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What Are Diodes Made Out Of?

Silicon (Si) and Germanium (Ge) are the two most

common single elements that are used to make Diodes.

A compound that is commonly used is Gallium
Arsenide (GaAs), especially in the case of LEDs
because of it’s large bandgap.

Silicon and Germanium are both group 4 elements,
meaning they have 4 valence electrons. Their
structure allows them to grow in a shape called the
diamond lattice.

Gallium is a group 3 element while Arsenide is a group
5 element. When put together. as a compound, GaAs
creates a zincblend lattice structure.

In both the diamond lattice and zincblend lattice, each
atom shares its valence electrons with'its four. closest
neighbors. This sharing of electrons is what ultimately.
allows diodes to be build. When dopants from groups
3 0r 5 (In most cases) are added to Si, Ge or. GaAs it
changes the properties of the material’'se we are able
to. make the P- and' N-type materials that become the
dicde.

The diagram above shows the
2D structure of the Si crystal.
The light green lines
represent the electronic
bonds made when the valence
electrons are shared. Each Si
atom shares one electron with
each of its four closest
neighbors so that its valence
band will have a full 8
electrons.




Covalent Bonding Of The GaAs Crystal

Gallitmiis agroup
3 elementwhnile
ArSEnIde IS a
group s element.

each atom shares
ItS valence
electrons with its

four. closest
n ei g h b 0) ) Covalent Bonding of the Gads crystal




\When extra valence electrons are introduced

Inte a material suchias silicon an n-type
material Is produced. The extra valence
electrons are introduced by putting
Impurities or.dopants into the silicon. The
dopants used to create an n-type material
are Group V elements. The moest commonly.
used dopants from Group: V. are arsenic,
antimony and phoesphorus.

The 2D diagram te the |eft: shows the extra
electron thatwill'be presentwhen a Group
\Vdopantis introduced to a material 'such
as silicen. This extra electroniis very
mobhile.
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P-Type Material

P-type material Is produced when the dopant
that Is introduced Is from Group Ill. Group
llI'elements have only 3 valence electrons
and therefore there is an electron missing.

: This creates a hole (h+), or a positive charge

that can move around in the material.
Commonly used Group lll dopants are

: aluminum, boron, and gallium.

: The 2D diagram to the left shews

the hole that will'be presentwhen a
Group lll depantiis introduced to a
material such as silicen. This hole
IS quite mobilein the same way. the
extra electroniis mobile inra n-type
material.



The PN Junction
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h+drift = h+ diffusion e- diffusion = e-drift



The PN Junction

Steady State

Metallurgical
Na Junotion Nd

When no external source
IS connected to the pn
junction, diffusion and

drift balance each other
out for both the holes
and electrons

ionized
acceptors

| ..

I ionized
donors
|

h+ drift = h+ diffusion e- diffusion =  e-drift

Space Charge Regqion: Also called the depletion region. This region includes the
net positively and negatively charged regions. The space charge region does not
have any free carriers. The width of the space charge region is denoted by W in pn
junction formula’s.

Metallurgical Junctions: The interface Where the p-and n-type materials meet.

Na & Nd: Represent the amount of negative and positive doping in

number of carriers per centimeter cubed. Usually in the range of 10!°
to 1020,




The Biased PN Junction
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The p-n junction is considered biased when an external voltage is applied.

There are two types of biasing: Forward bias and Reverse bias.
These are described on then next slide.




Vir The Biased PN Junction

=eolalte RIS In forward bias the depletion region shrinks slightly in
width. With this shrinking the energy required for
charge carriers to cross the depletion region decreases
exponentially. Therefore, as the applied voltage

Va d>O

pplie
Increases, current starts to flow across the junction.
The barrier potential of the diode is the voltage at which
appreciable current starts to flow through the diode.
The barrier potential varies for different materials.

Reverse Bias: Under.reverse bias the depletion region widens. This
Causes the electric field' produced by the ions to cancel
out the applied reverse bias voltage. A small leakage
current, Is (saturation current) flows Under: reverse bias
conditions. This saturation currentis made up of
electron-hole pairs being produced in the depletion
region. Saturation current s SOmetimes referred to as
Scale current because of It’s relationship to junction
temperature.

Va d<0

pplie



Properties of Diodes

Figure 1.10 — The Diode Transconductance Curve?
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Vp = Bias Voltage

Il = Current through

Diode. Iy is Negative
for Reverse Bias and
Positive for Forward

Bias

|s = Saturation
Current

Vgr = Breakdown
Voltage

V¢ = Barrier Potential
Voltage




Properties of Diodes

The Shockley Equation

The transconductance curve on the previous slide is characterized by
the following equation:

|D — |S(eVD/11VT —_ 1)

As described in the last slide, Iy Is the current through the diode, Is IS
the saturation current and Vp IS the applied biasing voltage.

VIS the thermal equivalent voltage and Is approximately 26 mV at room
temperature. The equation to find V1 at various temperatures Is:

V= KT
g
ki=1.38 x 10:23 J/K T =temperature in Kelvin g=16x1011°C

N IS the emission coefficient for the diode. It is determined by the way
the diode Is constructed. It somewhat varies with diode current. For a
silicon diede n Is around 2 for low currents and goes down to about 1 at
higher. currents



Diode Circint Models
1-The Ideal Diode Model

The diode is designed to allow current to flow in only

one direction. The perfect diode would be a perfect

4D|7 conductor in one direction (forward bias) and a
perfect insulator in the other direction (reverse bias).
In many situations, using the ideal diode
approximation is acceptable,

Example: Assume the diede in the circuit below isiideal. Determine the

value ofily ifi &)V, = 5velts (ferward bias) and b) V, = -5 Vvolts (reverse
bias)

Rs=500Q a) With Vx> 0 the diode IS i ferward bias
andis acting/like a perfect:conductor so:

Is I = Vi/Re = 5\V///50 6 = 100 mA

-+
V, —— B)FWIthiV, < 0'the diede isiin reversebias

_ and s acting like a perfectinsulator;
therefore ne current.can fiow and ly =0:




Diede Einculitiviedels

2-The ldeal Diode with Barrier. Potential

This model is more accurate than the simple ideal
diode model because it includes the approximate

barrier potential voltage. Remember the barrier
potential voltage is the voltage at which
appreciable current starts to flow.

Example: 1o be more accurate than just using the ideal dicde model
include the barrier potentials Assume Vg = 0.3 volts (typical for a
germanium dicde) Determine the value ofily ifi V, = S volts (forward bias).

Rg =500 With W/ >'0ithe diede isiin forward bias

and s acting/like a perfect:conductar,
5 sowrite a KV eguation to find!ls;

v 0=V — IpRs - Vg
A

y 5= Va- Vg = 4.7V, = 94 mA
B




Diede Einculitiviedels

This model is the most accurate of the three. It includes alinear forward
resistance that is calculated from the slope of the linear portion of the trans-
conductance curve. However, this is usually not necessary since the Rg (forward
resistance) value is pretty constant. For low-power germanium and silicon

diodes the Rg value is usually in the 2 to 5 ohms range, while higher power
diodes have a Rg value closer to 1 ohm.

Linear Portion of
trans-conductance
curve
R- = BV
[ ]
= '
. D




Pieode CircuittMedels

Example: Assume the dicde Is alow-poewer dicde with'a ferward
resistance value ofis'ohms. [he barrer potentialveltage 1s still: Vg = 0.3
volts (typical forra germanium diede) Determinethe value ofilyifi Vx =5

VoIts.

R<s=500Q
| ©nce ag_ain, .Write a KVt eguation
L forthe Circuit:
A i_—_— 0=\ = I5Re - Vg - I5R-
= V= b= Va-Va = 5-013 = 855mA

Re+R. 50+5




Diede Einculitiviedels

Values of ID for the Three Different Diode Circuit Models

. Ideal Diode
Ideal Diode .
Model with Model with

ldeal Diode Barrier Barrier
Model . Potential and
Potential :

Linear Forward

Voltage Resistance

These are the values found in the examples on previous slides where
the applied voltage was 5 volts, the barrier potential was 0.3 volts and
the linear forward resistance value was assumed to be 5 ohms.




e @IRoINT:

The operating point or Q point of the diode is the quiescent or no-
signal condition. The Q point is obtained graphically and'is really only.
needed when the applied voltage is very close to the diode’s barrier
potential voltage. The example 3 below that is continued on the next

slide, shows how the Q point is determined using the
transconductance curve and the load line.

Firsiing loziel line is fourie 0y suosiiititinie) i
differant valuss of V, irio ife gejuziion for Iy, Usirne)
Rs=1000©Q ine ezl diocs with Ozrrisr ooisniizl modsl for ife
ciocls, Wiin R cti 1000 ofnrns tne velts of K-
wotlelr) 't iz muen irnezet o irs resulis,

Iy = Vo= Vg

R

o
=)

/g Usiing V. veluss of O volis zind L4 volis we o gz
Iy Veluss of & A e 4.9 mA resosciivaly, Nei
we wWill dreznwvine linie connaeaiine) inssa e goiris
orl irle ejraian Wiin ins iranscaoncducizincs gurye,
Tnis ling s ine lozd line,




4 lp (mA)

The O Point

The
transconductance
curve below is for a
Silicon diode. The

Q point in this
example is located
at 0.7 V. and 5.3 mA.

Q Point: The intersection of the
load line and the
transconductance curve.

: Vp (Volts)
14



Dyvnamic Resistance

The dynamic resistance of the diode is mathematically determined
as the inverse of the slope of the transconductance curve.
Therefore, the equation for dynamic resistance Is:

e =nVy

ID
The dynamic resistance is used in determining the voltage drop

across the diode in the situation where a voltage source Is
supplying a sinusoidal signal with a dc offset.

The ac component of the diode voltage Is found using the
following equation:

VF = Vac rF
F + Rs

The voltage drop through the diode Is a combination of the ac and
dc components and Is equal to:

Vp = Vg + Ve




DV URICIRESISTECE!

Example: Use the same circuit used for the Q point example but change

the voltage source so it is an ac source with a dc offset. The source

voltage is now, v,, = 6 + sin(wt) Volts. Itis a silicon diode so the barrier

potential voltage is still 0.7 volts.
The DC component of the circuit is the

same as the previous example and
therefore l; =6V =0.7V =5.2 mA

1000 Q
re=mVy = 1726 mV =4.9Q
5.3 mA

R = 1000 ¢)

ID
n = 11s agood approximation if the dc

current is greater than 1 mA as it is in this
example.
[ = sin(wt) V 4.9 Q = 4.88 sin(wt) mV
e + Rg 4.9 Q + 1000 Q

Therefore, V, =700 + 4.9 sin (wt) mV (the voltage drop across the
diode)




Equation of the Static Characteristic

The volt-ampere characteristics described above are called static
characteristics because they describe the d.c. behavior of the diode. The
forward and reverse characteristics have been combined into a single diagram
of Fig. 52.4. These characteristics can be described by the analytical equation
called Boltzrmann diode equation

given below :

[ = /0 (6’ (eV/I]KH__Z)

Where

I=current flowing in the diode

/, = diode reverse saturation current

V=voltage applied to the diode

V. =volt-equivalent of temperature ~ V;=KkT/e

n=1 (for Ge) and 2 (for Si)

V= voltage across junction — positive for forward bias and negative for reverse
bias.

k = Boltzmann constant = 1.38 x 10723 J/eK

7 = crystal temperature in 2K



Equation of the Static Characteristic




