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1 Semiconductor Diodes

The simplest linear circuit element is the resistor. Thikage across this element
IS related to current through it by Ohm's law. This relatlmpsis graphically
depicted by a straight line, as shown in (a). The slope of the Is the
conductance of the resistor, i.e., the ratio of current titage. The reciprocal of
this slope is the resistance in ohms. If the resistor is ccieaein any circuit, the
operating point must fall somewhere on this curve.
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1 Semiconductor Diodes

The ideal diode is a nonlinear device with a current versalgge characteristic,
as shown in Figure (b). This characteristic is referred tpiasewise linear, since
the curve is constructed from segments of straight linese Nwat as we attempt
to impose gositive (or forward) voltagen the diode, we are not successful and
the voltage is limited to zero. The slope of the curve is ifinTherefore, under
this condition the resistance is zero and éihede behaves as a short circuftwe
place anegative (or reverse) voltageeross the diode, the current is zero and the
slope of the curve is zero. Thus, tltBode is now behaving as an |nf|n|te
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1.1 Diode Construction

 Figure shows a p-type material and an n- type material placed
together to forma junction. This represents a simplified model of
diode construction. The model ignores gradual changes In
concentration of the impurities in the material. Practical diodes ar
constructed as a single piece of semiconductor material, where one
side is dopec with p-type materia anc the othel side with n- type
material.
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1.1 Diode Construction

« Also shown in Figure is the schematic symbol of the diode. Note
that the "arrow" in this symbol points frorthe p- to the n-type
material.
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1.1 Diode Construction

* Three different materials are commonly used in the construction of
diodes:

Silicon has generally replaced germanidion diodes because its
larger energy gap allows higher temperature operation, and the
materia costs are mucl lower. Gallium arsenid is particularly
useful in microwave and high-frequency applications. However,
gallium arsenide is more expensive than silicon and the
manufacture of galliunarsenide diodes is difficult.



1.1 Diode Construction

« The precise distance over which the change frpmto n-type

material occurs within the crystal varies with the fabrication
technique.

« The essential feature of the pn junction is that the change In
Impurity concentration must occur in a relatively short distance.
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1.1 Diode Construction

e A will exist in the vicinity of the junction, as
shown in Figure (a). This phenomenon is due to a combination of
electrons and holes where the materials join. This depletion region
will have fewcarriers.

« The minority carriers on each side of the
depletion region (electrons in the p- region
anc holes in the n-region will migrate to
the other side and combine with ions in that
material. Likewise, the majority carriers
(electrons in the n- region and holes in the P N
p-region) will migrate across the junction, |
However, the two components of the
current formed by the hole and electron —
movements across the junction add togetheonchudobnena oblés
to formthe |5 c
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1.1 Diode Construction

The direction of this current is frortine p-side to the n-side.

In addition to the diffusion current, a current exists due to the
minority carrier drift across the junction, and this is referred to as
. Some of the thermally generated holes in the n-type material
diffuse through the n-type material to the edge of the depletion

regior. |

There they experience the electric field and
are swept across the depletion region inte i
the p-type side. The electrons react in thp N
same manner. The components of these |

actions combine to fornthe
|l During open-circuit conditions, the — Sy
diffusion current is equal to the drift currentychudobnena oblés
(at equilibrium).
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1.1 Diode Construction

« If we now apply a positive potential to the p-material relative to the
n-material, as shown in Figure (b), the diode is said tode
. The depletion region shrinks in size due to the attraction of
majority carriers to the opposite side. That is, the negative potential
at the right attracts holes in the p-region, and vice-versa. With a
smaller depletion region, current can flomore readily. When
forwarc-biasec |5-1~I aftel equilibriun is achievec where | is the

current through the junction. | |
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1.1 Diode Construction

o Alternatively, if the applied voltage is as shown in Figure (c), the
diode is . Free electrons are drawn frothe n-
material toward the right, and, similarly, holes are drawn to the left
The depletion region gets wider and the diode acts as an insulator.
When reverse-biasetk-1,=1 after equilibriumis achieved, wheré
IS the current through the junction.
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1.2 DiodeOperation

« Figure llustrates the
Th|S ipA Forwar d- biased region
curve differs fromthe ideal characteristic
of Figure 1.9(b) in the following ways: As
the forward voltage Iincreases beyond
zero, current does not immediately start to
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1.2 DiodeOperation

V-A Diode operating characteristics

o |t takes a minimumvoltage, denoted by
Ug, to obtain any noticeable current. As,,

. The slope of
the characteristic curve is large but not
Infinite, as Is the case with the ideal diode.
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1.2 DiodeOperation

V-A Diode operating characteristics

, IS
approximately 0.7V for silicon
semiconductors (at roomemperature),
0.2V for germaniumsemiconductors and
for gallium arsenide diodes,Ug Is
approximatel 1.2V. e Messneson
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1.2 DiodeOperation

V-A Diode operating characteristics
 When the diode is

. Th|S ipA Forwar d- biased region
current occurs provided that the reverse
voltage is less than the voltage required to
break down the junction.
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1.2 DiodeOperation
V-A Diode operating characteristics

« The leakage current is much greater for
germaniumdiodes than it is for silicon or i,
gallium arsenide diodes. If the negative
voltage becomes large enough toibe
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1.2 DiodeOperation
V-A Diode operating characteristics

In the reverse
region as the avalanche breakdown is Forward- biased region
usually at a large negative voltage
(typically 50V or more).
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1.2 DiodeOperation
V-A Diode operating characteristics

« The damage to the normal diode at breakdown is due to the
avalanche of electrons, which floacross the junction with little
Increase In voltage. The large current can cause destruction of the
diode If excessive heat builds up. This breakdown is sometimes
referred to as the . o Forward- bissed regio

e Diodes can be constructed to
utilize the breakdown voltage to
simulate a  voltage-contral
device. The result Is a

. which will be discussed
INn next lecture.
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1.3 Diode Equivalent Circuit Models

 The circuit shown Iin Figure (a) represents a simplified
model of the silicon diode under both forward and reverse dc
operating conditions. The relationships for this model approximate
the diode operating curve of the previous Figure.
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1.3 Diode Equivalent Circuit Models

* The resistorR, represents the reverse-bias resistance of the diode
and is usually of the order of mega ohms. The resiBioepresents
the contact and bulk resistance of the diode and is usually less than
50Q2. When forward-biased, the ideal diode is a short circuit, or zero
resistance. The circuit resistance of the practical diode modeled in
Figure (a) is a parallel connection Bf andR =~ R; .
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1.3 Diode Equivalent Circuit Models

e Under , the Ideal diode has Infinite
resistance (open circuit), and the circuit resistance of the pahctic
model iIsR.. The ideal diode that is part of the model of Figure (a) is
forward-biased when the terminal voltage exceeds 0.7V.
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1.3 Diode Equivalent Circuit Models

e The

models are more complex because the diode
operation depends upon frequency. A simple ac model feva

IS shown In Figure (b). The capacitdc,, represents
the junction capacitance.
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1.3 Diode Equivalent Circuit Models

 Figure (c) shows the for a
. The model includes two capacitors, the diffusion capacitor,
Cp, and the junction capacitorC,. The diffusion capacitance,
approaches zero for reverse-biased diodes. The dynamic resistance
ISryand it is given by the slope of the voltage-current characteristic.
At low frequencies, the capacitive effects are small ignslthe only
significan elemen..

C i junction capacitor C,, - diffusion capacitor I'4- dynamic resistance
C
i L T
|| ||
0.7V c
o——— —M|—-H—o—o . o o—¢— I I 4—o
i Rf Ideal Ip Rr iD
diode 'd

a) b) C)



1.4 Physicsof Solid- State Diodes
1.4.1 Charge Distribution

Now that we have discussed diode construction and have had a
brief introduction to practical diode models, we shall explore
some of the more detailed aspects of the differences between
practical and ideal diodes.

can be visualized as a combination of an
However. in actual production, a single crystal of a

semiconductor is formed with part of the crystal doped with n-
type material and the other part doped with p-type material.



1.4 Physicsof Solid- State Diodes
1.4.1 Charge Distribution

When the p- and n-type materials exist together in a crystal, a

. Some of the free electrons from
the n-material migrate across the junction and combine with the
free holesin the p-materia.
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1.4 Physicsof Solid- State Diodes
1.4.1 Charge Distribution

Similarly some of the free holes frotihe p-material migrate
across the junction and combine with free electrons in the n-
material.

. Thest charge creatt ar
electric field and a potential difference between the two types
of material that will inhibit any further charge movement.
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1.4 Physicsof Solid- State Diodes
1.4.1 Charge Distribution

The result is to reduce the number of current carriers near the
junction. This happens in an area known as ti

. The resulting electric field provides a potential barrier,
or hill, in a direction that inhibits the migration of carriers
acros the junctior. In ordel to product a curren acros. the
junction, we must reduce the potential barrier, or hill, by
applying a voltage of the proper polarity across the diode.
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1.4 Physicsof Solid- State Diodes

1.4.2 Relationship Between Diode Current and Diode Voltage

An exists between diode current and
applied potential. It is possible to write a single expression for the
current that applies for both the forward- and reverse-bias
conditions. The relationship is described by equation:

q LUy,
niLkLCT

Irb =14| €Xp -1

ip = current in the diode
vp = potential difference across the diode

I, = leakage current

1% coulombs (C)

g = elecrron charge: 1.6 x 10

k = Boltzmann's constant: 1.38 x 10 " JFK

T = ahsolute temperature in degrees Kelvin

n = empirical constant between 1 and 2, sometimes referred to as the
exponential ideality factor



1.4 Physicsof Solid- State Diodes

1.4.2 Relationship Between Diode Current and Diode Voltage

The expression applies as long as the voltage does not exceed the
breakdown voltage:
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1.4 Physicsof Solid- State Diodes

1.4.2 Relationship Between Diode Current and Diode Voltage
Equation (1.1) can be simplied by defining

V‘I--"— T
q

This yields

ip =1, ttxp(;%;) = 1J - (1.2)

If we operate at room temperature (25°C) and only in the forward-bias region
(vp = 0), then the first term in parenthesis predominates and the current is
approximately given by

- Up,
in = Iexp ("Vr) (1.3)



1.4 Physicsof Solid- State Diodes

1.4.2 Relationship Between Diode Current and Diode Voltage

These equations are illustrated in Figure:

<Whol ecurve

D
. _ nU
io=1" —1)

Ip

A

Forward region only

Up

/iD — IoenUT




4.4 Fyzika diod v pevne| faze
4.4.2 Vzah medzi diddovym prudom a diodovym napéatim
Zaverny saturany prud |, je funkciou

Empirické konstant n je ¢cislo. ktoré reprezentuj vlastnos

konstrukcie diédy. M6ze sa mehpod’a nap#iovych a prudovych
urovni. Niektoré diody vSak mdzu pracavao ve’lkom napd&ovom

rozsahu s pomerne konstantnym

Pre germaniove diody je obgjne

Vacsina kremikovych diod vSak pracujers az 1 6. Hodnotan sa
moze meni aj v konkretnomprocese vyroby z dovodu vyrobnych
tolerancii,cistoty materialu a urovne dotovania.



4.4 Fyzika diod v pevne| faze
4.4.2 Vzah medzi diddovym prudom a diodovym napatim

Vztah medzi prudoma napatimv pracovnombode dostaneme ak
vyraz zderivujeme, najdeme teda smernicu lpleovd’nd hodnotu

(pre pracovny bodP): |Oexp( Up j
dip _
du, U (4.4)
Aby sme vyl@ili exponencialnu funkciu, rieSime rovnicu (4

exp( "o jz D 41
nU+ Iy
Dosadenintohto vyrazu do rovnice (4.4) dostavame
di, (ip +1,)
du,  nU
Dynamicky odpor r, je prevratenou hodnotou tohto vyrazu:

_ nU;  _ nU;
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