest of the components are
accounted for in the text.
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high frequencies. The corner frequencies of the conductance
and the capacitance depend on the base thickness and the
lifetime. The fit shown in Fig. 6 gave a minority-hole lifetime
in the n-type base of about 30 ws. Such a lifetime and Eq. (25)
imply that the saturation current density of 24 pA/cm? at
300 K, as shown in Fig. 4, is 90% due to base recombination.
The emitter contribution of 10% is discussed in the section on
heavy doping effects.

The series resistance Ry becomes the bulk majority-carrier
resistance under reverse bias or even under forward bias, pro-
vided that the frequency is high (|L*| < [). The capacitance
Chxr in parallel with Ry, as shown in Fig. 7, is the geometrical
capacitance of the quasi-neutral base (16,17). For ordinary re-
sistivity devices, it can be ignored unless the frequency is in
the gigahertz range. However, for diodes made on high resis-
tivity substrates, this capacitance must be considered espe-
cially at reverse bias and high frequencies (17). From Fig. 7
and in the limit of very high frequencies under forward bias,
the parallel conductance saturates at 1/Ry whereas the paral-
lel capacitance does so at Cijyg. This is because of the combi-
nation of the increasing injection conductancies and the
space-charge-region capacitance. Then, the product Ry Chxr
becomes the dielectric response time of the majority carriers
in a uniform base. At high injection, the parallel conductance
will saturate at the sum of the two carrier conductances (18).
Under reverse bias, the circuit of Fig. 7 reduces to the space-
charge region capacitance in series with the parallel combina-
tion of C¥yr and Ry. Unlike the forward bias case, where the
circuit parameters depend roughly exponentially on the ter-
minal voltage V, in reverse bias the voltage dependence would
be restricted to VV2. In the sense of the voltage dependence,
the circuit of Fig. 7 is the circuit of a varactor.

HEAVY DOPING EFFECTS IN THE EMITTER

In the previous subsection, the emitter saturation current
density was estimated to be about 2 pA/cm? From Eq. (25)
and by assuming microsecond lifetimes, we would expect sat-
uration currents on the order of a fA/cm? from an emitter
doped in the range 10¥to 10%* ¢m™. Such a discrepancy by
three orders of magnitude is due to the heavy doping effects,
namely the short lifetime resulting from Auger recombination
and the effective increase of n; due to band-gap narrowing. In
the Auger recombination process, a minority carrier recom-
bines directly with a majority one, and the energy is trans-
ferred to another majority carrier. Because of such Kkinetics,
the Auger minority-carrier lifetime is inversely proportional
to the square of the majority-carrier density. The proportion-
ality constant is ~107%' c¢m®/s for minority electrons in p*
emitters and 3 X 107! ¢cm®%/s for minority holes in n* emitters
(19). In heavily doped regions, the Auger recombination rate
is by far higher than the Shockley—Read—Hall rate and deter-
mines the lifetime. Therefore, nanosecond lifetimes are ex-
pected, especially for holes, in emitters doped in the vicinity
of 102 cm 3.

In a heavily doped region, every minority carrier interacts
strongly with the majority carriers because of their high den-
sity. The minority-majority carrier attraction along with the
carrier-dopant interaction and the semiconductor lattice ran-
dom disruption by the dopant atoms reduces the bang gap
and changes the density of states in both bands (20,21). The
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net result is an effective shrinkage of the gap depending on
the doping type and density (22—24). This shrinkage changes
the intrinsic-carrier density n; to a much higher effective n,,.
The result of the band distortion is that the original system
of transport equations [Egs. (1)—(6)] no longer holds. More
specifically, Egs. (1b,c) and (2b,c) are not valid for the major-
ity carriers even if n,, substitutes n; because Boltzmann statis-
tics must be replaced by Fermi—Dirac statistics. Also, Eq. (6)
no longer holds in a nonuniform region because the band
edges are not parallel any more and each carrier experiences
a different field. However, the minority carriers still follow
the Boltzmann statistics, and Eq. (17) holds for the minority
carriers. Now E is the minority-carrier field (1/eVE, for elec-
trons), and the boundary condition Eq. (19) is valid with n;
replaced by n,. Therefore, Eq. (25) still applies for the minor-
ity-carrier recombination in a uniformly doped emitter. For
an emitter doped at about 10® ¢cm 3, a gap narrowing of about
100 meV is expected (22—24), which makes n, several tens
higher than n,. If such an n,, as well as nanosecond lifetimes
replace n; and microsecond lifetimes in Eq. (25), an emitter
saturation current on the order of pA/cm? is predicted, in ac-
cordance with the experimental results of the previous
section.

DIODES OF NONCONVENTIONAL TRANSPORT

So far in this article, devices based on the drift and diffusion
model of Egs. (1) and (2) were studied. Charge carriers can be
transported from one region to another by tunneling. Also,
they can be temporarily trapped in energy-gap states, atom
clusters, or crystallites imbedded in insulating films, thereby
affecting the tunneling or the conventional transport of the
free carriers.

In this respect, the first device to be examined is the
p—i—n diode 2 of Fig. 4, operating at cryogenic temperatures.
Around 4.2 K, the equilibrium Fermi level in the lightly
doped n~ region is pinned at the donor level. These levels,
now, are not ionized except for a fraction to compensate the
charge of the unintentionally introduced acceptor ions. At
such low temperatures, there are no free carriers in the base,
and no measurable conduction is possible unless the voltage
is raised enough to achieve the flat-band condition (25,26).
For silicon, this voltage V, would be about 1.1 V. For even
higher voltages, conduction is possible only if electrons and
holes can be injected in the frozen substrate from the n- and
p-regions, respectively. In this sense, Eq. (24) based on the
assumption of flat majority-carrier Fermi levels no longer
holds. For T' < 10 K, injection is possible by carrier tunneling
through the small potential barrier existing at each of the
p—i and i—n interfaces (26). These barriers exist because of
the band distortion in the heavily doped regions and the
smaller gap there, as outlined in the previous section. For
V > V,, electrons tunnel in the i-layer, and the higher the
forward bias, the higher the current due to a field-induced
effective lowering of the barriers.

As shown in Fig. 8, for temperatures below 10 K it takes
at least several volts to establish a current of few nanoamps.
The injected electrons in the i-layer are trapped by the ion-
ized donors and built a space charge and a subsequent poten-
tial barrier. For even higher voltages approaching 10 V, the
barrier at the i—p interface lowers, holes now enter the i-layer
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Figure 8. Measured I-V characteristics of diode 2 at cryogenic tem-
peratures. The square points correspond to 4.2 K. The T' < 10 K plots
exhibit a distinct voltage breakdown. Reprinted from K. Misiakos, D.
Tsamakis, and E. Tsoi, Measurement and modeling of the anomalous
dynamic response of high resistivity diodes at cryogenic tempera-
tures, Solid State Electronics, 41: 1099-1103, 1997, with kind permis-
sion from Elsevier Science Ltd, The Boulevard, Langford Lane, Kid-
lington 0X5 1GB, UK.

in large numbers. Their charge neutralizes the trapped elec-
tron charge and causes the voltage breakdown and the nega-
tive differential resistance that appears in Fig. 8 for 7' < 10
K. The negative resistance persists and beyond breakdown as
a result of new carrier generation by the impact ionization of
occupied shallow donors by the injected carriers. The interac-
tion of free and trapped carriers through impact ionization
gives rise to a negative dynamic conductance and capacitance
which for frequencies high enough change as w2 (27). For
T > 10 K the injection mechanism changes to thermion emis-
sion over the interface potential barriers, whereas the space-
charge effects are now less pronounced.

Another example of tunneling injection mechanism is the
breakdown effect in zener diodes. Here, the base is quite
heavily doped (=10 cm™?), and the strong electric field in the
space-charge region increases even further by applying a re-
verse bias. For fields approaching 10° V/em, a valence band
electron can tunnel to a conduction band state of the same
energy. This way, electron—hole pairs are created, and the
reverse current sharply increases. Another diode structure
based on tunneling is a new metal-insulator—semiconductor
device having silicon nanocrystals imbedded in the thin insu-
lating film (28). One way to realize such diodes is by depos-
iting an aluminum electrode on a thin (on the order of 10 nm)
Si0, layer containing silicon nanocrystals. The substrate is n-
type crystalline silicon. The silicon nanocrystals can be cre-
ated either by oxidizing deposited amorphous silicon layers
(28) or by low-energy silicon-ion implantation in the SiO, film
(29). In the absence of the nanocrystals, by applying a nega-
tive voltage of a few volts on the aluminum electrode relative
to the n-type silicon substrate, only a small tunneling current
would be present.
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When the nanocrystals are introduced, much higher cur-
rents are observed while the conductance cuve exhibits char-
acteristic peaks. Such peaks are shown in Fig. 9 showing the
reverse current and conductance of a quantum dot diode
formed by low-energy implantation of silicon in a 10 nm SiO,
layer (29). The conductance peaks appear when the metal
Fermi level is swept across the discrete energy states of the
nanocrystals, thus enabling resonant tunneling from the
metal to the semiconductor (28). The three-dimensional con-
finement of electrons in the quantum-box crystallites creates
a large separation between energy states, which along with
the Coulomb blockade effect of the occupied states explains
the large voltage separation of the three first conductance
peaks in Fig. 9 (28,29). Such quantum dot devices hold the
promise of single-electron transistors (30) and silicon-based
light emitting diodes (31).

Ending this article, we would like to mention the basic
uses of the diode as a device. The most frequent use of the
diode is the protection of complementary metal oxide semicon-
ductor (CMOS) integrated circuits from electrostatic dis-
charges by clamping the output pads to the power-supply
voltages through reverse-biased p—n junctions. In analog inte-
grated circuits, forward-biased diodes are used for voltage
shifting. Such diodes usually come from properly wired bipo-
lar transistors (e.g., emitter-base diodes with base-collector
short circuited). Diodes, as discrete devices, find applications
mainly as rectifying elements in power circuits. The break-
down effect of zener diodes makes these devices useful as volt-
age reference sources in power supplies. Photodiodes are
widely used for detecting photons or charge particles. Finally,
large area diodes with exposed front surface and proper de-
sign and engineering can efficiently convert solar light into
electricity and are used as solar cells (32).
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DIODES, AVALANCHE.

See AVALANCHE DIODES.



