NEUB CSE 213 Lecture 4: Special Diodes
Light Emitting Diode
The increasing use of digital displays in calculators, watches, and all forms of instrumentation has
contributed to an extensive interest in structures that emit light when properly biased. The two
types in common use to perform this function are the light-emitting diode (LED) and the liquidcrystal display (LCD).
LED or Light Emitting Diode are special kind of PN junction, which when properly biased can emit
lights. These lights can be either in the visible spectrum or invisible spectrum (Infrared). In any
forward-biased p–n junction there is, within the structure and primarily close to the junction, a
recombination of holes and electrons. This recombination requires that the energy possessed by the
unbound free electrons be transferred to another state. In all semiconductor p–n junctions some of
this energy is given off in the form of heat and some in the form of photons.
In Si and Ge diodes the greater percentage of the energy converted during recombination at the
junction is dissipated in the form of heat within the structure, and the emitted light is insignificant.
For this reason, silicon and germanium are not used in the construction of LED devices. On the other
hand:
Diodes constructed of GaAs emit light in the infrared (invisible) zone during the recombination
process at the p–n junction.
Although it may seem absurd at the first glance, but infrared LED has wide range of usage including
communication, security system, industrial processing, optical coupling, safety control etc.
The Table below shows the data for materials used for producing different colored LED and their
typical Forward Voltage.
Table 1 LEDs

Color
Construction Typical Forward voltage (V)
Amber
AlInGaP
2.1
Blue
GaN
5.0
Green
GaP
2.2
Orange
GaAsP
2.0
Red
GaAsP
1.8
White
GaN
4.1
Yellow
AlInGaP
2.1
Figure 1 below shows the construction of LED with the standard symbol used for the device.
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Figure 1 (a) Process of electroluminescence in the LED; (b) graphic symbol

The external metallic conducting surface connected to the p-type material is smaller to permit the
emergence of the maximum number of photons of light energy when the device is forward-biased.
Note in the figure that the recombination of the injected carriers due to the forward-biased junction
results in emitted light at the site of the recombination.
There will, of course, be some absorption of the packages of photon energy in the structure itself,
but a very large percentage can leave, as shown in the figure.
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Just as different sounds have different frequency spectra (high-pitched sounds generally have highfrequency components, and low sounds have a variety of low-frequency components), the same is
true for different light emissions.
The frequency spectrum for infrared light extends from about 100 THz (T = tera = 1012) to 400 THz,
with the visible light spectrum extending from about 400 to 750 THz.
It is interesting to note that invisible light has a lower frequency spectrum than visible Light.
It is more common to indicate a specific light with its wavelength rather than its frequency. The
relationship between frequency and wavelength can be found using the formula
𝒄
(𝒎)
(𝟒. 𝟏)
𝝀=
𝒇
Where, 𝑐 = 3 × 108 𝑚/𝑠
𝑓 = 𝑓𝑟𝑒𝑞𝑢𝑒𝑛𝑐𝑦 𝑖𝑛 ℎ𝑒𝑟𝑡𝑧
𝜆 = 𝑤𝑎𝑣𝑒𝑙𝑒𝑛𝑔𝑡ℎ 𝑖𝑛 𝑚𝑒𝑡𝑒𝑟𝑠
The response of the average human eye as provided in Fig. 2 extends from about 350 nm to 800 nm
with a peak near 550 nm.

Figure 2 Standard response curve of the human eye, showing the eye’s response to light energy peaks at green and falls
off for blue and red.

It was mentioned in earlier that GaAs with its higher energy gap of 1.43 eV made it suitable for
electromagnetic radiation of visible light, whereas Si at 1.1 eV resulted primarily in heat dissipation
on recombination. The effect of this difference in energy gaps can be explained to some degree by
realizing that to move an electron from one discrete energy level to another requires a specific
amount of energy. The amount of energy involved is given by
𝒉𝒄
𝑬𝒈 =
(𝟒. 𝟐)
𝝀
−19
With, 𝐸𝑔 = 𝑗𝑜𝑢𝑙𝑒𝑠 (𝐽)[1𝑒𝑉 = 1.6 × 10 𝐽]
ℎ = 𝑃𝑙𝑎𝑛𝑘𝑠 𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡 = 6.626 × 1−−34 𝐽. 𝑠
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108 𝑚

𝑐 =3× 𝑠
𝜆 = 𝑤𝑎𝑣𝑒𝑘𝑒𝑛𝑔𝑡ℎ 𝑖𝑛 𝑚𝑒𝑡𝑒𝑟𝑠
If we substitute the energy gap level of 1.43 eV for GaAs into the equation, we obtain the following
wavelength:
𝜆 = 869 𝑛𝑚
For silicon, with 𝐸𝑔 = 1.1 𝑒𝑉
𝜆 = 1130𝑛𝑚
Which is well beyond the visible range of human.
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The wavelength of 869 nm places GaAs in the wavelength zone typically used in infrared devices. For
a compound material such as GaAsP with a band gap of 1.9 eV the resulting wavelength is 654 nm,
which is in the center of the red zone, making it an excellent compound semiconductor for LED
production. In general, therefore:
The wavelength and frequency of light of a specific color are directly related to the energy band
gap of the material.

LED form factor and structure
LEDs are typically found in different form factors.

Figure 3 Different LED form factors

In almost all form factors the construction is similar. The Semiconductor die is placed inside an epoxy
lens with wire bonds connecting the PN junction to the external Cathode Lead and Anode Lead.

Figure 5 LED residential and commercial lighting.
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Figure 4 Construction of Typical LED
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LEDs are also used as light fixtures. Comparison of LED fixtures with other common light fixtures is
shown in the figure below.

Driving LEDs
LEDs can be powered in many different configurations. One of the simplest configuration is to drive
it using a serial resistor. The serial resistor is necessary to limit the current flowing through the LED.
If higher current than the nominal current through the LED flows for longer period of time, the LED
can easily burn out. So it is very much recommended to drive LEDs with current less than or equal to
its nominal current.
Consider the example circuit in Figure (a) below (a) using a 6 V source.
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Figure 6 Setting LED current at 20 ma. (a) for a 6 V source, (b) for a 24 V source.

With the LED dropping 1.6 volts, there will be 4.4 volts dropped across the resistor. Sizing the
resistor for an LED current of 20 mA is as simple as taking its voltage drop (4.4 volts) and dividing by
circuit current (20 mA), in accordance with Ohm’s Law (R=E/I). This gives us a figure of 220 Ω.
Calculating power dissipation for this resistor, we take its voltage drop and multiply by its current
(P=IE), and end up with 88 mW, well within the rating of a 1/8 watt resistor. Higher battery voltages
will require larger-value dropping resistors, and possibly higher-power rating resistors as well.
Consider the example in Figure (b) above for a supply voltage of 24 volts:
Here, the dropping resistor must be increased to a size of 1.12 kΩ to drop 22.4 volts at 20 mA so that
the LED still receives only 1.6 volts. This also makes for a higher resistor power dissipation: 448 mW,
nearly one-half a watt of power! Obviously, a resistor rated for 1/8 watt power dissipation or even
1/4 watt dissipation will overheat if used here.
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Dropping resistor values need not be precise for LED circuits. Suppose we were to use a 1 kΩ resistor
instead of a 1.12 kΩ resistor in the circuit shown above. The result would be a slightly greater circuit
current and LED voltage drop, resulting in a brighter light from the LED and slightly reduced service
life. A dropping resistor with too much resistance (say, 1.5 kΩ instead of 1.12 kΩ) will result in less
circuit current, less LED voltage, and a dimmer light. LEDs are quite tolerant of variation in applied
power, so you need not strive for perfection in sizing the dropping resistor.
Multiple LEDs are sometimes required, say in lighting. If LEDs are operated in parallel, each must
have its own current limiting resistor as in Figure (a) below to ensure currents dividing more equally.
However, it is more efficient to operate LEDs in series (Figure (b) below with a single dropping
resistor. As the number of series LEDs increases the series resistor value must decrease to maintain
current, to a point. The number of LEDs in series (Vf) cannot exceed the capability of the power
supply. Multiple series strings may be employed as in Figure (c) below.
In spite of equalizing the currents in multiple LEDs, the brightness of the devices may not match due
to variations in the individual parts. Parts can be selected for brightness matching for critical
applications.

Figure 7 Multiple LEDs: (a) In parallel, (b) in series, (c) series-parallel

Also because of their unique chemical makeup, LEDs have much, much lower peak-inverse voltage
(PIV) ratings than ordinary rectifying diodes. A typical LED might only be rated at 5 volts in reversebias mode. Therefore, when using alternating current to power an LED, connect a protective
rectifying diode anti-parallel with the LED to prevent reverse breakdown every other half-cycle as in
Figure (a) below.

Figure 8 Driving an LED with AC

LEDs are also widely used in displays. Details about display techniques will not be discussed in this
course. You will learn more details in later courses including Digital Logic Design
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The anti-parallel diode in Figure (a) above can be replaced with an anti-parallel LED. The resulting
pair of anti-parallel LED’s illuminate on alternating half-cycles of the AC sinewave. This configuration
draws 20 ma, splitting it equally between the LED’s on alternating AC half cycles. Each LED only
receives 10 mA due to this sharing. The same is true of the LED anti-parallel combination with a
rectifier. The LED only receives 10 ma. If 20 mA was required for the LED(s), The resistor value could
be halved.
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Zener Diodes
The Zener region of Fig. 9 was discussed in earlier lecture. The characteristic drops in an almost
vertical manner at a reverse-bias potential denoted VZ. The fact that the curve drops down and away
from the horizontal axis rather than up and away for the positive-VD region reveals that the current
in the Zener region has a direction opposite to that of a forward-biased diode. The slight slope to the
curve in the Zener region reveals that there is a level of resistance to be associated with the Zener
diode in the conduction mode.

Figure 10 Conduction direction: (a) Zener diode; (b)
semiconductor diode; (c) resistive element.
Figure 9 Zener region
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This region of unique characteristics is employed in the design of Zener diodes, which have the
graphic symbol appearing in Fig. 10a. The semiconductor diode and the Zener diode are presented
side by side in Fig. 10 to ensure that the direction of conduction of each is clearly understood
together with the required polarity of the applied voltage. For the semiconductor diode the “on”
state will support a current in the direction of the arrow in the symbol. For the Zener diode the
direction of conduction is opposite to that of the arrow in the symbol, as pointed out in the
introduction to this section. Note also that the polarity of VD and VZ are the same as would be
obtained if each were a resistive element as shown in Fig. 10c.
The location of the Zener region can be controlled by varying the doping levels. An increase in
doping that produces an increase in the number of added impurities, will decrease the Zener
potential. Zener diodes are available having Zener potentials of 1.8 V to 200 V with power ratings
from 1⁄4 W to 50 W.
It would be nice to assume the Zener
diode is ideal with a straight vertical
line at the Zener potential. However,
there is a slight slope to the
characteristics
requiring
the
piecewise
equivalent
model
appearing in Fig. 11 for that region.
For most of the applications
appearing in this text the series
resistive element can be ignored and
the reduced equivalent model of just
a dc battery of VZ volts employed.
Since some applications of Zener
diodes swing between the Zener
region and the forward-bias region, it
is important to understand the
operation of the Zener diode in all
regions. As shown in Fig. 11, the
equivalent model for a Zener diode Figure 11 Zener diode characteristics with the equivalent model for each region.
in the reverse-bias region below VZ is a very large resistor (as for the standard diode). For most
applications this resistance is so large it can be ignored, and the open-circuit equivalent employed.
For the forward-bias region the piecewise equivalent is the same as described in earlier lectures.
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Power rating of Zener diodes can be found using the formula
(2.3)
𝑃𝑍𝑚𝑎𝑥 = 4𝐼𝑍𝑇 𝑉𝑍
Here, 𝑉𝑍 = 𝑧𝑒𝑛𝑒𝑟 𝑝𝑜𝑡𝑒𝑛𝑡𝑖𝑎𝑙
𝐼𝑍𝑇 = 𝑍𝑒𝑛𝑒𝑟 𝑡𝑒𝑠𝑡 𝑐𝑢𝑟𝑒𝑛𝑡
It is to be noted that:
The Zener potential of a Zener diode is very sensitive to the temperature of operation.
The temperature coefficient can be used to find the change in Zener potential due to a change in
temperature using the following equation:
Δ𝑉𝑍
𝑉𝑍
(2.4)
𝑇𝐶 =
× 100%/°𝐶
𝑇1 − 𝑇0
Where, 𝑇1 𝑖𝑠 𝑡ℎ𝑒 𝑛𝑒𝑤 𝑡𝑒𝑚𝑝𝑒𝑟𝑎𝑡𝑢𝑟𝑒 𝑙𝑒𝑣𝑒𝑙
𝑇0 𝑖𝑠 𝑟𝑜𝑜𝑚 𝑡𝑒𝑚𝑝𝑒𝑟𝑎𝑡𝑢𝑟𝑒 𝑖𝑛 𝑎 𝑒𝑛𝑐𝑙𝑜𝑠𝑒𝑑 𝑐𝑎𝑏𝑖𝑛𝑒𝑡 (25°𝐶)
𝑇𝐶 𝑖𝑠 𝑡ℎ𝑒 𝑡𝑒𝑚𝑝𝑒𝑟𝑎𝑡𝑢𝑟𝑒 𝑐𝑜𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑡
𝑉𝑍 𝑖𝑠 𝑡ℎ𝑒 𝑛𝑜𝑚𝑖𝑛𝑎𝑙 𝑧𝑒𝑛𝑒𝑟 𝑝𝑜𝑡𝑒𝑛𝑡𝑖𝑎𝑙 𝑎𝑡 25°𝐶
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Zener diode Circuit analysis
The analysis of networks employing Zener diodes is quite similar to the analysis of semiconductor
diodes. First the state of the diode must be determined, followed by a substitution of the
appropriate model and a determination of the other unknown quantities of the network. Figure 12
reviews the approximate equivalent circuits for each region of a Zener diode assuming the straightline approximations at each break point. Note that the forward-bias region is included because
occasionally an application will skip into this region also.

Figure 12 Approximate equivalent circuits for the Zener diode in the three possible regions of application.
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The first two examples will demonstrate how a Zener diode can be used to establish reference
voltage levels and act as a protection device. The use of a Zener diode as a regulator will then be
described in detail because it is one of its major areas of application. A regulator is a combination of
elements designed to ensure that the output voltage of a supply remains fairly constant.
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Zener Regulator

Figure 13 Basic Zener diode regulator
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The use of the Zener diode as a regulator is so common that three conditions surrounding the
analysis of the basic Zener regulator are considered. The analysis provides an excellent opportunity
to become better acquainted with the response of the Zener diode to different operating conditions.
The basic configuration appears in Fig. 13. The analysis is first for fixed quantities, followed by a fixed
supply voltage and a variable load, and finally a fixed load and a variable supply.
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Figure 15 Substituting the Zener equivalent for the on state

Vi and R Fixed
The simplest of Zener diode regulator networks appears in Fig. 13. The applied dc voltage is fixed, as
is the load resistor. The analysis can fundamentally be broken down into two steps
1. Determine the state of the Zener diode by removing it from the network and calculating the
voltage across the resulting open circuit.
2. Substitute the appropriate equivalent circuit and solve for the desired unknowns.
Applying step 1 to the network of Fig. 13 results in the network of Fig. 14, where an application of
the voltage divider rule results in
𝑹𝑳
𝑽 = 𝑽𝑳 =
𝑽
(2.5)
𝑹 + 𝑹𝑳 𝒊
If V ≥ VZ, the Zener diode is on, and the appropriate equivalent model can be substituted.
If V < VZ, the diode is off, and the open-circuit equivalence is substituted.
For step 2 For the network of Fig. 13, the “on” state will result in the equivalent network of Fig. 15.
Since voltages across parallel elements must be the same, we find that
(2.6)
𝑽𝑳 = 𝑽𝒁
The Zener diode current must be determined by an application of Kirchhoff’s current law. That is,
𝐼𝑅 = 𝐼𝑍 + 𝐼𝐿
(2.7)
And
𝑰𝒁 = 𝑰𝑹 − 𝑰𝑳
Where
𝑉
𝑉
𝑉 −𝑉
𝐼𝐿 = 𝐿
and 𝐼𝑅 = 𝑅 = 𝑖 𝐿
𝑅𝐿

𝑅

𝑅
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The power dissipated by the Zener diode is determined by
(2.8)
𝑷𝒁 = 𝑽𝒁 𝑰𝒁
that must be less than the PZM specified for the device.
Before continuing, it is particularly important to realize that the first step was employed only to
determine the state of the Zener diode. If the Zener diode is in the “on” state, the voltage across the
diode is not V volts. When the system is turned on, the Zener diode will turn on as soon as the
voltage across the Zener diode is VZ volts. It will then “lock in” at this level and never reach the
higher level of V volts.
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Due to the offset voltage VZ, there is a specific range of resistor values (and therefore load current)
that will ensure that the Zener is in the “on” state. Too small a load resistance RL will result in a
voltage VL across the load resistor less than VZ, and the Zener device will be in the “off” state.
To determine the minimum load resistance of Fig. 13 that will turn the Zener diode on, simply
calculate the value of RL that will result in a load voltage VL=VZ. That is,
𝑅𝐿
𝑉𝐿 = 𝑉𝑍 =
𝑉
𝑅𝐿 + 𝑅 𝑖
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Fixed Vi, Variable RL
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Solving for RL, we get
𝑹𝑽𝒁
(2.9)
𝑽𝒊 − 𝑽𝒁
Any load resistance value greater than the RL obtained from Eq. (2.9) will ensure that the Zener
diode is in the “on” state and the diode can be replaced by its VZ source equivalent.
The condition defined by Eq. (2.9) establishes the minimum RL, but in turn specifies the maximum IL
as
𝑽𝑳
𝑽𝒁
(2.10)
𝑰𝑳𝒎𝒂𝒙 =
=
𝑹𝑳 𝑹𝑳𝒎𝒊𝒏
Once the diode is in the “on” state, the voltage across R remains fixed at
(2.11)
𝑉𝑅 = 𝑉𝑖 − 𝑉𝑍
And IR remains fixed at
𝑽𝑹
(2.12)
𝑰𝑹 =
𝑹
The Zener current is
(2.13)
𝑰𝒁 = 𝑰𝑹 − 𝑰𝑳
resulting in a minimum IZ when IL is a maximum and a maximum IZ when IL is a minimum value, since
IR is constant.
Since IZ is limited to IZM as provided on the data sheet, it does affect the range of RL and therefore IL.
Substituting IZM for IZ establishes the minimum IL as
(2.14)
𝑰𝑳𝒎𝒊𝒏 = 𝑰𝑹 − 𝑰𝒁𝑴
and the maximum load resistance as
𝑽𝒁
(2.15)
𝑹𝑳𝒎𝒂𝒙 =
𝑰𝑳𝒎𝒊𝒏
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𝑹𝑳𝒎𝒊𝒏 =

Prepared BY
Shahadat Hussain Parvez

NEUB CSE 213 Lecture 4: Special Diodes
Fixed RL, Variable Vi
For fixed values of RL in Fig. 13, the voltage Vi must be sufficiently large to turn the Zener diode on.
The minimum turn-on voltage 𝑉𝑖 = 𝑉𝑖𝑚𝑖𝑛 is determined by
𝑅𝐿
𝑉𝐿 = 𝑉𝑍 =
𝑉
𝑅𝐿 + 𝑅 𝑖
And
(𝑹𝑳 + 𝑹)𝑽𝒁
(2.16)
𝑽𝒊𝒎𝒊𝒏 =
𝑹𝑳
The maximum value of Vi is limited by the maximum Zener current IZM. Since 𝐼𝑍𝑀 = 𝐼𝑅 − 𝐼𝐿 ,
(2.17)
𝐼𝑅𝑚𝑎𝑥 = 𝐼𝑍𝑀 + 𝐼𝐿
Since IL is fixed at VZ/RL and IZM is the maximum value of IZ, the maximum Vi is defined by
𝑉𝑖𝑚𝑎𝑥 = 𝑉𝑅𝑚𝑎𝑥 + 𝑉𝑍
𝑽𝒊𝒎𝒂𝒙 = 𝑰𝑹𝒎𝒂𝒙 𝑹 + 𝑽𝒁
(2.18)

Other specialty diodes

Reference books
1. Electronic Devices and Circuit, 11th edition, Robert L. Boylestad.
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There are also many other diverse types if diodes available in the market and new types of diodes
are also being researched. Details about these didoes are not required for this course. But to
broaden your knowledge you can learn about them here:
https://www.allaboutcircuits.com/textbook/semiconductors/chpt-3/special-purpose-diodes/
Some of the special diodes include
• Schottky diodes
• Photodiode
• Gunn diode
• Tunnel Diode
• Solar cells
• Shockley diode
• Laser Diode
• Snap diode
• Varicap or Varactor
diodes
• PIN diode
• IMPATT diode

