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A flyback diode is a diode connected across an inductor used to eliminate flyback, which is the
sudden voltage spike seen across an inductive load when its supply current is suddenly
reduced or interrupted. It is used in circuits in which inductive loads are controlled by switches
, and in switching power supplies and inverters. This diode is known by many other names,
such as snubber diode , commutating diode , freewheeling diode , suppressor diode , clamp
diode , or catch diode. The resistor represents the small residual resistance of the inductor's
wire windings. When the switch is closed, the voltage from the battery is applied to the inductor,
causing current from the battery's positive terminal to flow down through the inductor and
resistor. When the switch is opened in fig. The inductor resists the drop in current by
developing a very large induced voltage of polarity in the opposite direction of the battery,
positive at the lower end of the inductor and negative at the upper end. It causes electrons to
jump the air gap between the contacts, causing a momentary electric arc to develop across the
contacts as the switch is opened. The arc continues until the energy stored in the inductor's
magnetic field is dissipated as heat in the arc. The arc can damage the switch contacts, causing
pitting and burning, eventually destroying them. If a transistor is used to switch the current, for
example in switching power supplies, the high reverse voltage can destroy the transistor. To
prevent the inductive voltage pulse on turnoff, a diode is connected across the inductor as
shown in fig. However, when the switch is opened, the induced voltage across the inductor of
opposite polarity forward biases the diode, and it conducts current, limiting the voltage across
the inductor and thus preventing the arc from forming at the switch. The inductor and diode
momentarily form a loop or circuit powered by the stored energy in the inductor. This circuit
supplies a current path to the inductor to replace the current from the battery, so the inductor
current does not drop abruptly, and it does not develop a high voltage. The voltage across the
inductor is limited to the forward voltage of the diode, around 0. This "freewheeling" or
"flyback" current through the diode and inductor decreases slowly to zero as the magnetic
energy in the inductor is dissipated as heat in the series resistance of the windings. This may
take a few milliseconds in a small inductor. These images show the voltage spike and its
elimination through the use of a flyback diode 1N The inductor in this case is a solenoid
connected to a 24V DC power supply. Each waveform was taken using a digital oscilloscope set
to trigger when the voltage across the inductor dipped below zero. In Figure 2, a flyback diode
was added in antiparallel with the solenoid. Instead of spiking to V, the flyback diode only
allows approximately The waveform in Figure 2 is also much less bouncy than the waveform in
Figure 1, perhaps due to arcing at the switch for Figure 1. In both cases, the total time for the
solenoid to discharge is a few milliseconds, though the lower voltage drop across the diode will
slow relay dropout. When used with a DC coil relay , a flyback diode can cause delayed drop-out
of the contacts when power is removed, due to the continued circulation of current in the relay
coil and diode. When rapid opening of the contacts is important, a resistor or reverse-biased
Zener diode can be placed in series with the diode to help dissipate the coil energy faster, at the
expense of higher voltage at the switch. They therefore dissipate less energy while transferring
energy from the inductor to a capacitor. According to Faraday's law of induction , if the current
through an inductance changes, this inductance induces a voltage so the current will go on
flowing as long as there is energy in the magnetic field. If the current can only flow through the
air, the voltage is therefore so high that the air conducts. That is why in mechanically-switched
circuits, the near-instantaneous dissipation which occurs without a flyback diode is often
observed as an arc across the opening mechanical contacts. Energy is dissipated in this arc
primarily as intense heat which causes undesirable premature erosion of the contacts. Another
way to dissipate energy is through electromagnetic radiation. Similarly, for non-mechanical
solid state switching i. Some energy is also lost from the system as a whole and from the arc as
a broad spectrum of electromagnetic radiation, in the form of radio waves and light. These radio
waves can cause undesirable clicks and pops on nearby radio receivers. To minimise the
antenna-like radiation of this electromagnetic energy from wires connected to the inductor, the
flyback diode should be connected as physically close to the inductor as practicable. The
voltage at an inductor is, by the law of electromagnetic induction and the definition of
inductance :. If there is no flyback diode but only something with a great resistance such as the
air between two metal contacts , say, R 2 , we will approximate it as:. If we open the switch and
ignore V CC and R 1 , we get:. Now if we open the switch with the diode in place, we only need
to consider L 1 , R 1 and D 1. Flyback diodes are commonly used when inductive loads are
switched off by semiconductor devices: in relay drivers, H-bridge motor drivers, and so on. A
switched-mode power supply also exploits this effect, but the energy is not dissipated to heat
and instead used to pump a packet of additional charge into a capacitor, in order to supply
power to a load. When the inductive load is a relay, the flyback diode can noticeably delay the
release of the relay by keeping the coil current flowing longer. A resistor in series with the diode

will make the circulating current decay faster at the drawback of an increased reverse voltage. A
zener diode in series but with reverse polarity with regard to the flyback diode has the same
properties, albeit with a fixed reverse voltage increase. Both the transistor voltages and the
resistor or zener diode power ratings should be checked in this case. From Wikipedia, the free
encyclopedia. This article needs additional citations for verification. Please help improve this
article by adding citations to reliable sources. Unsourced material may be challenged and
removed. Diagram of a simple circuit with an inductance L and a flyback diode D. The resistor R
represents the resistance of the inductor's windings. Learn Electronics with Arduino. Retrieved
Retrieved 21 May Cengage Learning. Power Electronics: Principles and Applications.
Categories : Analog circuits Diodes. Hidden categories: Articles needing additional references
from October All articles needing additional references All accuracy disputes Articles with
disputed statements from February Namespaces Article Talk. Views Read Edit View history.
Help Learn to edit Community portal Recent changes Upload file. Download as PDF Printable
version. This article provides a more detailed explanation of pâ€”n diode behavior than is found
in the articles pâ€”n junction or diode. A pâ€”n diode is a type of semiconductor diode based
upon the pâ€”n junction. The diode conducts current in only one direction, and it is made by
joining a p -type semiconducting layer to an n -type semiconducting layer. Semiconductor
diodes have multiple uses including rectification of alternating current to direct current,
detection of radio signals, emitting light and detecting light. The figure shows two of the many
possible structures used for pâ€”n semiconductor diodes, both adapted to increase the voltage
the devices can withstand in reverse bias. The ideal diode has zero resistance for the forward
bias polarity , and infinite resistance conducts zero current for the reverse voltage polarity ; if
connected in an alternating current circuit, the semiconductor diode acts as an electrical
rectifier. The semiconductor diode is not ideal. As shown in the figure, the diode does not
conduct appreciably until a nonzero knee voltage also called the turn-on voltage or the cut-in
voltage is reached. Above this voltage the slope of the current-voltage curve is not infinite
on-resistance is not zero. In the reverse direction the diode conducts a nonzero leakage current
exaggerated by a smaller scale in the figure and at a sufficiently large reverse voltage below the
breakdown voltage the current increases very rapidly with more negative reverse voltages. As
shown in the figure, the on and off resistances are the reciprocal slopes of the current-voltage
characteristic at a selected bias point:. Here, the operation of the abrupt pâ€”n diode is
considered. By "abrupt" is meant that the p- and n-type doping exhibit a step function
discontinuity at the plane where they encounter each other. The objective is to explain the
various bias regimes in the figure displaying current-voltage characteristics. Operation is
described using band-bending diagrams that show how the lowest conduction band energy and
the highest valence band energy vary with position inside the diode under various bias
conditions. For additional discussion, see the articles Semiconductor and Band diagram. The
figure shows a band bending diagram for a pâ€”n diode; that is, the band edges for the
conduction band upper line and the valence band lower line are shown as a function of position
on both sides of the junction between the p -type material left side and the n -type material right
side. When a p -type and an n -type region of the same semiconductor are brought together and
the two diode contacts are short-circuited, the Fermi half-occupancy level dashed horizontal
straight line is situated at a constant level. This level ensures that in the field-free bulk on both
sides of the junction the hole and electron occupancies are correct. So, for example, it is not
necessary for an electron to leave the n -side and travel to the p -side through the short circuit
to adjust the occupancies. Similarly, hole density on the n -side is a Boltzmann factor smaller
than on the p -side. This reciprocal reduction in minority carrier density across the junction
forces the pn -product of carrier densities to be. As a result of this step in band edges, a
depletion region near the junction becomes depleted of both holes and electrons, forming an
insulating region with almost no mobile charges. There are, however, fixed, immobile charges
due to dopant ions. The near absence of mobile charge in the depletion layer means that the
mobile charges present are insufficient to balance the immobile charge contributed by the
dopant ions: a negative charge on the p -type side due to acceptor dopant and as a positive
charge on the n -type side due to donor dopant. Because of this charge there is an electric field
in this region, as determined by Poisson's equation. The width of the depletion region adjusts
so the negative acceptor charge on the p -side exactly balances the positive donor charge on
the n -side, so there is no electric field outside the depletion region on either side. In this band
configuration no voltage is applied and no current flows through the diode. To force current
through the diode a forward bias must be applied, as described next. In forward bias, the
positive terminal of the battery is connected to the p -type material and the negative terminal is
connected to the n -type material so that holes are injected into the p -type material and
electrons into the n -type material. The electrons in the n -type material are called majority

carriers on that side, but electrons that make it to the p -type side are called minority carriers.
The same descriptors apply to holes: they are majority carriers on the p -type side, and minority
carriers on the n -type side. A forward bias separates the two bulk half-occupancy levels by the
amount of the applied voltage, which lowers the separation of the p -type bulk band edges to be
closer in energy to those of the n -type. The band bending diagram is made in units of volts, so
no electron charge appears to convert v D to energy. Under forward bias, a diffusion current
flows that is a current driven by a concentration gradient of holes from the p -side into the nside, and of electrons in the opposite direction from the n -side to the p- side. Within the
junction, the pn- product is increased above the equilibrium value to: [1]. The gradient driving
the diffusion is then the difference between the large excess minority carrier densities at the
barrier and the low densities in the bulk, and that gradient drives diffusion of minority carriers
from the interface into the bulk. The injected minority carriers are reduced in number as they
travel into the bulk by recombination mechanisms that drive the excess concentrations toward
the bulk values. Recombination can occur by direct encounter with a majority carrier,
annihilating both carriers, or through a recombination-generation center , a defect that
alternately traps holes and electrons, assisting recombination. The minority carriers have a
limited lifetime , and this lifetime in turn limits how far they can diffuse from the majority carrier
side into the minority carrier side, the so-called diffusion length. In the LED recombination of
electrons and holes is accompanied by emission of light of a wavelength related to the energy
gap between valence and conduction bands, so the diode converts a portion of the forward
current into light. Under forward bias, the half-occupancy lines for holes and electrons cannot
remain flat throughout the device as they are when in equilibrium, but become quasi-Fermi
levels that vary with position. As shown in the figure, the electron quasi-Fermi level shifts with
position, from the half-occupancy equilibrium Fermi level in the n- bulk, to the half-occupancy
equilibrium level for holes deep in the p- bulk. The hole quasi-Fermi level does the reverse. The
two quasi-Fermi levels do not coincide except deep in the bulk materials. Because this barrier is
located in the oppositely doped material, the injected carriers at the barrier position are now
minority carriers. At this point the quasi-Fermi levels rejoin the bulk Fermi level positions. The
reduced step in band edges also means that under forward bias the depletion region narrows as
holes are pushed into it from the p -side and electrons from the n -side. In the simple pâ€”n
diode the forward current increases exponentially with forward bias voltage due to the
exponential increase in carrier densities, so there is always some current at even very small
values of applied voltage. However, if one is interested in some particular current level, it will
require a "knee" voltage before that current level is reached. Some special diodes, such as
some varactors, are designed deliberately to maintain a low current level up to some knee
voltage in the forward direction. In reverse bias the occupancy level for holes again tends to
stay at the level of the bulk p -type semiconductor while the occupancy level for electrons
follows that for the bulk n -type. In this case, the p -type bulk band edges are raised relative to
the n -type bulk by the reverse bias v R , so the two bulk occupancy levels are separated again
by an energy determined by the applied voltage. When the reverse bias is applied, the electric
field in the depletion region is increased, pulling the electrons and holes further apart than in
the zero bias case. Thus, any current that flows is due to the very weak process of carrier
generation inside the depletion region due to generation-recombination defects in this region.
That very small current is the source of the leakage current under reverse bias. In the
photodiode , reverse current is introduced using creation of holes and electrons in the depletion
region by incident light, thus converting a portion of the incident light into an electric current.
When the reverse bias becomes very large, reaching the breakdown voltage, the generation
process in the depletion region accelerates leading to an avalanche condition which can cause
runaway and destroy the diode. The DC current-voltage behavior of the ideal pâ€”n diode is
governed by the Shockley diode equation : [3]. This equation does not model the non-ideal
behavior such as excess reverse leakage or breakdown phenomena. In many practical diodes
this equation must be modified to read. Using this equation, the diode on- resistance is. The
depletion layer between the n - and p -sides of a pâ€”n -diode serves as an insulating region
that separates the two diode contacts. Thus, the diode in reverse bias exhibits a depletion-layer
capacitance , sometimes more vaguely called a junction capacitance , analogous to a parallel
plate capacitor with a dielectric spacer between the contacts. In reverse bias the width of the
depletion layer is widened with increasing reverse bias v R , and the capacitance is accordingly
decreased. Thus, the junction serves as a voltage-controllable capacitor. In a simplified
one-dimensional model, the junction capacitance is:. In forward bias, besides the above
depletion-layer capacitance, minority carrier charge injection and diffusion occurs. A diffusion
capacitance exists expressing the change in minority carrier charge that occurs with a change
in forward bias. In terms of the stored minority carrier charge, the diode current i D is:. Typical

values for transit time are 0. Generally speaking, for usual current levels in forward bias, this
capacitance far exceeds the depletion-layer capacitance. The diode is a highly non-linear
device, but for small-signal variations its response can be analyzed using a small-signal circuit
based upon the DC bias about which the signal is imagined to vary. The equivalent circuit is
shown at the right for a diode driven by a Norton source. Using Kirchhoff's current law at the
output node:. The output voltage provided by this circuit is then:. This transresistance amplifier
exhibits a corner frequency , denoted f C :. For diodes operated in reverse bias, C D is zero and
the term corner frequency often is replaced by cutoff frequency. In any event, in reverse bias
the diode resistance becomes quite large, although not infinite as the ideal diode law suggests,
and the assumption that it is less than the Norton resistance of the driver may not be accurate.
The junction capacitance is small and depends upon the reverse bias v R. The cutoff frequency
is then:. This article incorporates material from the Citizendium article " Semiconductor diode ",
which is licensed under the Creative Commons Attribution-ShareAlike 3. From Wikipedia, the
free encyclopedia. Semiconductor diode based upon the pâ€”n junction. See also: Zener diode
and Photodiode. See also: Varactor. CRC Press. This voltage for the pâ€”n diode is taken
variously as 0. Oxford University Press. RF and Microwave Transmitter Design. Mosfet modeling
for VLSI simulation: theory and practice. World Scientific. Jean-Pierre Colinge, Cynthia A.
Colinge See, for example, V. Bagad Technical Publications Pune. Categories : Diodes
Semiconductor devices. Hidden categories: Articles with short description Short description
matches Wikidata Wikipedia articles incorporating text from Citizendium. Namespaces Article
Talk. Views Read Edit View history. Help Learn to edit Community portal Recent changes
Upload file. Download as PDF Printable version. A diode is an electronic component with two
electrodes connectors that allows electricity to go through it in one direction and not the other
direction. Diodes can be used to turn alternating current into direct current Diode bridge. They
are used in power supplies and sometimes to decode amplitude modulation radio signals like in
a crystal radio. Light-emitting diodes LEDs are a type of diode that produce light. Today, the
most common diodes are made from semiconductor materials such as silicon or sometimes
germanium. The first types of diodes were called Fleming valves. They were vacuum tubes.
They were inside a glass tube much like a lightbulb. Inside the glass bulb there was a small
metal wire and a large metal plate. The small metal wire would heat up and emit electricity,
which was captured by the plate. The large metal plate was not heated, so electricity could go in
one direction through the tube but not in the other direction. Fleming valves are not used much
anymore because they have been replaced by semiconductor diodes, which are smaller than
Fleming valves. Thomas Edison also discovered this property when working on his light bulbs.
Semiconductor diodes are made of two types of semiconductors connected to each other. One
type has atoms with extra electrons called the n-side. The other type has atoms that want
electrons called the p-side. Because of this, the electricity will flow easily from the side with too
many electrons to the side with too few. However, electricity will not flow easily in the reverse
direction. These different types are made by doping semiconductor. Silicon with arsenic
dissolved in it makes a good n-side semiconductor, while silicon with aluminum dissolved in it
makes a good p-side semiconductor. Other chemicals can also work. The connector to the
n-side is called the cathode, the connector to the p-side is called the anode. If you give positive
voltage to the p-side and negative voltage to the n-side, the electrons in the n-side will want to
go to the positive voltage at the p-side and the holes of the p-side will want to go to the negative
voltage at the n-side. Because of this, current flow is able to exist, but it takes a certain amount
of voltage to get this started very small amount of voltage is not enough to get the electric
current to flow. This is called the cut-in voltage. The cut-in voltage of a silicon diode is at about
0. A germanium diode needs a cut-in voltage at about 0. If you instead give negative voltage to
the p-side and positive voltage to the n-side, the electrons of the n-side want to go to the
positive voltage source instead of the other side of the diode. Same thing happens on the
p-side. So, current will not flow between the two sides of the diode. Increasing the voltage will
eventually force electric current to flow this is the break-down voltage. Many diodes will be
destroyed by a reverse flow but some are made that can survive it. When the temperature
increases, the cut-in voltage goes down. This makes it easier for electricity to pass through the
diode. The standard rectifier diode has specific requirements. It should handle high current, not
be much affected by temperature, have a low cut-in voltage and support quick changes in the
direction of current flow. Modern analog and digital electronics use such rectifiers. An LED
produces light when electricity flows through it. It is a longer lasting and more efficient way of
creating light than incandescent light bulbs. Depending on how it was made, the LED can make
different colors. LEDs were first used in the 's. The light-emitting diode may eventually replace
the light bulb as developing technology makes it brighter and cheaper it is already more
efficient and lasts longer. In the 's the LEDs were used to show numbers in appliances such as

calculators, and as a way to show the power was on for larger appliances. A photodiode is a
photo detector the opposite of a light-emitting diode. It responds to light that comes in.
Photodiodes have a window or optical fiber connection, which lets light in to the sensitive part
of the diode. Diodes usually have strong resistance; the light reduces the resistance. A zener
diode is like a normal diode, but instead of being destroyed by a big reverse voltage, it lets
electricity through. The voltage needed for this is called the breakdown voltage or Zener
voltage. The varicap or varactor diode is used in many appliances. It uses the region between
the p-side and n-side of the diode where electrons and holes balance each other. This is called
the depletion zone. By changing the amount of reverse voltage, the size of the depletion zone
changes. There is some capacitance in this area, and it changes based on the size of the
depletion zone. This is called variable capacitance, or varicap for short. The symbol is the
symbol of a diode with a kind of snag. It is used in circuits with high frequencies up to GHz. It
turns off very quickly when the forward voltage stops. It uses the current that flows after the
polarity was reversed to do this. The construction of this diode has an intrinsic normal layer
between the n- and the p-sides. At slower frequencies, it acts much like a standard diode. But at
high speeds it can not keep up with fast changes and starts to act like a resistor. The intrinsic
layer also lets it handle high power inputs, and can be used as a photodiode. Instead of both
sides being a semiconductor like silicon , one side is metal, like aluminum or nickel. This
reduces the cut-in voltage to about 0. This is about half of the threshold voltage of a usual
diode. The function of this diode is that no minority carriers are injected - the n-side only has
holes, not electrons, and the p-side only has electrons, not holes. It also creates less heat and is
more efficient. But it does has some current leakage with reverse voltage. When a diode
switches from moving current to not moving current, this is known as switching. It takes dozens
of nanoseconds in a typical diode; this creates some radio noise, which temporarily degrades
radio signals. The Schottky diode switches in a small fraction of that time, less than a
nanosecond. In the symbol of the tunnel diode there is a kind of additional square bracket at the
end of the usual symbol. A tunnel diode consists of a highly doped pn-junction. Because of this
high doping, there is only a very narrow gap where the electrons are able to pass through. This
tunnel-effect appears in both directions. After a certain quantity of electrons have passed, the
current through the gap decreases, until the normal current through the diode at the threshold
voltage begins. This causes an area of a negative resistance. It is also resistant to radiation , so
they are used in spacecraft. They are also used in microwaves and refrigerators. The symbol
has at the end of the diode a sign that looks like a big I. It is made similar to the tunnel diode,
but the n- and the p-layer are not doped as high. It allows current to flow backwards with small
negative voltages. It can be used to rectify low voltages less than 0. Instead of two layers like a
normal diode, this has four layers, it is basically two diodes put together, with a gate in the
middle. When voltage goes between the gate and the cathode the lower transistor will turn on.
This lets the current go through, which activates the upper transistor, and then the current will
not need to be turned on by a gate voltage. From Simple English Wikipedia, the free
encyclopedia. December Retrieved 31 May Retrieved 30 May Archived from the original on 3
January Calvert Retrieved 1 June Categories : Electronic components Rectifiers. Hidden
categories: All articles with dead external links Articles with dead external links from January
Articles with permanently dead external links Commons category link is on Wikidata
Webarchive template wayback links. Namespaces Page Talk. Views Read Change Change
source View history. Wikimedia Commons. Silicon controlled rectifier. Wikimedia Commons has
media related to Diodes. A photodiode is a semiconductor device that converts light into an
electrical current. The current is generated when photons are absorbed in the photodiode.
Photodiodes may contain optical filters , built-in lenses, and may have large or small surface
areas. Photodiodes usually have a slower response time as their surface area increases. The
common, traditional solar cell used to generate electric solar power is a large area photodiode.
Photodiodes are similar to regular semiconductor diodes except that they may be either
exposed to detect vacuum UV or X-rays or packaged with a window or optical fiber connection
to allow light to reach the sensitive part of the device. Many diodes designed for use specially
as a photodiode use a PIN junction rather than a pâ€”n junction , to increase the speed of
response. A photodiode is designed to operate in reverse bias. A photodiode is a PIN structure
or pâ€”n junction. When a photon of sufficient energy strikes the diode, it creates an electron
â€” hole pair. This mechanism is also known as the inner photoelectric effect. If the absorption
occurs in the junction's depletion region , or one diffusion length away from it, these carriers
are swept from the junction by the built-in electric field of the depletion region. Thus holes move
toward the anode , and electrons toward the cathode , and a photocurrent is produced. The total
current through the photodiode is the sum of the dark current current that is generated in the
absence of light and the photocurrent, so the dark current must be minimized to maximize the

sensitivity of the device. To first order, for a given spectral distribution, the photocurrent is
linearly proportional to the irradiance. In photovoltaic mode zero bias , photocurrent flows out
of the anode through a short circuit to the cathode. If the circuit is opened or has a load
impedance, restricting the photocurrent out of the device, a voltage builds up in the direction
that forward biases the diode, that is, anode positive with respect to cathode. If the circuit is
shorted or the impedance is low, a forward current will consume all or some of the
photocurrent. This mode exploits the photovoltaic effect , which is the basis for solar cells â€” a
traditional solar cell is just a large area photodiode. For optimum power output, the photovoltaic
cell will be operated at a voltage that causes only a small forward current compared to the
photocurrent. In photoconductive mode the diode is reverse biased , that is, with the cathode
driven positive with respect to the anode. This reduces the response time because the
additional reverse bias increases the width of the depletion layer, which decreases the
junction's capacitance and increases the region with an electric field that will cause electrons to
be quickly collected. The reverse bias also creates dark current without much change in the
photocurrent. Although this mode is faster, the photoconductive mode can exhibit more
electronic noise due to dark current or avalanche effects. Avalanche photodiodes are
photodiodes with structure optimized for operating with high reverse bias, approaching the
reverse breakdown voltage. This allows each photo-generated carrier to be multiplied by
avalanche breakdown , resulting in internal gain within the photodiode, which increases the
effective responsivity of the device. A phototransistor is a light-sensitive transistor. A common
type of phototransistor, the bipolar phototransistor , is in essence a bipolar transistor encased
in a transparent case so that light can reach the baseâ€”collector junction. It was invented by
Dr. John N. Shive more famous for his wave machine at Bell Labs in [5] : but it was not
announced until If the base and collector leads are used and the emitter is left unconnected, the
phototransistor becomes a photodiode. While phototransistors have a higher responsivity for
light they are not able to detect low levels of light any better than photodiodes. Another type of
phototransistor, the field-effect phototransistor also known as photoFET , is a light-sensitive
field-effect transistor. Unlike photobipolar transistors, photoFETs control drain-source current
by creating a gate voltage. A solaristor is a two-terminal gate-less phototransistor. A compact
class of two-terminal phototransistors or solaristors have been demonstrated in by ICN2
researchers. The novel concept is a two-in-one power source plus transistor device that runs on
solar energy by exploiting a memresistive effect in the flow of photogenerated carriers. The
material used to make a photodiode is critical to defining its properties, because only photons
with sufficient energy to excite electrons across the material's bandgap will produce significant
photocurrents. Materials commonly used to produce photodiodes are listed in the table below.
Because of their greater bandgap, silicon-based photodiodes generate less noise than
germanium-based photodiodes. Binary materials, such as MoS 2 , and graphene emerged as
new materials for the production of photodiodes. Any pâ€”n junction, if illuminated, is
potentially a photodiode. Semiconductor devices such as diodes, transistors and ICs contain
pâ€”n junctions, and will not function correctly if they are illuminated by unwanted
electromagnetic radiation light of wavelength suitable to produce a photocurrent. If these
housings are not completely opaque to high-energy radiation ultraviolet, X-rays, gamma rays ,
diodes, transistors and ICs can malfunction [12] due to induced photo-currents. Background
radiation from the packaging is also significant. In some cases, the effect is actually wanted, for
example to use LEDs as light-sensitive devices see LED as light sensor or even for energy
harvesting , then sometimes called light-emitting and light-absorbing diodes LEADs. Critical
performance parameters of a photodiode include spectral responsivity, dark current, response
time and noise-equivalent power. When a photodiode is used in an optical communication
system, all these parameters contribute to the sensitivity of the optical receiver which is the
minimum input power required for the receiver to achieve a specified bit error rate. Pâ€”n
photodiodes are used in similar applications to other photodetectors , such as photoconductors
, charge-coupled devices CCD, and photomultiplier tubes. They may be used to generate an
output which is dependent upon the illumination analog for measurement , or to change the
state of circuitry digital, either for control and switching or for digital signal processing.
Photodiodes are used in consumer electronics devices such as compact disc players, smoke
detectors , medical devices [16] and the receivers for infrared remote control devices used to
control equipment from televisions to air conditioners. For many applications either
photodiodes or photoconductors may be used. Either type of photosensor may be used for light
measurement, as in camera light meters, or to respond to light levels, as in switching on street
lighting after dark. Photosensors of all types may be used to respond to incident light or to a
source of light which is part of the same circuit or system. A photodiode is often combined into
a single component with an emitter of light, usually a light-emitting diode LED , either to detect

the presence of a mechanical obstruction to the beam slotted optical switch or to couple two
digital or analog circuits while maintaining extremely high electrical isolation between them,
often for safety optocoupler. The combination of LED and photodiode is also used in many
sensor systems to characterize different types of products based on their optical absorbance.
Photodiodes are often used for accurate measurement of light intensity in science and industry.
They generally have a more linear response than photoconductors. They are also widely used in
various medical applications, such as detectors for computed tomography coupled with
scintillators , instruments to analyze samples immunoassay , and pulse oximeters. PIN diodes
are much faster and more sensitive than pâ€”n junction diodes, and hence are often used for
optical communications and in lighting regulation. Pâ€”n photodiodes are not used to measure
extremely low light intensities. Instead, if high sensitivity is needed, avalanche photodiodes ,
intensified charge-coupled devices or photomultiplier tubes are used for applications such as
astronomy , spectroscopy , night vision equipment and laser rangefinding. Advantages
compared to photomultipliers : [17]. Disadvantages compared to photomultipliers :. It is not to
be confused with the PIN photodiode. Early charge-coupled device image sensors suffered from
shutter lag. This was largely resolved with the invention of the pinned photodiode PPD. This led
to their invention of the pinned photodiode, a photodetector structure with low lag, low noise ,
high quantum efficiency and low dark current. Kohono, E. Oda and K. Arai in , with the addition
of an anti-blooming structure. Burkey at Kodak in In , the PPD began to be incorporated into
most CCD sensors, becoming a fixture in consumer electronic video cameras and then digital
still cameras. Lee, R. Gee, R. Guidash and T. Guidash in , K. Yonemoto and H. Sumi in , and I.
Inoue in A one-dimensional array of hundreds or thousands of photodiodes can be used as a
position sensor , for example as part of an angle sensor. In recent years, one advantage of
modern photodiode arrays PDAs is that they may allow for high speed parallel readout since the
driving electronics may not be built in like a charge-coupled device CCD or CMOS sensor. The
passive-pixel sensor PPS is a type of photodiode array. It was the precursor to the active-pixel
sensor APS. A photodiode array was proposed by G. Weckler in , predating the CCD. Early
photodiode arrays were complex and impractical, requiring selection transistors to be
fabricated within each pixel, along with on-chip multiplexer circuits. The noise of photodiode
arrays was also a limitation to performance, as the photodiode readout bus capacitance
resulted in increased noise level. Correlated double sampling CDS could also not be used with a
photodiode array without external memory. It was not possible to fabricate active pixel sensors
with a practical pixel size in the s, due to limited microlithography technology at the time. From
Wikipedia, the free encyclopedia. Converts light into current. Fundamentals of linear
electronics: integrated and discrete. Cengage Learning. Photovoltaics: System Design and
Practice. Retrieved 19 April Archived from the original PDF on Retrieved Bell Laboratories
Record. May Advanced Functional Materials. ACS Nano. Solid-State Electronics. Bibcode :
SSEle.. Bibcode : ITED Cited in Baumann, R. Elektronik in German. Archived from the original
on Aguilar Pelaez et al. Radiation detection and measurement , 4th ed. Wiley, Hoboken, NJ.
December Infrared Readout Electronics IV. International Society for Optics and Photonics.
Bibcode : SPIE. Blouke, Morley M. Electronic components. Potentiometer digital Variable
capacitor Varicap. Capacitor types Ceramic resonator Crystal oscillator Inductor Parametron
Relay reed relay mercury relay. Authority control GND : Categories : Optical diodes
Photodetectors Silicon photonics devices. Hidden categories: CS1 German-language sources
de Webarchive template wayback links Articles with short description Short description is
different from Wikidata All articles with unsourced statements Articles with unsourced
statements from May Wikipedia articles incorporating text from the Federal Standard C
Commons category link is on Wikidata Wikipedia articles with GND identifiers. Namespaces
Article Talk. Views Read Edit View history. Help Learn to edit Community portal Recent changes
Upload file. Download as PDF Printable version. Wikimedia Commons. One Ge top and three Si
bottom photodiodes. Indium gallium arsenide. Mercury cadmium telluride. Wikimedia Commons
has media related to Photodiodes. GND : The Schottky diode named after the German physicist
Walter H. Schottky , also known as Schottky barrier diode or hot-carrier diode , is a
semiconductor diode formed by the junction of a semiconductor with a metal. It has a low
forward voltage drop and a very fast switching action. The cat's-whisker detectors used in the
early days of wireless and metal rectifiers used in early power applications can be considered
primitive Schottky diodes. When sufficient forward voltage is applied, a current flows in the
forward direction. A silicon pâ€”n diode has a typical forward voltage of â€” mV, while the
Schottky's forward voltage is â€” mV. This lower forward voltage requirement allows higher
switching speeds and better system efficiency. A metalâ€”semiconductor junction is formed
between a metal and a semiconductor, creating a Schottky barrier instead of a
semiconductorâ€”semiconductor junction as in conventional diodes. Typical metals used are

molybdenum, platinum, chromium or tungsten, and certain silicides e. This Schottky barrier
results in both very fast switching and low forward voltage drop. The choice of the combination
of the metal and semiconductor determines the forward voltage of the diode. Both n- and p-type
semiconductors can develop Schottky barriers. However, the p-type typically has a much lower
forward voltage. As the reverse leakage current increases dramatically with lowering the
forward voltage, it cannot be too low, so the usually employed range is about 0. With increased
doping of the semiconductor, the width of the depletion region drops. Below a certain width, the
charge carriers can tunnel through the depletion region. At very high doping levels, the junction
does not behave as a rectifier any more and becomes an ohmic contact. This can be used for
the simultaneous formation of ohmic contacts and diodes, as a diode will form between the
silicide and lightly doped n-type region, and an ohmic contact will form between the silicide and
the heavily doped n- or p-type region. Lightly doped p-type regions pose a problem, as the
resulting contact has too high a resistance for a good ohmic contact, but too low a forward
voltage and too high a reverse leakage to make a good diode. As the edges of the Schottky
contact are fairly sharp, a high electric field gradient occurs around them, which limits how
large the reverse breakdown voltage threshold can be. Various strategies are used, from guard
rings to overlaps of metallization to spread out the field gradient. The guard rings consume
valuable die area and are used primarily for larger higher-voltage diodes, while overlapping
metallization is employed primarily with smaller low-voltage diodes. Schottky diodes are often
used as antisaturation clamps in Schottky transistors. Schottky diodes made from palladium
silicide PdSi [ clarification needed ] are excellent due to their lower forward voltage which has to
be lower than the forward voltage of the base-collector junction. The Schottky temperature
coefficient is lower than the coefficient of the Bâ€”C junction, which limits the use of PdSi at
higher temperatures. The resistance of the epitaxial layer is more important than it is for a
transistor, as the current must cross its entire thickness. However, it serves as a distributed
ballasting resistor over the entire area of the junction and, under usual conditions, prevents
localized thermal runaway. In comparison with the power pâ€”n diodes the Schottky diodes are
less rugged. The junction is direct contact with the thermally sensitive metallization, a Schottky
diode can therefore dissipate less power than an equivalent-size p-n counterpart with a
deep-buried junction before failing especially during reverse breakdown. The relative advantage
of the lower forward voltage of Schottky diodes is diminished at higher forward currents, where
the voltage drop is dominated by the series resistance. The most important difference between
the p-n diode and the Schottky diode is the reverse recovery time t rr when the diode switches
from the conducting to the non-conducting state. With pâ€”n-junction switching, there is also a
reverse recovery current, which in high-power semiconductors brings increased EMI noise.
With Schottky diodes, switching is essentially "instantaneous" with only a slight capacitive
loading, which is much less of a concern. This "instantaneous" switching is not always the
case. In higher voltage Schottky devices, in particular, the guard ring structure needed to
control breakdown field geometry creates a parasitic p-n diode with the usual recovery time
attributes. As long as this guard ring diode is not forward biased, it adds only capacitance. If the
Schottky junction is driven hard enough however, the forward voltage eventually will bias both
diodes forward and actual t rr will be greatly impacted. It is often said that the Schottky diode is
a " majority carrier " semiconductor device. This means that if the semiconductor body is a
doped n-type, only the n-type carriers mobile electrons play a significant role in the normal
operation of the device. The majority carriers are quickly injected into the conduction band of
the metal contact on the other side of the diode to become free moving electrons. Therefore, no
slow random recombination of n and p-type carriers is involved, so that this diode can cease
conduction faster than an ordinary pâ€”n rectifier diode. This property, in turn, allows a smaller
device area, which also makes for a faster transition. The most evident limitations of Schottky
diodes are their relatively low reverse voltage ratings, and their relatively high reverse leakage
current. For silicon-metal Schottky diodes, the reverse voltage is typically 50 V or less. Some
higher-voltage designs are available V is considered a high reverse voltage. Reverse leakage
current, since it increases with temperature, leads to a thermal instability issue. This often limits
the useful reverse voltage to well below the actual rating. While higher reverse voltages are
achievable, they would present a higher forward voltage, comparable to other types of standard
diodes. Such Schottky diodes would have no advantage [4] unless great switching speed is
required. Schottky diodes constructed from silicon carbide have a much lower reverse leakage
current than silicon Schottky diodes, as well as higher forward voltage about 1. As of [update]
they were available from manufacturers in variants up to V of reverse voltage. Silicon carbide
has a high thermal conductivity, and temperature has little influence on its switching and
thermal characteristics. While standard silicon diodes have a forward voltage drop of about 0.
This is due to the higher current density in the Schottky diode. Because of a Schottky diode's

low forward voltage drop, less energy is wasted as heat, making them the most efficient choice
for applications sensitive to efficiency. For instance, they are used in stand-alone "off-grid"
photovoltaic PV systems to prevent batteries from discharging through the solar panels at
night, called "blocking diodes". They are also used in grid-connected systems with multiple
strings connected in parallel, in order to prevent reverse current flowing from adjacent strings
through shaded strings if the "bypass diodes" have failed. Schottky diodes are also used as
rectifiers in switched-mode power supplies. The low forward voltage and fast recovery time
leads to increased efficiency. They can also be used in power supply " OR "ing circuits in
products that have both an internal battery and a mains adapter input, or similar. However, the
high reverse leakage current presents a problem in this case, as any high-impedance voltage
sensing circuit e. Schottky diodes can be used in diode-bridge based sample and hold circuits.
When compared to regular p-n junction based diode bridges, Schottky diodes can offer
advantages. A forward-biased Schottky diode does not have any minority carrier charge
storage. This allows them to switch more quickly than regular diodes, resulting in lower
transition time from the sample to the hold step. The absence of minority carrier charge storage
also results in a lower hold step or sampling error, resulting in a more accurate sample at the
output. Due to its efficient electric field control Schottky diodes can be used to accurately load
or unload single electrons in semiconductor nanostructures such as quantum wells or quantum
dots. Small-signal schottky diodes such as the 1N, [7] 1N, [15] 1SS, [16] 1SS, [17] and the
BAT41â€”43, 45â€”49 series [18] are widely used in high-frequency applications as detectors,
mixers and nonlinear elements, and have superseded germanium diodes. Schottky
metalâ€”semiconductor junctions are featured in the successors to the TTL family of logic
devices , the 74S, 74LS and 74ALS series, where they are employed as Baker clamps in parallel
with the collector-base junctions of the bipolar transistors to prevent their saturation, thereby
greatly reducing their turn-off delays. When less power dissipation is desired, a MOSFET and a
control circuit can be used instead, in an operation mode known as active rectification. A super
diode consisting of a pn-diode or Schottky diode and an operational amplifier provides an
almost perfect diode characteristic due to the effect of negative feedback, although its use is
restricted to frequencies the operational amplifier used can handle. Electrowetting can be
observed when a Schottky diode is formed using a droplet of liquid metal, e. Depending on the
doping type and density in the semiconductor, the droplet spreading depends on the magnitude
and sign of the voltage applied to the mercury droplet. From Wikipedia, the free encyclopedia.
Not to be confused with Shockley diode. Various Schottky-barrier diodes: Small-signal RF
devices left , medium- and high-power Schottky rectifying diodes middle and right. This section
needs additional citations for verification. Please help improve this article by adding citations to
reliable sources. Unsourced material may be challenged and removed. July Learn how and
when to remove this template message. Power Semiconductor Devices". Electrical engineer's
reference book. Retrieved Prentice Hall. Semiconductor Device Fundamentals. Schottky
rectifiers seldom exceed volts in their working peak reverse voltage since devices moderately
above this rating level will result in forward voltages equal to or greater than equivalent pn
junction rectifiers. Power Electronics. Analog Integrated Circuit Design , Wiley. Page Couto Jr.
Puebla, E. Chekhovich, I. Luxmoore, C. Elliott, N. Babazadeh, M. Skolnick, and A. Arscott and M.
Gaudet "Electrowetting at a liquid metal-semiconductor junction" Appl. Electronic components.
Potentiometer digital Variable capacitor Varicap. Capacitor types Ceramic resonator Crystal
oscillator Inductor Parametron Relay reed relay mercury relay. Authority control GND :
Categories : Diodes. Hidden categories: Articles needing additional references from July All
articles needing additional references Wikipedia articles needing clarification from August
Wikipedia articles needing clarification from July Articles containing potentially dated
statements from All articles containing potentially dated statements Commons category link is
on Wikidata Wikipedia articles with GND identifiers. Namespaces Article Talk. Views Read Edit
View history. Help Learn to edit Community portal Recent changes Upload file. Download as
PDF Printable version. Wikimedia Commons. Wikimedia Commons has media related to
Schottky diodes. GND : A diode is a two- terminal electronic component that conducts current
primarily in one direction asymmetric conductance ; it has low ideally zero resistance in one
direction, and high ideally infinite resistance in the other. A diode vacuum tube or thermionic
diode is a vacuum tube with two electrodes , a heated cathode and a plate , in which electrons
can flow in only one direction, from cathode to plate. A semiconductor diode , the most
commonly used type today, is a crystalline piece of semiconductor material with a pâ€”n
junction connected to two electrical terminals. The discovery of asymmetric electrical
conduction across the contact between a crystalline mineral and a metal was made by German
physicist Ferdinand Braun in Today, most diodes are made of silicon , but other
semiconducting materials such as gallium arsenide and germanium are also used. The most

common function of a diode is to allow an electric current to pass in one direction called the
diode's forward direction , while blocking it in the opposite direction the reverse direction. As
such, the diode can be viewed as an electronic version of a check valve. This unidirectional
behavior is called rectification , and is used to convert alternating current ac to direct current
dc. Forms of rectifiers , diodes can be used for such tasks as extracting modulation from radio
signals in radio receivers. However, diodes can have more complicated behavior than this
simple onâ€”off action, because of their nonlinear current-voltage characteristics. The voltage
drop across a forward-biased diode varies only a little with the current, and is a function of
temperature; this effect can be used as a temperature sensor or as a voltage reference. Also,
diodes' high resistance to current flowing in the reverse direction suddenly drops to a low
resistance when the reverse voltage across the diode reaches a value called the breakdown
voltage. A semiconductor diode's currentâ€”voltage characteristic can be tailored by selecting
the semiconductor materials and the doping impurities introduced into the materials during
manufacture. Diodes, both vacuum, and semiconductor can be used as shot-noise generators.
Thermionic vacuum-tube diodes and solid-state semiconductor diodes were developed
separately, at approximately the same time, in the early s, as radio receiver detectors. In ,
Frederick Guthrie observed that a grounded, white-hot metal ball brought in close proximity to
an electroscope would discharge a positively charged electroscope, but not a negatively
charged electroscope. In , Thomas Edison observed unidirectional current between heated and
unheated elements in a bulb, later called Edison effect , and was granted a patent on application
of the phenomenon for use in a DC voltmeter. About 20 years later, John Ambrose Fleming
scientific adviser to the Marconi Company and former Edison employee realized that the Edison
effect could be used as a radio detector. Fleming patented the first true thermionic diode, the
Fleming valve , in Britain on November 16, [12] followed by U. Patent , in November Throughout
the vacuum tube era, valve diodes were used in almost all electronics such as radios,
televisions, sound systems, and instrumentation. They slowly lost market share beginning in
the late s due to selenium rectifier technology and then to semiconductor diodes during the s.
Today they are still used in a few high power applications where their ability to withstand
transient voltages and their robustness gives them an advantage over semiconductor devices,
and in musical instrument and audiophile applications. In , German scientist Karl Ferdinand
Braun discovered the "unilateral conduction" across a contact between a metal and a mineral.
Semiconductor principles were unknown to the developers of these early rectifiers. During the s
understanding of physics advanced and in the mid s researchers at Bell Telephone Laboratories
recognized the potential of the crystal detector for application in microwave technology. In ,
Sylvania began offering the 1N34 crystal diode. At the time of their invention, asymmetrical
conduction devices were known as rectifiers. The word diode , however, as well as triode ,
tetrode , pentode , hexode , were already in use as terms of multiplex telegraphy. Although all
diodes rectify , the term rectifier is usually applied to diodes intended for power supply
application in order to differentiate them from diodes intended for small signal circuits. A
thermionic diode is a thermionic-valve device consisting of a sealed, evacuated glass or metal
envelope containing two electrodes : a cathode and a plate. The cathode is either indirectly
heated or directly heated. If indirect heating is employed, a heater is included in the envelope. A
directly heated cathode is made of tungsten wire and is heated by a current passed through it
from an external voltage source. An indirectly heated cathode is heated by infrared radiation
from a nearby heater that is formed of Nichrome wire and supplied with current provided by an
external voltage source. The operating temperature of the cathode causes it to release electrons
into the vacuum, a process called thermionic emission. The cathode is coated with oxides of
alkaline earth metals , such as barium and strontium oxides. These have a low work function ,
meaning that they more readily emit electrons than would the uncoated cathode. The alternating
voltage to be rectified is applied between the cathode and the plate. When the plate voltage is
positive with respect to the cathode, the plate electrostatically attracts the electrons from the
cathode, so a current of electrons flows through the tube from cathode to plate. When the plate
voltage is negative with respect to the cathode, no electrons are emitted by the plate, so no
current can pass from the plate to the cathode. Point-contact diodes were developed starting in
the s, out of the early crystal detector technology, and are now generally used in the 3 to 30
gigahertz range. Non-welded contact construction utilizes the Schottky barrier principle. The
metal side is the pointed end of a small diameter wire that is in contact with the semiconductor
crystal. A pâ€”n junction diode is made of a crystal of semiconductor , usually silicon, but
germanium and gallium arsenide are also used. Impurities are added to it to create a region on
one side that contains negative charge carriers electrons , called an n-type semiconductor , and
a region on the other side that contains positive charge carriers holes , called a p-type
semiconductor. When the n-type and p-type materials are attached together, a momentary flow

of electrons occurs from the n to the p side resulting in a third region between the two where no
charge carriers are present. This region is called the depletion region because there are no
charge carriers neither electrons nor holes in it. The diode's terminals are attached to the n-type
and p-type regions. The boundary between these two regions called a pâ€”n junction , is where
the action of the diode takes place. When a sufficiently higher electrical potential is applied to
the P side the anode than to the N side the cathode , it allows electrons to flow through the
depletion region from the N-type side to the P-type side. The junction does not allow the flow of
electrons in the opposite direction when the potential is applied in reverse, creating, in a sense,
an electrical check valve. Another type of junction diode, the Schottky diode , is formed from a
metalâ€”semiconductor junction rather than a pâ€”n junction, which reduces capacitance and
increases switching speed. A semiconductor diode's behavior in a circuit is given by its
currentâ€”voltage characteristic , or Iâ€”V graph see graph below. The shape of the curve is
determined by the transport of charge carriers through the so-called depletion layer or depletion
region that exists at the pâ€”n junction between differing semiconductors. When a pâ€”n
junction is first created, conduction-band mobile electrons from the N- doped region diffuse into
the P- doped region where there is a large population of holes vacant places for electrons with
which the electrons "recombine". When a mobile electron recombines with a hole, both hole
and electron vanish, leaving behind an immobile positively charged donor dopant on the N side
and negatively charged acceptor dopant on the P side. The region around the pâ€”n junction
becomes depleted of charge carriers and thus behaves as an insulator. However, the width of
the depletion region called the depletion width cannot grow without limit. For each
electronâ€”hole pair recombination made, a positively charged dopant ion is left behind in the
N-doped region, and a negatively charged dopant ion is created in the P-doped region. As
recombination proceeds and more ions are created, an increasing electric field develops
through the depletion zone that acts to slow and then finally stop recombination. At this point,
there is a "built-in" potential across the depletion zone. If an external voltage is placed across
the diode with the same polarity as the built-in potential, the depletion zone continues to act as
an insulator, preventing any significant electric current flow unless electronâ€”hole pairs are
actively being created in the junction by, for instance, light; see photodiode. This is called the
reverse bias phenomenon. However, if the polarity of the external voltage opposes the built-in
potential, recombination can once again proceed, resulting in a substantial electric current
through the pâ€”n junction i. For silicon diodes, the built-in potential is approximately 0. Thus, if
an external voltage greater than and opposite to the built-in voltage is applied, a current will
flow and the diode is said to be "turned on" as it has been given an external forward bias. The
diode is commonly said to have a forward "threshold" voltage, above which it conducts and
below which conduction stops. However, this is only an approximation as the forward
characteristic is smooth see I-V graph above. A diode's Iâ€”V characteristic can be
approximated by four regions of operation:. In a small silicon diode operating at its rated
currents, the voltage drop is about 0. The value is different for other diode typesâ€” Schottky
diodes can be rated as low as 0. At higher currents, the forward voltage drop of the diode
increases. The Shockley ideal diode equation or the diode law named after the bipolar junction
transistor co-inventor William Bradford Shockley gives the Iâ€”V characteristic of an ideal diode
in either forward or reverse bias or no bias. The thermal voltage V T is approximately At any
temperature it is a known constant defined by:. The reverse saturation current, I S , is not
constant for a given device, but varies with temperature; usually more significantly than V T , so
that V D typically decreases as T increases. It also assumes that the Râ€”G current in the
depletion region is insignificant. This means that the Shockley ideal diode equation does not
account for the processes involved in the reverse breakdown and photon-assisted Râ€”G.
Additionally, it does not describe the "leveling off" of the Iâ€”V curve at high forward bias due
to internal resistance. Introducing the ideality factor, n, accounts for recombination and
generation of carriers. The reverse breakdown region is not modeled by the Shockley diode
equation. For even rather small forward bias voltages the exponential is very large since the
thermal voltage is very small in comparison. The subtracted '1' in the diode equation is then
negligible and the forward diode current can be approximated by. The use of the diode equation
in circuit problems is illustrated in the article on diode modeling. At forward voltages less than
the saturation voltage, the voltage versus current characteristic curve of most diodes is not a
straight line. In detector and mixer applications, the current can be estimated by a Taylor's
series. Even terms beyond the second derivative usually need not be included because they are
small compared to the second order term. Following the end of forwarding conduction in a
pâ€”n type diode, a reverse current can flow for a short time. The device does not attain its
blocking capability until the mobile charge in the junction is depleted. The effect can be
significant when switching large currents very quickly. During this recovery time, the diode can

actually conduct in the reverse direction. This might give rise to a large constant current in the
reverse direction for a short time while the diode is reverse biased. The magnitude of such a
reverse current is determined by the operating circuit i. Line frequency the effect can be safely
ignored. For most applications, the effect is also negligible for Schottky diodes. The reverse
current ceases abruptly when the stored charge is depleted; this abrupt stop is exploited in step
recovery diodes for the generation of extremely short pulses. Normal pâ€”n diodes, which
operate as described above, are usually made of doped silicon or germanium. Before the
development of silicon power rectifier diodes, cuprous oxide and later selenium was used. Their
low efficiency required a much higher forward voltage to be applied typically 1. The vast
majority of all diodes are the pâ€”n diodes found in CMOS integrated circuits , [34] which
include two diodes per pin and many other internal diodes. Other uses for semiconductor
diodes include the sensing of temperature, and computing analog logarithms see Operational
amplifier applications Logarithmic output. The symbol used to represent a particular type of
diode in a circuit diagram conveys the general electrical function to the reader. There are
alternative symbols for some types of diodes, though the differences are minor. The triangle in
the symbols points to the forward direction, i. Transient-voltage-suppression diode TVS. Typical
diode packages in same alignment as diode symbol. Thin bar depicts the cathode. Most diodes
have a 1-prefix designation e. The JIS semiconductor designation system has all semiconductor
diode designations starting with "1S". The European Pro Electron coding system for active
components was introduced in and comprises two letters followed by the part code. In optics,
an equivalent device for the diode but with laser light would be the Optical isolator , also known
as an Optical Diode, [49] that allows light to only pass in one direction. It uses a Faraday rotator
as the main component. The first use for the diode was the demodulation of amplitude
modulated AM radio broadcasts. The history of this discovery is treated in depth in the crystal
detector article. In summary, an AM signal consists of alternating positive and negative peaks of
a radio carrier wave, whose amplitude or envelope is proportional to the original audio signal.
The diode rectifies the AM radio frequency signal, leaving only the positive peaks of the carrier
wave. The audio is then extracted from the rectified carrier wave using a simple filter and fed
into an audio amplifier or transducer , which generates sound waves. In microwave and
millimeter wave technology, beginning in the s, researchers improved and miniaturized the
crystal detector. Point contact diodes crystal diodes and Schottky diodes are used in radar,
microwave and millimeter wave detectors. Rectifiers are constructed from diodes, where they
are used to convert alternating current AC electricity into direct current DC. Automotive
alternators are a common example, where the diode, which rectifies the AC into DC, provides
better performance than the commutator or earlier, dynamo. Since most electronic circuits can
be damaged when the polarity of their power supply inputs are reversed, a series diode is
sometimes used to protect against such situations. This concept is known by multiple naming
variations that mean the same thing: reverse voltage protection, reverse polarity protection, and
reverse battery protection. Diodes are frequently used to conduct damaging high voltages away
from sensitive electronic devices. They are usually reverse-biased non-conducting under
normal circumstances. When the voltage rises above the normal range, the diodes become
forward-biased conducting. For example, diodes are used in stepper motor and H-bridge motor
controller and relay circuits to de-energize coils rapidly without the damaging voltage spikes
that would otherwise occur. A diode used in such an application is called a flyback diode. Many
integrated circuits also incorporate diodes on the connection pins to prevent external voltages
from damaging their sensitive transistors. Specialized diodes are used to protect from
over-voltages at higher power see Diode types above. This is referred to as diode logic. In
addition to light, mentioned above, semiconductor diodes are sensitive to more energetic
radiation. In electronics , cosmic rays and other sources of ionizing radiation cause noise
pulses and single and multiple bit errors. This effect is sometimes exploited by particle
detectors to detect radiation. A single particle of radiation, with thousands or millions of
electron volt , s of energy, generates many charge carrier pairs, as its energy is deposited in the
semiconductor material. If the depletion layer is large enough to catch the whole shower or to
stop a heavy particle, a fairly accurate measurement of the particle's energy can be made,
simply by measuring the charge conducted and without the complexity of a magnetic
spectrometer, etc. These semiconductor radiation detectors need efficient and uniform charge
collection and low leakage current. They are often cooled by liquid nitrogen. For longer-range
about a centimeter particles, they need a very large depletion depth and large area. For
short-range particles, they need any contact or un-depleted semiconductor on at least one
surface to be very thin. The back-bias voltages are near breakdown around a thousand volts per
centimeter. Germanium and silicon are common materials. Some of these detectors sense
position as well as energy. They have a finite life, especially when detecting heavy particles,

because of radiation damage. Silicon and germanium are quite different in their ability to
convert gamma rays to electron showers. Semiconductor detectors for high-energy particles
are used in large numbers. Because of energy loss fluctuations, accurate measurement of the
energy deposited is of less use. A diode can be used as a temperature measuring device, since
the forward voltage drop across the diode depends on temperature, as in a silicon bandgap
temperature sensor. From the Shockley ideal diode equation given above, it might appear that
the voltage has a positive temperature coefficient at a constant current , but usually the
variation of the reverse saturation current term is more significant than the variation in the
thermal voltage term. The temperature coefficient is approximately constant for temperatures
above about 20 kelvin. Some graphs are given for 1Nx series, [50] and CY7 cryogenic
temperature sensor. Diodes will prevent currents in unintended directions. To supply power to
an electrical circuit during a power failure, the circuit can draw current from a battery. An
uninterruptible power supply may use diodes in this way to ensure that the current is only
drawn from the battery when necessary. Normally, both are charged from a single alternator,
and a heavy-duty split-charge diode is used to prevent the higher-charge battery typically the
engine battery from discharging through the lower-charge battery when the alternator is not
running. Diodes are also used in electronic musical keyboards. To reduce the amount of wiring
needed in electronic musical keyboards, these instruments often use keyboard matrix circuits.
The keyboard controller scans the rows and columns to determine which note the player has
pressed. The problem with matrix circuits is that, when several notes are pressed at once, the
current can flow backward through the circuit and trigger " phantom keys " that cause "ghost"
notes to play. To avoid triggering unwanted notes, most keyboard matrix circuits have diodes
soldered with the switch under each key of the musical keyboard. The same principle is also
used for the switch matrix in solid-state pinball machines. Diodes can be used to limit the
positive or negative excursion of a signal to a prescribed voltage. A diode clamp circuit can take
a periodic alternating current signal that oscillates between positive and negative values, and
vertically displace it such that either the positive or the negative peaks occur at a prescribed
level. The clamper does not restrict the peak-to-peak excursion of the signal, it moves the whole
signal up or down so as to place the peaks at the reference level. Diodes are usually referred to
as D for diode on PCBs. Sometimes the abbreviation CR for crystal rectifier is used. From
Wikipedia, the free encyclopedia. Electronic component that only allows current to flow in one
direction. For data diodes, see Unidirectional network. For other uses, see Diodes
disambiguation. Main article: Crystal detector. Main article: Rectifier. Main article: pâ€”n diode.
Main article: Schottky diode. Main article: Shockley diode equation. Main article: Electronic
symbol. Light-emitting diode LED. Schottky diode. Tunnel diode. Main article: Clipper
electronics. Main article: Clamper electronics. Electronics portal. Electronic Circuits:
Fundamentals and Applications, 3rd Ed. The Art of Electronics, 2nd Ed. London: Cambridge
University Press. Retrieved Archived from the original on Electronics Engineer's Reference
Book, 4th Ed. IEEE Ind. History of wireless. US: John Wiley and Sons. Scaff, R. XIX, September
10, , p. Torrey, C. North, Asymmetrically Conductive Device , U. Electronics Designers'
Handbook. New York: McGraw-Hill. Bibcode : IEDL British Journal of Applied Physics. Bibcode :
BJAP Bibcode : ITNS Archived from the original on October 11, London: Longmans, Green.
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Download as PDF Printable version. Wikimedia Commons Wikiversity. Wikimedia Commons has
media related to Diodes. A laser diode , LD , injection laser diode ILD , or diode laser is a
semiconductor device similar to a light-emitting diode in which a diode pumped directly with
electrical current can create lasing conditions at the diode's junction. Driven by voltage, the
doped p-n-transition allows for recombination of an electron with a hole. Due to the drop of the
electron from a higher energy level to a lower one, radiation, in the form of an emitted photon is
generated. This is spontaneous emission. Stimulated emission can be produced when the
process is continued and further generate light with the same phase, coherence and
wavelength. The choice of the semiconductor material determines the wavelength of the emitted
beam, which in today's laser diodes range from infra-red to the UV spectrum. With the use of a
phosphor like that found on white LEDs , Laser diodes can be used for general illumination. A
laser diode is electrically a PIN diode. The active region of the laser diode is in the intrinsic I
region, and the carriers electrons and holes are pumped into that region from the N and P
regions respectively. While initial diode laser research was conducted on simple P-N diodes, all
modern lasers use the double-hetero-structure implementation, where the carriers and the
photons are confined in order to maximize their chances for recombination and light generation.

Unlike a regular diode, the goal for a laser diode is to recombine all carriers in the I region, and
produce light. Thus, laser diodes are fabricated using direct band-gap semiconductors. The
laser diode epitaxial structure is grown using one of the crystal growth techniques, usually
starting from an N doped substrate, and growing the I doped active layer, followed by the P
doped cladding , and a contact layer. The active layer most often consists of quantum wells ,
which provide lower threshold current and higher efficiency. Laser diodes form a subset of the
larger classification of semiconductor p - n junction diodes. Forward electrical bias across the
laser diode causes the two species of charge carrier â€” holes and electrons â€” to be
"injected" from opposite sides of the p - n junction into the depletion region. Holes are injected
from the p -doped, and electrons from the n -doped, semiconductor. A depletion region , devoid
of any charge carriers, forms as a result of the difference in electrical potential between n - and
p -type semiconductors wherever they are in physical contact. Due to the use of charge
injection in powering most diode lasers, this class of lasers is sometimes termed "injection
lasers," or "injection laser diode" ILD. As diode lasers are semiconductor devices, they may
also be classified as semiconductor lasers. Either designation distinguishes diode lasers from
solid-state lasers. Another method of powering some diode lasers is the use of optical pumping.
Optically pumped semiconductor lasers OPSL use a III-V semiconductor chip as the gain
medium, and another laser often another diode laser as the pump source. OPSL offer several
advantages over ILDs, particularly in wavelength selection and lack of interference from internal
electrode structures. When an electron and a hole are present in the same region, they may
recombine or "annihilate" producing a spontaneous emission â€” i. In a conventional
semiconductor junction diode, the energy released from the recombination of electrons and
holes is carried away as phonons , i. Spontaneous emission below the lasing threshold
produces similar properties to an LED. Spontaneous emission is necessary to initiate laser
oscillation, but it is one among several sources of inefficiency once the laser is oscillating. The
difference between the photon-emitting semiconductor laser and a conventional
phonon-emitting non-light-emitting semiconductor junction diode lies in the type of
semiconductor used, one whose physical and atomic structure confers the possibility for
photon emission. These photon-emitting semiconductors are the so-called "direct bandgap"
semiconductors. The properties of silicon and germanium, which are single-element
semiconductors, have bandgaps that do not align in the way needed to allow photon emission
and are not considered "direct. The transition between the materials in the alternating pattern
creates the critical " direct bandgap " property. Gallium arsenide , indium phosphide , gallium
antimonide , and gallium nitride are all examples of compound semiconductor materials that
can be used to create junction diodes that emit light. In the absence of stimulated emission e. A
nearby photon with energy equal to the recombination energy can cause recombination by
stimulated emission. This generates another photon of the same frequency, polarization , and
phase , travelling in the same direction as the first photon. This means that stimulated emission
will cause gain in an optical wave of the correct wavelength in the injection region, and the gain
increases as the number of electrons and holes injected across the junction increases. The
spontaneous and stimulated emission processes are vastly more efficient in direct bandgap
semiconductors than in indirect bandgap semiconductors; therefore silicon is not a common
material for laser diodes. As in other lasers, the gain region is surrounded with an optical cavity
to form a laser. In the simplest form of laser diode, an optical waveguide is made on that
crystal's surface, such that the light is confined to a relatively narrow line. Photons emitted into
a mode of the waveguide will travel along the waveguide and be reflected several times from
each end face before they exit. As a light wave passes through the cavity, it is amplified by
stimulated emission , but light is also lost due to absorption and by incomplete reflection from
the end facets. Finally, if there is more amplification than loss, the diode begins to " lase ".
Some important properties of laser diodes are determined by the geometry of the optical cavity.
Generally, the light is contained within a very thin layer, and the structure supports only a single
optical mode in the direction perpendicular to the layers. In the transverse direction, if the
waveguide is wide compared to the wavelength of light, then the waveguide can support
multiple transverse optical modes , and the laser is known as "multi-mode". These transversely
multi-mode lasers are adequate in cases where one needs a very large amount of power, but not
a small diffraction-limited TEM00 beam; for example in printing, activating chemicals,
microscopy, or pumping other types of lasers. In applications where a small focused beam is
needed, the waveguide must be made narrow, on the order of the optical wavelength. This way,
only a single transverse mode is supported and one ends up with a diffraction-limited beam.
Such single spatial mode devices are used for optical storage, laser pointers, and fiber optics.
Note that these lasers may still support multiple longitudinal modes, and thus can lase at
multiple wavelengths simultaneously. The wavelength emitted is a function of the band-gap of

the semiconductor material and the modes of the optical cavity. In general, the maximum gain
will occur for photons with energy slightly above the band-gap energy, and the modes nearest
the peak of the gain curve will lase most strongly. The width of the gain curve will determine the
number of additional "side modes" that may also lase, depending on the operating conditions.
Single spatial mode lasers that can support multiple longitudinal modes are called Fabry Perot
FP lasers. An FP laser will lase at multiple cavity modes within the gain bandwidth of the lasing
medium. The number of lasing modes in an FP laser is usually unstable, and can fluctuate due
to changes in current or temperature. Single spatial mode diode lasers can be designed so as to
operate on a single longitudinal mode. These single frequency diode lasers exhibit a high
degree of stability, and are used in spectroscopy and metrology, and as frequency references.
Due to diffraction , the beam diverges expands rapidly after leaving the chip, typically at 30
degrees vertically by 10 degrees laterally. A lens must be used in order to form a collimated
beam like that produced by a laser pointer. If a circular beam is required, cylindrical lenses and
other optics are used. For single spatial mode lasers, using symmetrical lenses, the collimated
beam ends up being elliptical in shape, due to the difference in the vertical and lateral
divergences. This is easily observable with a red laser pointer. The simple diode described
above has been heavily modified in recent years to accommodate modern technology, resulting
in a variety of types of laser diodes, as described below. The simple laser diode structure,
described above, is inefficient. Such devices require so much power that they can only achieve
pulsed operation without damage. Although historically important and easy to explain, such
devices are not practical. In these devices, a layer of low bandgap material is sandwiched
between two high bandgap layers. One commonly-used pair of materials is gallium arsenide
GaAs with aluminium gallium arsenide Al x Ga 1-x As. Each of the junctions between different
bandgap materials is called a heterostructure , hence the name "double heterostructure laser"
or DH laser. The kind of laser diode described in the first part of the article may be referred to as
a homojunction laser, for contrast with these more popular devices. The advantage of a DH
laser is that the region where free electrons and holes exist simultaneouslyâ€”the active region
â€”is confined to the thin middle layer. This means that many more of the electron-hole pairs
can contribute to amplificationâ€”not so many are left out in the poorly amplifying periphery. In
addition, light is reflected within the heterojunction; hence, the light is confined to the region
where the amplification takes place. If the middle layer is made thin enough, it acts as a
quantum well. This means that the vertical variation of the electron's wavefunction , and thus a
component of its energy, is quantized. The efficiency of a quantum well laser is greater than that
of a bulk laser because the density of states function of electrons in the quantum well system
has an abrupt edge that concentrates electrons in energy states that contribute to laser action.
Lasers containing more than one quantum well layer are known as multiple quantum well
lasers. Multiple quantum wells improve the overlap of the gain region with the optical
waveguide mode. Further improvements in the laser efficiency have also been demonstrated by
reducing the quantum well layer to a quantum wire or to a "sea" of quantum dots. In a quantum
cascade laser , the difference between quantum well energy levels is used for the laser
transition instead of the bandgap. This enables laser action at relatively long wavelengths ,
which can be tuned simply by altering the thickness of the layer. They are heterojunction lasers.
An Interband cascade laser ICL is a type of laser diode that can produce coherent radiation over
a large part of the mid-infrared region of the electromagnetic spectrum. The problem with the
simple quantum well diode described above is that the thin layer is simply too small to
effectively confine the light. To compensate, another two layers are added on, outside the first
three. These layers have a lower refractive index than the centre layers, and hence confine the
light effectively. Such a design is called a separate confinement heterostructure SCH laser
diode. Almost all commercial laser diodes since the s have been SCH quantum well diodes. A
distributed Bragg reflector laser DBR is a type of single frequency laser diode. One of the
mirrors is a broadband reflector and the other mirror is wavelength selective so that gain is
favored on a single longitudinal mode, resulting in lasing at a single resonant frequency. The
broadband mirror is usually coated with a low reflectivity coating to allow emission. The
wavelength selective mirror is a periodically structured diffraction grating with high reflectivity.
The diffraction grating is within a non-pumped, or passive region of the cavity. A DBR laser is a
monolithic single chip device with the grating etched into the semiconductor. Alternative hybrid
architectures that share the same topology include extended cavity diode lasers and volume
Bragg grating lasers, but these are not properly called DBR lasers. A distributed feedback laser
DFB is a type of single frequency laser diode. To stabilize the lasing wavelength, a diffraction
grating is etched close to the p-n junction of the diode. This grating acts like an optical filter,
causing a single wavelength to be fed back to the gain region and lase. Since the grating
provides the feedback that is required for lasing, reflection from the facets is not required. Thus,

at least one facet of a DFB is anti-reflection coated. The DFB laser has a stable wavelength that
is set during manufacturing by the pitch of the grating, and can only be tuned slightly with
temperature. DFB lasers are widely used in optical communication applications where a precise
and stable wavelength is critical. The threshold current of this DFB laser, based on its static
characteristic, is around 11 mA. The appropriate bias current in a linear regime could be taken
in the middle of the static characteristic 50 mA. Several techniques have been proposed in order
to enhance the single-mode operation in these kinds of lasers by inserting a onephase-shift 1PS
or multiple-phase-shift MPS in the uniform Bragg grating. Vertical-cavity surface-emitting lasers
VCSELs have the optical cavity axis along the direction of current flow rather than
perpendicular to the current flow as in conventional laser diodes. The active region length is
very short compared with the lateral dimensions so that the radiation emerges from the surface
of the cavity rather than from its edge as shown in the figure. The reflectors at the ends of the
cavity are dielectric mirrors made from alternating high and low refractive index quarter-wave
thick multilayer. But there is a disadvantage: because of the high mirror reflectivities, VCSELs
have lower output powers when compared to edge-emitting lasers. There are several
advantages to producing VCSELs when compared with the production process of edge-emitting
lasers. Edge-emitters cannot be tested until the end of the production process. If the
edge-emitter does not work, whether due to bad contacts or poor material growth quality, the
production time and the processing materials have been wasted. Additionally, because VCSELs
emit the beam perpendicular to the active region of the laser as opposed to parallel as with an
edge emitter, tens of thousands of VCSELs can be processed simultaneously on a three-inch
gallium arsenide wafer. Furthermore, even though the VCSEL production process is more laborand material-intensive, the yield can be controlled to a more predictable outcome. However,
they normally show a lower power output level. In VCSELs, the mirrors are typically grown
epitaxially as part of the diode structure, or grown separately and bonded directly to the
semiconductor containing the active region. VECSELs are distinguished by a construction in
which one of the two mirrors is external to the diode structure. As a result, the cavity includes a
free-space region. The significance of the short propagation distance is that it causes the effect
of "antiguiding" nonlinearities in the diode laser gain region to be minimized. The result is a
large-cross-section single-mode optical beam which is not attainable from in-plane
"edge-emitting" diode lasers. Several workers demonstrated optically pumped VECSELs, and
they continue to be developed for many applications including high power sources for use in
industrial machining cutting, punching, etc. However, because of their lack of p-n junction,
optically-pumped VECSELs are not considered "diode lasers", and are classified as
semiconductor lasers. External-cavity diode lasers are tunable lasers which use mainly double
heterostructures diodes of the Al x Ga 1-x As type. The first external-cavity diode lasers used
intracavity etalons [7] and simple tuning Littrow gratings. Laser diodes have the same reliability
and failure issues as light emitting diodes. In addition they are subject to catastrophic optical
damage COD when operated at higher power. Many of the advances in reliability of diode lasers
in the last 20 years remain proprietary to their developers. Reverse engineering is not always
able to reveal the differences between more-reliable and less-reliable diode laser products.
Semiconductor lasers can be surface-emitting lasers such as VCSELs, or in-plane edge-emitting
lasers. For edge-emitting lasers, the edge facet mirror is often formed by cleaving the
semiconductor wafer to form a specularly reflecting plane. The atomic states at the cleavage
plane are altered compared to their bulk properties within the crystal by the termination of the
perfectly periodic lattice at that plane. Surface states at the cleaved plane have energy levels
within the otherwise forbidden bandgap of the semiconductor. As a result, when light
propagates through the cleavage plane and transits to free space from within the
semiconductor crystal, a fraction of the light energy is absorbed by the surface states where it
is converted to heat by phonon - electron interactions. This heats the cleaved mirror. In
addition, the mirror may heat simply because the edge of the diode laserâ€”which is electrically
pumpedâ€”is in less-than-perfect contact with the mount that provides a path for heat removal.
The heating of the mirror causes the bandgap of the semiconductor to shrink in the warmer
areas. The bandgap shrinkage brings more electronic band-to-band transitions into alignment
with the photon energy causing yet more absorption. This is thermal runaway , a form of
positive feedback , and the result can be melting of the facet, known as catastrophic optical
damage , or COD. In the s, this problem, which is particularly nettlesome for GaAs-based lasers
emitting between 0. A thin layer of aluminum oxide was deposited on the facet. If the aluminum
oxide thickness is chosen correctly, it functions as an anti-reflective coating , reducing
reflection at the surface. This alleviated the heating and COD at the facet. Since then, various
other refinements have been employed. In the very early s, SDL, Inc. This process, too, was
undisclosed as of June Reliability of high-power diode laser pump bars used to pump

solid-state lasers remains a difficult problem in a variety of applications, in spite of these
proprietary advances. Indeed, the physics of diode laser failure is still being worked out and
research on this subject remains active, if proprietary. Extension of the lifetime of laser diodes
is critical to their continued adaptation to a wide variety of applications. Laser diodes are
numerically the most common laser type, with sales of approximately million units, [10] as
compared to , of other types of lasers. Laser diodes find wide use in telecommunication as
easily modulated and easily coupled light sources for fiber optics communication. They are
used in various measuring instruments, such as rangefinders. Another common use is in
barcode readers. Visible lasers, typically red but later also green , are common as laser
pointers. Both low and high-power diodes are used extensively in the printing industry both as
light sources for scanning input of images and for very high-speed and high-resolution printing
plate output manufacturing. Diode lasers have also found many applications in laser absorption
spectrometry LAS for high-speed, low-cost assessment or monitoring of the concentration of
various species in gas phase. High-power laser diodes are used in industrial applications such
as heat treating, cladding, seam welding and for pumping other lasers, such as diode-pumped
solid-state lasers. Uses of laser diodes can be categorized in various ways. Most applications
could be served by larger solid-state lasers or optical parametric oscillators, but the low cost of
mass-produced diode lasers makes them essential for mass-market applications. Diode lasers
can be used in a great many fields; since light has many different properties power, wavelength,
spectral and beam quality, polarization, etc. Many applications of diode lasers primarily make
use of the "directed energy" property of an optical beam. In this category, one might include the
laser printers , barcode readers, image scanning , illuminators, designators, optical data
recording, combustion ignition , laser surgery , industrial sorting, industrial machining, and
directed energy weaponry. Some of these applications are well-established while others are
emerging. Laser medicine : medicine and especially dentistry have found many new uses for
diode lasers. Diode wavelengths range from to 1, nm , are poorly absorbed by soft tissue, and
are not used for cutting or ablation. As laser beam light is inherently coherent , certain
applications utilize the coherence of laser diodes. These include interferometric distance
measurement, holography, coherent communications, and coherent control of chemical
reactions. Laser diodes are used for their "narrow spectral" properties in the areas of
range-finding, telecommunications, infra-red countermeasures, spectroscopic sensing ,
generation of radio-frequency or terahertz waves, atomic clock state preparation, quantum key
cryptography, frequency doubling and conversion, water purification in the UV , and
photodynamic therapy where a particular wavelength of light would cause a substance such as
porphyrin to become chemically active as an anti-cancer agent only where the tissue is
illuminated by light. Laser diodes are used for their ability to generate ultra-short pulses of light
by the technique known as "mode-locking. As early as John von Neumann described the
concept of semiconductor laser in an unpublished manuscript. In , Japanese engineer Jun-ichi
Nishizawa filed a patent for the first semiconductor laser. Following theoretical treatments of M.
Bernard, G. Duraffourg and William P. Dumke in the early s coherent light emission from a
gallium arsenide GaAs semiconductor diode a laser diode was demonstrated in by two US
groups led by Robert N. Watson Research Center. The priority is given to General Electric group
who have obtained and submitted their results earlier; they also went further and made a
resonant cavity for their diode. Dumke that these materials would not work. Instead, he
suggested Gallium Arsenide as a good candidate. Other teams at MIT Lincoln Laboratory ,
Texas Instruments , and RCA Laboratories were also involved in and received credit for their
historic initial demonstrations of efficient light emission and lasing in semiconductor diodes in
and thereafter. By layering the highest quality crystals of varying compositions, it enabled the
demonstration of the highest quality heterojunction semiconductor laser materials for many
years. LPE was adopted by all the leading laboratories, worldwide and used for many years. It
was finally supplanted in the s by molecular beam epitaxy and organometallic chemical vapor
deposition. Such performance enabled continuous-lasing to be demonstrated in the earliest
days. The dominant challenge for the remainder of the s was to obtain low threshold current
density at K and thereby to demonstrate continuous-wave lasing at room temperature from a
diode laser. The first diode lasers were homojunction diodes. That is, the material and thus the
bandgap of the waveguide core layer and that of the surrounding clad layers, were identical. It
was recognized that there was an opportunity, particularly afforded by the use of liquid phase
epitaxy using aluminum gallium arsenide, to introduce heterojunctions. Heterostructures
consist of layers of semiconductor crystal having varying bandgap and refractive index.
Heterojunctions formed from heterostructures had been recognized by Herbert Kroemer , while
working at RCA Laboratories in the mids, as having unique advantages for several types of
electronic and optoelectronic devices including diode lasers. LPE afforded the technology of

making heterojunction diode lasers. In he proposed the double heterostructure laser. The first
heterojunction diode lasers were single-heterojunction lasers. These lasers utilized aluminum
gallium arsenide p -type injectors situated over n -type gallium arsenide layers grown on the
substrate by LPE. An admixture of aluminum replaced gallium in the semiconductor crystal and
raised the bandgap of the p -type injector over that of the n -type layers beneath. Unfortunately,
this was still not in the needed range and these single-heterostructure diode lasers did not
function in continuous wave operation at room temperature. The innovation that met the room
temperature challenge was the double heterostructure laser. The trick was to quickly move the
wafer in the LPE apparatus between different "melts" of aluminum gallium arsenide p - and n
-type and a third melt of gallium arsenide. The first laser diode to achieve continuous wave
operation was a double heterostructure demonstrated in essentially simultaneously by Zhores
Alferov and collaborators including Dmitri Z. However, it is widely accepted that Zhores I.
Alferov and team reached the milestone first. For their accomplishment and that of their
co-workers, Alferov and Kroemer shared the Nobel Prize in Physics. From Wikipedia, the free
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lasers. Semiconductor laser. GND : A light-emitting diode LED is a semiconductor light source
that emits light when current flows through it. Electrons in the semiconductor recombine with
electron holes , releasing energy in the form of photons. The color of the light corresponding to
the energy of the photons is determined by the energy required for electrons to cross the band
gap of the semiconductor. Appearing as practical electronic components in , the earliest LEDs
emitted low-intensity infrared IR light. The first visible-light LEDs were of low intensity and
limited to red. Modern LEDs are available across the visible , ultraviolet UV , and infrared
wavelengths, with high light output. Early LEDs were often used as indicator lamps, replacing
small incandescent bulbs, and in seven-segment displays. Recent developments have produced
high-output white light LEDs suitable for room and outdoor area lighting. LEDs have led to new
displays and sensors, while their high switching rates are useful in advanced communications
technology. LEDs have many advantages over incandescent light sources, including lower
energy consumption, longer lifetime, improved physical robustness, smaller size, and faster
switching. LEDs are used in applications as diverse as aviation lighting , fairy lights, automotive
headlamps , advertising, general lighting , traffic signals , camera flashes, lighted wallpaper ,
horticultural grow lights , and medical devices. Unlike a laser , the light emitted from an LED is
neither spectrally coherent nor even highly monochromatic. However, its spectrum is
sufficiently narrow that it appears to the human eye as a pure saturated color.
Electroluminescence as a phenomenon was discovered in by the English experimenter H.
Round of Marconi Labs , using a crystal of silicon carbide and a cat's-whisker detector. In ,
Georges Destriau observed that electroluminescence could be produced when zinc sulphide
ZnS powder is suspended in an insulator and an alternating electrical field is applied to it. In his
publications, Destriau often referred to luminescence as Losev-Light. Destriau worked in the
laboratories of Madame Marie Curie , also an early pioneer in the field of luminescence with
research on radium. Kurt Lehovec , Carl Accardo, and Edward Jamgochian explained these first
LEDs in using an apparatus employing SiC crystals with a current source of a battery or a pulse
generator and with a comparison to a variant, pure, crystal in Rubin Braunstein [21] of the Radio
Corporation of America reported on infrared emission from gallium arsenide GaAs and other
semiconductor alloys in In , Braunstein further demonstrated that the rudimentary devices
could be used for non-radio communication across a short distance. As noted by Kroemer [23]
Braunstein "â€¦had set up a simple optical communications link: Music emerging from a record
player was used via suitable electronics to modulate the forward current of a GaAs diode. The
emitted light was detected by a PbS diode some distance away. This signal was fed into an
audio amplifier and played back by a loudspeaker. Intercepting the beam stopped the music. We
had a great deal of fun playing with this setup. After establishing the priority of their work based
on engineering notebooks predating submissions from G. George Craford , [29] a former
graduate student of Holonyak, invented the first yellow LED and improved the brightness of red
and red-orange LEDs by a factor of ten in Pearsall designed the first high-brightness,
high-efficiency LEDs for optical fiber telecommunications by inventing new semiconductor
materials specifically adapted to optical fiber transmission wavelengths. The first commercial
visible-wavelength LEDs were commonly used as replacements for incandescent and neon
indicator lamps , and in seven-segment displays , [32] first in expensive equipment such as
laboratory and electronics test equipment, then later in such appliances as calculators, TVs,
radios, telephones, as well as watches see list of signal uses. Borden, Gerald P. Pighini and
Mohamed M. Atalla left HP and joined Fairchild Semiconductor in These devices employed
compound semiconductor chips fabricated with the planar process developed by Jean Hoerni ,
[42] [43] based on Atalla's surface passivation method [44] [45]. The combination of planar
processing for chip fabrication and innovative packaging methods enabled the team at Fairchild
led by optoelectronics pioneer Thomas Brandt to achieve the needed cost reductions. The early
red LEDs were bright enough only for use as indicators, as the light output was not enough to

illuminate an area. Readouts in calculators were so small that plastic lenses were built over
each digit to make them legible. Later, other colors became widely available and appeared in
appliances and equipment. Early LEDs were packaged in metal cases similar to those of
transistors, with a glass window or lens to let the light out. Modern indicator LEDs are packed in
transparent molded plastic cases, tubular or rectangular in shape, and often tinted to match the
device color. Infrared devices may be dyed, to block visible light. More complex packages have
been adapted for efficient heat dissipation in high-power LEDs. Surface-mounted LEDs further
reduce the package size. LEDs intended for use with fiber optics cables may be provided with
an optical connector. The first blue-violet LED using magnesium-doped gallium nitride was
made at Stanford University in by Herb Maruska and Wally Rhines, doctoral students in
materials science and engineering. In , the year after Maruska left for Stanford, his RCA
colleagues Pankove and Ed Miller demonstrated the first blue electroluminescence from
zinc-doped gallium nitride, though the subsequent device Pankove and Miller built, the first
actual gallium nitride light-emitting diode, emitted green light. Patent US A. Today,
magnesium-doping of gallium nitride remains the basis for all commercial blue LEDs and laser
diodes. In the early s, these devices were too dim for practical use, and research into gallium
nitride devices slowed. In August , Cree introduced the first commercially available blue LED
based on the indirect bandgap semiconductor, silicon carbide SiC. In the late s, key
breakthroughs in GaN epitaxial growth and p-type doping [55] ushered in the modern era of
GaN-based optoelectronic devices. Building upon this foundation, Theodore Moustakas at
Boston University patented a method for producing high-brightness blue LEDs using a new
two-step process in Two years later, in , high-brightness blue LEDs were demonstrated by Shuji
Nakamura of Nichia Corporation using a gallium nitride growth process. This new development
revolutionized LED lighting, making high-power blue light sources practical, leading to the
development of technologies like Blu-ray [ citation needed ]. Nakamura was awarded the
Millennium Technology Prize for his invention. In [63] and , [64] processes for growing gallium
nitride GaN LEDs on silicon were successfully demonstrated. As of , some manufacturers are
using SiC as the substrate for LED production, but sapphire is more common, as it has the most
similar properties to that of gallium nitride, reducing the need for patterning the sapphire wafer
patterned wafers are known as epi wafers. Toshiba has stopped research, possibly due to low
yields. Epitaxy or patterned sapphire can be carried out with nanoimprint lithography.
GaN-on-Si is desirable since it takes advantage of existing semiconductor manufacturing
infrastructure, however, it is difficult to achieve. Even though white light can be created using
individual red, green and blue LEDs, this results in poor color rendering, since only three
narrow bands of wavelengths of light are being emitted. The combination of that yellow with
remaining blue light appears white to the eye. Using different phosphors produces green and
red light through fluorescence. The first white LEDs were expensive and inefficient. However,
the light output of LEDs has increased exponentially. The latest research and development has
been propagated by Japanese manufacturers such as Panasonic , and Nichia , and by Korean
and Chinese manufacturers such as Samsung , Kingsun, and others. This trend in increased
output has been called Haitz's law after Roland Haitz. Light output and efficiency of blue and
near-ultraviolet LEDs rose and the cost of reliable devices fell. This led to relatively high-power
white-light LEDs for illumination, which are replacing incandescent and fluorescent lighting.
The LED chip is encapsulated inside a small, plastic, white mold. It can be encapsulated using
resin polyurethane -based , silicone, or epoxy containing powdered Cerium-doped YAG
phosphor. Encapsulation is performed after probing, dicing, die transfer from wafer to package,
and wire bonding or flip chip mounting, perhaps using Indium tin oxide , a transparent electrical
conductor. The temperature of the phosphor during operation and how it is applied limits the
size of an LED die. In a light emitting diode, the recombination of electrons and electron holes in
a semiconductor produces light be it infrared, visible or UV , a process called "
electroluminescence ". The wavelength of the light depends on the energy band gap of the
semiconductors used. Since these materials have a high index of refraction, design features of
the devices such as special optical coatings and die shape are required to efficiently emit light.
By selection of different semiconductor materials , single-color LEDs can be made that emit
light in a narrow band of wavelengths from near-infrared through the visible spectrum and into
the ultraviolet range. As the wavelengths become shorter, because of the larger band gap of
these semiconductors, the operating voltage of the LED increases. There are two primary ways
of producing white light-emitting diodes. One is to use individual LEDs that emit three primary
colors â€”red, green and blueâ€”and then mix all the colors to form white light. The other is to
use a phosphor material to convert monochromatic light from a blue or UV LED to
broad-spectrum white light, similar to a fluorescent lamp. This YAG phosphor causes white
LEDs to appear yellow when off, and the space between the crystals allow some blue light to

pass through. The color temperature of the LED can be controlled by changing the
concentration of the phosphors. The 'whiteness' of the light produced is engineered to suit the
human eye. Because of metamerism , it is possible to have quite different spectra that appear
white. The appearance of objects illuminated by that light may vary as the spectrum varies. This
is the issue of color rendition, quite separate from color temperature. An orange or cyan object
could appear with the wrong color and much darker as the LED or phosphor does not emit the
wavelength it reflects. The best color rendition LEDs use a mix of phosphors, resulting in less
efficiency and better color rendering. Mixing red, green, and blue sources to produce white light
needs electronic circuits to control the blending of the colors. Since LEDs have slightly different
emission patterns, the color balance may change depending on the angle of view, even if the
RGB sources are in a single package, so RGB diodes are seldom used to produce white
lighting. Nonetheless, this method has many applications because of the flexibility of mixing
different colors, [] and in principle, this mechanism also has higher quantum efficiency in
producing white light. Several key factors that play among these different methods include
color stability, color rendering capability, and luminous efficacy. Often, higher efficiency means
lower color rendering, presenting a trade-off between the luminous efficacy and color rendering.
Although tetrachromatic white LEDs have excellent color rendering capability, they often have
poor luminous efficacy. One of the challenges is the development of more efficient green LEDs.
The theoretical maximum for green LEDs is lumens per watt but as of few green LEDs exceed
even lumens per watt. The blue and red LEDs approach their theoretical limits. Multicolor LEDs
also offer a new means to form light of different colors. Most perceivable colors can be formed
by mixing different amounts of three primary colors. This allows precise dynamic color control.
However, this type of LED's emission power decays exponentially with rising temperature, []
resulting in a substantial change in color stability. Such problems inhibit industrial use. LEDs
without phosphor, while a poorer solution for general lighting, are the best solution for displays,
either backlight of LCD, or direct LED based pixels. Dimming a multicolor LED source to match
the characteristics of incandescent lamps is difficult because manufacturing variations, age,
and temperature change the actual color value output. To emulate the appearance of dimming
incandescent lamps may require a feedback system with color sensor to actively monitor and
control the color. Depending on the original LED's color, various color phosphors are used.
Using several phosphor layers of distinct colors broadens the emitted spectrum, effectively
raising the color rendering index CRI. Phosphor-based LEDs have efficiency losses due to heat
loss from the Stokes shift and also other phosphor-related issues. Their luminous efficacies
compared to normal LEDs depend on the spectral distribution of the resultant light output and
the original wavelength of the LED itself. For example, the luminous efficacy of a typical YAG
yellow phosphor based white LED ranges from 3 to 5 times the luminous efficacy of the original
blue LED because of the human eye's greater sensitivity to yellow than to blue as modeled in
the luminosity function. Due to the simplicity of manufacturing, the phosphor method is still the
most popular method for making high-intensity white LEDs. The design and production of a
light source or light fixture using a monochrome emitter with phosphor conversion is simpler
and cheaper than a complex RGB system, and the majority of high-intensity white LEDs
presently on the market are manufactured using phosphor light conversion. Among the
challenges being faced to improve the efficiency of LED-based white light sources is the
development of more efficient phosphors. Currently, in the area of phosphor LED development,
much effort is being spent on optimizing these devices to higher light output and higher
operation temperatures. For instance, the efficiency can be raised by adapting better package
design or by using a more suitable type of phosphor. Conformal coating process is frequently
used to address the issue of varying phosphor thickness. Alternatively, the LED might be paired
with a remote phosphor, a preformed polycarbonate piece coated with the phosphor material.
Remote phosphors provide more diffuse light, which is desirable for many applications. Remote
phosphor designs are also more tolerant of variations in the LED emissions spectrum. This is a
method analogous to the way fluorescent lamps work. This method is less efficient than blue
LEDs with YAG:Ce phosphor, as the Stokes shift is larger, so more energy is converted to heat,
but yields light with better spectral characteristics, which render color better. Due to the higher
radiative output of the ultraviolet LEDs than of the blue ones, both methods offer comparable
brightness. A concern is that UV light may leak from a malfunctioning light source and cause
harm to human eyes or skin. Another method used to produce experimental white light LEDs
used no phosphors at all and was based on homoepitaxially grown zinc selenide ZnSe on a
ZnSe substrate that simultaneously emitted blue light from its active region and yellow light
from the substrate. A new style of wafers composed of gallium-nitride-on-silicon GaN-on-Si is
being used to produce white LEDs using mm silicon wafers. This avoids the typical costly
sapphire substrate in relatively small or mm wafer sizes. Manufacturing large sapphire material

is difficult, while large silicon material is cheaper and more abundant. LED companies shifting
from using sapphire to silicon should be a minimal investment. In an organic light-emitting
diode OLED , the electroluminescent material composing the emissive layer of the diode is an
organic compound. The organic material is electrically conductive due to the delocalization of pi
electrons caused by conjugation over all or part of the molecule, and the material therefore
functions as an organic semiconductor. The potential advantages of OLEDs include thin,
low-cost displays with a low driving voltage, wide viewing angle, and high contrast and color
gamut. LEDs are made in different packages for different applications. A single or a few LED
junctions may be packed in one miniature device for use as an indicator or pilot lamp. An LED
array may include controlling circuits within the same package, which may range from a simple
resistor, blinking or color changing control, or an addressable controller for RGB devices.
Higher-powered white-emitting devices will be mounted on heat sinks and will be used for
illumination. Alphanumeric displays in dot matrix or bar formats are widely available. Special
packages permit connection of LEDs to optical fibers for high-speed data communication links.
Common package shapes include round, with a domed or flat top, rectangular with a flat top as
used in bar-graph displays , and triangular or square with a flat top. The encapsulation may also
be clear or tinted to improve contrast and viewing angle. Infrared devices may have a black tint
to block visible light while passing infrared radiation. Ultra-high-output LEDs are designed for
viewing in direct sunlight. Some can emit over a thousand lumens. Since overheating is
destructive, the HP-LEDs must be mounted on a heat sink to allow for heat dissipation. For each
half-cycle, part of the LED emits light and part is dark, and this is reversed during the next
half-cycle. Flashing LEDs are used as attention seeking indicators without requiring external
electronics. Flashing LEDs resemble standard LEDs but they contain an integrated voltage
regulator and a multivibrator circuit that causes the LED to flash with a typical period of one
second. In diffused lens LEDs, this circuit is visible as a small black dot. Most flashing LEDs
emit light of one color, but more sophisticated devices can flash between multiple colors and
even fade through a color sequence using RGB color mixing. There are two types of these. One
type consists of two dies connected to the same two leads antiparallel to each other. Current
flow in one direction emits one color, and current in the opposite direction emits the other color.
The other type consists of two dies with separate leads for both dies and another lead for
common anode or cathode so that they can be controlled independently. Each emitter is
connected to a separate lead so they can be controlled independently. A four-lead arrangement
is typical with one common lead anode or cathode and an additional lead for each color. Others,
however, have only two leads positive and negative and have a built-in electronic controller.
Unlike dedicated-color LEDs, however, these do not produce pure wavelengths. Modules may
not be optimized for smooth color mixing. Decorative-multicolor LEDs incorporate several
emitters of different colors supplied by only two lead-out wires. Colors are switched internally
by varying the supply voltage. Alphanumeric LEDs are available in seven-segment , starburst ,
and dot-matrix format. Seven-segment displays handle all numbers and a limited set of letters.
Starburst displays can display all letters. Seven-segment LED displays were in widespread use
in the s and s, but rising use of liquid crystal displays , with their lower power needs and greater
display flexibility, has reduced the popularity of numeric and alphanumeric LED displays. In
addition to power and ground, these provide connections for data-in, data-out, clock and
sometimes a strobe signal. These are connected in a daisy chain. They are used where a
combination of maximum control and minimum visible electronics are needed such as strings
for Christmas and LED matrices. Some even have refresh rates in the kHz range, allowing for
basic video applications. These devices are known by their part number WS being common or a
brand name such as NeoPixel. An LED filament consists of multiple LED chips connected in
series on a common longitudinal substrate that forms a thin rod reminiscent of a traditional
incandescent filament. The filaments use a rather high voltage, allowing them to work efficiently
with mains voltages. Often a simple rectifier and capacitive current limiting are employed to
create a low-cost replacement for a traditional light bulb without the complexity of the low
voltage, high current converter that single die LEDs need. The current in an LED or other diodes
rises exponentially with the applied voltage see Shockley diode equation , so a small change in
voltage can cause a large change in current. Current through the LED must be regulated by an
external circuit such as a constant current source to prevent damage. Since most common
power supplies are nearly constant-voltage sources, LED fixtures must include a power
converter, or at least a current-limiting resistor. In some applications, the internal resistance of
small batteries is sufficient to keep current within the LED rating. Unlike a traditional
incandescent lamp, an LED will light only when voltage is applied in the forward direction of the
diode. No current flows and no light is emitted if voltage is applied in the reverse direction. If the
reverse voltage exceeds the breakdown voltage , a large current flows and the LED will be

damaged. If the reverse current is sufficiently limited to avoid damage, the reverse-conducting
LED is a useful noise diode. While LEDs have the advantage over fluorescent lamps , in that
they do not contain mercury , they may contain other hazardous metals such as lead and
arsenic. In the American Medical Association AMA issued a statement concerning the possible
adverse influence of blueish street lighting on the sleep-wake cycle of city-dwellers. Industry
critics claim exposure levels are not high enough to have a noticeable effect. The low energy
consumption , low maintenance and small size of LEDs has led to uses as status indicators and
displays on a variety of equipment and installations. Large-area LED displays are used as
stadium displays, dynamic decorative displays, and dynamic message signs on freeways. Thin,
lightweight message displays are used at airports and railway stations, and as destination
displays for trains, buses, trams, and ferries. One-color light is well suited for traffic lights and
signals, exit signs , emergency vehicle lighting , ships' navigation lights, and LED-based
Christmas lights. Because of their long life, fast switching times, and visibility in broad daylight
due to their high output and focus, LEDs have been used in automotive brake lights and turn
signals. The use in brakes improves safety, due to a great reduction in the time needed to light
fully, or faster rise time, about 0. This gives drivers behind more time to react. In a dual intensity
circuit rear markers and brakes if the LEDs are not pulsed at a fast enough frequency, they can
create a phantom array , where ghost images of the LED appear if the eyes quickly scan across
the array. White LED headlamps are beginning to appear. Using LEDs has styling advantages
because LEDs can form much thinner lights than incandescent lamps with parabolic reflectors.
Due to the relative cheapness of low output LEDs, they are also used in many temporary uses
such as glowsticks , throwies , and the photonic textile Lumalive. With the development of
high-efficiency and high-power LEDs, it has become possible to use LEDs in lighting and
illumination. The Philips Lighting North America LED bulb won the first competition on August
3, , after successfully completing 18 months of intensive field, lab, and product testing. Efficient
lighting is needed for sustainable architecture. The lower heat output of LEDs also reduces
demand on air conditioning systems. Worldwide, LEDs are rapidly adopted to displace less
effective sources such as incandescent lamps and CFLs and reduce electrical energy
consumption and its associated emissions. Solar powered LEDs are used as street lights and in
architectural lighting. The mechanical robustness and long lifetime are used in automotive
lighting on cars, motorcycles, and bicycle lights. LED street lights are employed on poles and in
parking garages. LEDs are also being used in airport and heliport lighting. LED airport fixtures
currently include medium-intensity runway lights, runway centerline lights, taxiway centerline
and edge lights, guidance signs, and obstruction lighting. LEDs are small, durable and need
little power, so they are used in handheld devices such as flashlights. This is especially useful
in cameras on mobile phones , where space is at a premium and bulky voltage-raising circuitry
is undesirable. LEDs are used for infrared illumination in night vision uses including security
cameras. A ring of LEDs around a video camera , aimed forward into a retroreflective
background , allows chroma keying in video productions. LEDs are used in mining operations ,
as cap lamps to provide light for miners. Research has been done to improve LEDs for mining,
to reduce glare and to increase illumination, reducing risk of injury to the miners. LEDs are
increasingly finding uses in medical and educational applications, for example as mood
enhancement. Light can be used to transmit data and analog signals. For example, lighting
white LEDs can be used in systems assisting people to navigate in closed spaces while
searching necessary rooms or objects. Assistive listening devices in many theaters and similar
spaces use arrays of infrared LEDs to send sound to listeners' receivers. Light-emitting diodes
as well as semiconductor lasers are used to send data over many types of fiber optic cable,
from digital audio over TOSLINK cables to the very high bandwidth fiber links that form the
Internet backbone. For some time, computers were commonly equipped with IrDA interfaces,
which allowed them to send and receive data to nearby machines via infrared. Because LEDs
can cycle on and off millions of times per second, very high data bandwidth can be achieved.
The main characteristic of VLC, lies on the incapacity of light to surpass physical opaque
barriers. This characteristic can be considered a weak point of VLC, due to the susceptibility of
interference from physical objects, but is also one of its many strengths: unlike radio waves,
light waves are confined in the encolsed spaces they are transmitted, which enforces a physical
safety barrier that requires a receptor of that signal to have physical access to the place where
the transmission is occurring. For instance, commercial buildings, shopping malls, parking
garages, as well as subways and tunnel systems are all possible applications for VLC-based
indoor positioning systems. Additionally, once the VLC lamps are able to perform lighting at the
same time as data transmission, it can simply occupy the installation of traditional
single-function lamps. Other applications for VLC involve communication between appliances
of a smart home or office. With increasing IoT -capable devices, connectivity through traditional

radio waves might be subjected to interference. Machine vision systems often require bright
and homogeneous illumination, so features of interest are easier to process. LEDs are often
used. Barcode scanners are the most common example of machine vision applications, and
many of those scanners use red LEDs instead of lasers. Optical computer mice use LEDs as a
light source for the miniature camera within the mouse. LEDs are useful for machine vision
because they provide a compact, reliable source of light. LED lamps can be turned on and off to
suit the needs of the vision system, and the shape of the beam produced can be tailored to
match the system's requirements. UV induced fluorescence is one of the most robust
techniques used for rapid real time detection of biological aerosols. It was also demonstrated
that the detector could be operated unattended indoors and outdoors for weeks at a time.
Aerosolized biological particles will fluoresce and scatter light under a UV light beam. Observed
fluorescence is dependent on the applied wavelength and the biochemical fluorophores within
the biological agent. UV induced fluorescence offers a rapid, accurate, efficient and logistically
practical way for biological agent detection. This is because the use of UV fluorescence is
reagent less, or a process that does not require an added chemical to produce a reaction, with
no consumables, or produces no chemical byproducts. It was claimed to be sensitive enough to
detect low concentrations, but not so sensitive that it would cause false positives. The particle
counting algorithm used in the device converted raw data into information by counting the
photon pulses per unit of time from the fluorescence and scattering detectors, and comparing
the value to a set threshold. Its small, light-weight design allows it to be mounted to vehicles,
robots, and unmanned aerial vehicles. The second generation device could also be utilized as
an environmental detector to monitor air quality in hospitals, airplanes, or even in households
to detect fungus and mold. The light from LEDs can be modulated very quickly so they are used
extensively in optical fiber and free space optics communications. This includes remote
controls , such as for television sets, where infrared LEDs are often used. Opto-isolators use an
LED combined with a photodiode or phototransistor to provide a signal path with electrical
isolation between two circuits. This is especially useful in medical equipment where the signals
from a low-voltage sensor circuit usually battery-powered in contact with a living organism
must be electrically isolated from any possible electrical failure in a recording or monitoring
device operating at potentially dangerous voltages. An optoisolator also lets information be
transferred between circuits that do not share a common ground potential. Many sensor
systems rely on light as the signal source. LEDs are often ideal as a light source due to the
requirements of the sensors. Pulse oximeters use them for measuring oxygen saturation. Some
flatbed scanners use arrays of RGB LEDs rather than the typical cold-cathode fluorescent lamp
as the light source. Having independent control of three illuminated colors allows the scanner
to calibrate itself for more accurate color balance, and there is no need for warm-up. Further, its
sensors only need be monochromatic, since at any one time the page being scanned is only lit
by one color of light. Since LEDs can also be used as photodiodes, they can be used for both
photo emission and detection. This could be used, for example, in a touchscreen that registers
reflected light from a finger or stylus. Grow lights use LEDs to increase photosynthesis in
plants , [] and bacteria and viruses can be removed from water and other substances using UV
LEDs for sterilization. LEDs have also been used as a medium-quality voltage reference in
electronic circuits. The forward voltage drop about 1. The progressive miniaturization of
low-voltage lighting technology, such as LEDs and OLEDs, suitable to incorporate into
low-thickness materials has fostered experimentation in combining light sources and wall
covering surfaces for interior walls in the form of LED wallpaper. Seven-segment display that
can display four digits and points. LED panel light source used in an experiment on plant
growth. The findings of such experiments may be used to grow food in space on long duration
missions. LEDs require optimized efficiency to hinge on ongoing improvements such as
phosphor materials and quantum dots. The process of down-conversion the method by which
materials convert more-energetic photons to different, less energetic colors also needs
improvement. For example, the red phosphors that are used today are thermally sensitive and
need to be improved in that aspect so that they do not color shift and experience efficiency
drop-off with temperature. Red phosphors could also benefit from a narrower spectral width to
emit more lumens and becoming more efficient at converting photons. In addition, work
remains to be done in the realms of current efficiency droop, color shift, system reliability, light
distribution, dimming, thermal management, and power supply performance. A new family of
LEDs are based on the semiconductors called perovskites. Their efficiency is superior by
eliminating non-radiative losses, in other words, elimination of recombination pathways that do
not produce photons; or by solving outcoupling problem prevalent for thin-film LEDs or
balancing charge carrier injection to increase the EQE external quantum efficiency. In , Cao et
al. Their device have similar planar structure, i. To achieve a high EQE, they not only reduced

non-radiative recombination, but also utilized their own, subtly different methods to improve the
EQE. In the work of Cao et al. These perovskites are formed via the introduction of amino acid
additives into the perovskite precursor solutions. In addition, their method is able to passivate
perovskite surface defects and reduce nonradiative recombination. In Lin and his colleague's
work, however, they used a different approach to generate high EQE. Instead of modifying the
microstructure of perovskite layer, they chose to adopt a new strategy for managing the
compositional distribution in the deviceâ€”â€”an approach that simultaneously provides high
luminescence and balanced charge injection. In other words, they still used flat emissive layer,
but tried to optimize the balance of electrons and holes injected into the perovskite, so as to
make the most efficient use of the charge carriers. The MABr shell passivates the nonradiative
defects that would otherwise be present perovskite crystals, resulting in reduction of the
nonradiative recombination. Devices called "nanorods" are a form of LEDs that can also detect
and absorb light. They consist of a quantum dot directly contacting two semiconductor
materials instead of just one as in a traditional LED. One semiconductor allows movement of
positive charge and one allows movement of negative charge. They can emit light, sense light,
and collect energy. The nanorod gathers electrons while the quantum dot shell gathers positive
charges so the dot emits light. When the voltage is switched the opposite process occurs and
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