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Chapter 9

Optoelectronic Devices

Ref: as in Chapter 7



2

Light absorption and emission

•A large number of optoelectronic devices consist of a 
p-type and n-type region, just like a regular p-n 
diode. 
•There is an additional interaction between the 
electrons and holes in the semiconductor and light. 
•The key difference is that optoelectronic devices 
such as photodiodes, solar cells, LEDs and laser 
diodes are specifically designed to optimize the light 
absorption and emission, resulting in a high 
conversion efficiency.
•Absorption/emission of light in a semiconductor 
heavily depends on the detailed band structure of the 
semiconductor: direct or indirect. 
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•Direct bandgap semiconductors: the minimum of 
the conduction band occurs at the same wavevector, 
k, as the maximum of the valence band.
• Direct bg semiconductors have a stronger 
absorption of light as characterized by a larger 
absorption coefficient. 
•Fabrication of light emitting devices calls for direct 
bg semiconductors.
• Indirect bandgap semiconductors: the minimum of 
the conduction band does not occur at the same
wavevector as the maximum of the valence band.
• Indirect bg semiconductors have a smaller 
absorption coefficient and are rarely used in light 
emitting devices.

a) Photon absorption in a direct bandgap semiconductor
b) Photon absorption in an indirect bandgap semiconductor assisted by 

phonon absorption
c) Photon absorption in an indirect bandgap semiconductor assisted by 

phonon emission.

E-k diagram of Direct and Indirect 
bandgap Semiconductors
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Direct Band Gap:
•Energy and momentum conservation required in the 
electron-photon interaction.
• In the direct bandgap semiconductor, conduction and 
valence bands are vertically aligned.
•Absorption of a photon is obtained if an empty state in 
the conduction band is available for which the energy 
and momentum equals that of an electron in the 
valence band plus that of the incident photon. 
•Photons have little momentum relative of their energy 
since they travel at the speed of light. 
•The electron therefore makes an almost vertical 
transition on the E-k diagram.

Energy and Momentum Conservation

•In the Indirect bandgap semiconductor, the 
conduction band is not vertically aligned to the 
valence band.
• Interaction of an incident photon with an electron in 
the valence band will not provide the correct energy 
and momentum corresponding to that of an empty 
state in the conduction band. 
•Photon absorption requires the help of another 
particle, namely a phonon. 
•Phonon: a particle associated with lattice vibrations, 
has a relatively low velocity close to the speed of 
sound in the material, and a small energy and large 
momentum compared to that of a photon. 
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•Conservation of both energy and momentum can 
therefore be obtained in the absorption process if a 
phonon is created or an existing phonon participates. 
•The minimum photon energy that can be absorbed 
is slightly below the bandgap energy in the case of 
phonon absorption and has to be slightly above the
bandgap energy in the case of phonon emission. 
• Probability of having an interaction take place 
involving all three particles (photon, phonon, 
electron) will be lower than a simple electron-photon 
interaction.
•Absorption/Emission process is much stronger in a 
direct bandgap material.
• Semiconductor laser diodes are exclusively made 
from direct bandgap materials.

Semiconductor detectors

Photoconductors

Thermal detectors

UV Detectors

Photodetectors

Photographic detectors

Schottky barrierp-n junction M-I-S

Photoemmisive

Photovoltaic detectors

Photoelectric detectors
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•Optical communications. 
•Fiber optic backbones for cellular networks.
•Single photon counting; 
•Pollution monitoring systems. 
• Imaging applications.
•In situ combustion monitoring
• Satellite-based missile plume detection
• Air quality monitoring
• Gas sensing
• Personal uv exposure dosimetry

Some Applications

•A photodiode: semiconductor diode that 
functions as a photodetector. 
• A photodiode is a p-n junction or a p-i-n 
structure. 
• Light enters the device through a window or 
an optical fiber. 
•When light with sufficient photon energy 
strikes a semiconductor, photons can be
absorbed.
• Electrons and holes are generated.
• Electrons and holes are pulled into regions 
where they are majority carriers by φI.

Photodiode



7

Motion of photo-generated carriers in a p-n photodiode

Photodiodes

• Total currrent = diode current + photocurrent.

ph
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•If the absorption occurs in the depletion 
region, these carriers are swept from the 
junction by the built-in field of the depletion 
region, producing a photocurrent.
• Photodiodes can be used in either zero bias 
or reverse bias. 
• In zero bias, light falling on the diode causes 
a voltage to develop across the device, leading 
to a current in the forward bias direction. 
• Operation of a photodiode under zero bias is 
referred to as the photovoltaic mode, and is 
the basis for solar cells.

Photodiode…

•In reverse bias, the photodiodes has very high 
resistance.
• This resistance is reduced when light of an 
appropriate frequency shines on the junction.
• Hence, a reverse biased diode can be used as a 
detector by monitoring the current running 
through it. 
•Circuits based on this effect are more sensitive 
to light than ones based on the photovoltaic 
effect.
• Operation of a photodiode under reverse bias 
is referred to as the photoconductive mode.

Photodiode…
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Photodiode…

•Under forward bias, a p-n junction can sense a 
photo current.

• However this would be overshadowed by the bias 
dependent thermionic emission current 
component. 

•Under reverse bias, all other significant current 
components are very small and bias independent. 

•Therefore, p-n junction photo detectors operate 
under reverse bias conditions.

•An avalanche photodiode (APD) is a 
photodiode operated under much higher 
reverse bias.

• This allows each photo-generated carrier to be 
multiplied, resulting in internal gain within the 
photodiode, which increases the effective
responsivity of the device.
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http://www.people.virginia.edu/~jcb6t/Image_gallery/image_gallery.htm

Rib Waveguide Avalanche Photodetector

•Silicon can't emit light and does a poor job of 
absorbing lt.
•By adding layers of GeSi, we overcame the 
absorption problem. 
•Alone, GeSi layers don't absorb ligth much 
better than pure Si. 
•However, GeSi does have a different, slightly 
higher, index of refraction than Si. 
•That means that light will tend to get trapped in 
such layers. 

http://www.people.virginia.edu/~jcb6t/Image_gallery/image_gallery.htm
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http://www.eepn.com/Locator/Products/ArticleID/29327/29327.html

silicon avalanche photodetector

•The photo-generated current opposes the diode 
current under forward bias. 
•The measured photocurrent is proportional to the 
incident light intensity. 
•The maximum photocurrent in a photodiode 
equals:

• This maximum photocurrent occurs when each 
incoming photon creates one electron-hole pair, 
which contributes to the photocurrent.

inph P
h
qI
υ

=max,
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•The responsivity = photocurrent divided by the incident 
optical power.
•Quantum Efficiency: # of photogenerated carriers 
divide by # of incident photons. Is efficiency of 
converting an incident photon into useful photo 
current.
•Dark current = current through the diode in the 
absence of light. 
• Dark current: due to photocurrent generated by 
background radiation, any surface leakage and the 
saturation current of the semiconductor junction.
•The dark current limits the minimum power detected 
by the photodiode, since a photocurrent much smaller 
than the dark current would be hard to measure.

Performance Metrics of a Photodiode

•Noise Equivalent Power (NEP) = minimum input 
optical power to generate photocurrent equal to the rms
noise current in 1 Hz bandwidth.
• Detectivity (D) = the inverse of NEP.
•The bandwidth, B, = the range of frequencies over 
which the detector provides useful output at a pre-
defined level (e.g. 3dB). 
•Noise is a term which refers to spurious output in 
the absence of light. Thermally generated dark 
current and surface and other leakage currents all 
add to this unwanted "signal" and contribute to the 
noise which essentially limits the sensitivity of the 
detector

Performance Metrics of a Photodiode
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Photocurrent is reduced by:
• Reflection at the surface of the photodiode.
•Absorption over the thickness of the material.
• Recombination of the photo-generated 
electron-hole pairs recombine within the 
photodiode instead of being swept into the 
regions where they are majority carriers.

•Bandwidth - affected by the transit time of the 
photo-generated carriers through the diode and 
by the capacitance of the diode. 

P-i-N Photodiodes

AlGaN p-i-n photodiode 
PIN photodiode
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• Consists of a highly-doped transparent p-type 
contact layer on top of an undoped absorbing 
layer and an n-type highly doped contact layer on 
the bottom. 
•An intrinsic region sandwiched between the other 
two regions.
•It is normally operated by applying a reverse-
bias voltage.
•The top contact is typically a metal ring contact, 
with a low contact resistance and still allows the 
light to be absorbed in the semiconductor. A 
transparent conductor such as Indium Tin Oxide 
(ITO) is preferred.

P-i-N photodiodes

•To reduce leakage currents and parasitic 
capacitance, a dielectric layer is added around 
the active area. 
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P-i-N Heterostructure Photodiode

Photoconductors

•Consists of a piece of semiconductor with two
Ohmic contacts. 
•Under illumination, the conductance of the 
semiconductor changes with the intensity of the 
incident optical power. 
•The current is mainly due to majority carriers 
since they are free to flow across the Ohmic
contacts. 
•However the majority carrier current depends on 
the presence of the minority carriers. 
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•The minority carriers pile up at one of the 
contacts, where they cause additional injection 
of majority carriers until the minority carriers 
recombine. 

•This effect can cause large "photoconductive" 
gain, which depends primarily of the ratio of the 
minority carrier lifetime to the majority carrier 
transit time. Long carrier lifetimes therefore 
cause large gain, but also a slow response time. 
The gain-bandwidth product of the 
photoconductor is almost independent of the 
minority carrier lifetime and depends only on 
the majority carrier transit time. 

Photoconductor
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Metal-Semiconductor-Metal (MSM)
Photodetectors

Metal-semiconductor-metal photodetectors
are the simplest type of photodetectors since 
they can be fabricated with a single mask. 
They typically consist of a set of interdigitated
fingers, resulting in a large active area and 
short distance between the electrodes. 

Solar cells
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• Solar cell (photovoltaic cell): p-n diode used to 
converts photons into electric current.
• Light photons of high enough energy are absorbed.
• Electron-hole pairs are generated.
• Current is transmitted through conductive 
contacts. 
•This conversion is called the photovoltaic effect.

Solar cells
• Typically illuminated with sunlight, to convert 
the solar energy into electrical energy. 
•The sun’s spectrum is consistent with that of a 
black body at a temperature of 5800 K. 
•The radiation spectrum has a peak at 0.8 eV. A 
significant part of the spectrum is in the visible 
range of the spectrum (400 - 700 nm). 
•The power density is approximately 100
mW/cm2.
•Scattering and absorption in the earth's 
atmosphere, and the incident angle affect the 
incident power density. 
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•Only part of the solar spectrum actually makes 
it to the earth's surface.

•Therefore, the available power density depends 
on the time of the day, the season and the latitude 
of a specific location. 

•Of the solar light, which does reach a solar cell, 
only photons with energy larger than the energy
bandgap of the semiconductor generate electron-
hole pairs. 

•The overall power-conversion efficiency of 
single-crystalline solar cells ranges from 10 to 30 
% yielding 10 to 30 mW/cm2. 

Circuit diagram and sign convention of a p-n 
diode solar cell connected to a resistive load.
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•1st generation solar cells= large-area, single layer 
p-n junction diodes made usually using Si (why). 
•2nd generation = multiple layers of p-n junction 
diodes. 
•Each layer designed to absorb a successively 
longer wavelength of light (lower energy), thus 
absorbing more of the solar spectrum and 
increasing the amount of electrical energy 
produced. 
•3rd generation = does not rely on p-n junction.
• Include dye sensitized cells, organic polymer 
cells, and quantum dot solar cells.

•Where electrical power from the grid is 
unavailable.
•Remote area power systems.
• Earth orbiting satellites.
• Handheld calculators, remote 
radiotelephones, water pumping 
applications. 
• Solar panels on building roofs connected 
through an inverter.

Applications
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The current and the power as function of the forward bias voltage across the diode
are shown in Figure 4.6.4 for a photocurrent of 1 mA: 

Current-Voltage (I-V) and Power-Voltage (P-V) characteristics of a p-n diode solar cell 
with Iph = 1 mA and Is = 10-10 A. The crosshatched area indicates the power generated by 
the solar cell. The markers indicate the voltage and current, Vm and Im, for which the 
maximum power, Pm is generated

We identify the open-circuit voltage, Voc, as the voltage across the illuminated cell at 
zero current. The short-circuit current, Isc, is the current through the illuminated 
cell if the voltage across the cell is zero. The short-circuit current is close to the 
photocurrent while the open-circuit voltage is close to the turn-on voltage of the 
diode as measured on a current scale similar to that of the photocurrent.
The power equals the product of the diode voltage and current and at first increases 
linearly with the diode voltage but then rapidly goes to zero as the voltage 
approaches the turn-on voltage of the diode. The maximum power is obtained at a 
voltage labeled as Vm with Im being the current at that voltage. The fill factor of the 
solar cell is defined as the ratio of the maximum power of the cell to the product of 
the open-circuit voltage, Voc, and the short-circuit current, Isc, or: 
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LEDs

hfE =

h = Plank’s constant = 6.6261 x 10-34 J-s
= 4.1356 x 10-15 eV-s 

f = Frequency = c/λ
c = 2.9997 x 108 m/s
E(in meV) = (??)/λ(in nm)



23

LEDs
• Light emitting diodes (LEDs) emit light in 
proportion to the forward current through the diode.
• LEDs and photodiodes are often used in optical 
communication as receiver and transmitter 
respectively.
•Light emitting diodes are p-n diodes in which the 
recombination of electrons and holes yields a photon. 
•This radiative recombination process occurs 
primarily in direct bandgap semiconductors eg GaAs,
InP, GaN and ZnO.
• Si, Ge and SiC are indirect bandgap semiconductors. 
•The radiative recombination process is in competition 
with non-radiative recombination processes such as 
trap-assisted recombination.  

•At forward bias, the potential across the 
semiconductor decreases.
•At forward bias, depletion layer width decreases. 
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No forward-bias Forward-bias

Band structure near a p-n junction

• Under forward bias, there is a significant 
increase in the concentration of electrons in 
the conduction band near the junction on the 
n-side and the concentration of holes in the 
valence band near the junction on the p-side.
• The electrons and holes recombine and 
energy is given off in the form of photons. 
•The energy of the photon resulting from this 
recombination is associated with the energy 
gap. 
•In LEDs this light energy is transmitted out 
through the sides of the junction region. 
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• All of the light is created by spontaneous 
emission due to electron and hole 
recombination. 
•In laser diodes, most of the light is created 
by stimulated emission.
• The process of generating electromagnetic 
radiation by applying electric current is called
electroluminescence.

• Photoluminescence = when light source (lasers) is 
used to generate e-m radiation.

•For the LEDs, all of the light is created by 
spontaneous emission due to electron and hole 
recombination. 

LEDs
•A quantum well = a thin region with a lower
bandgap, positioned at the metallurgical junction.

•Using a quantum well, one can obtain high carrier 
densities at low current densities.

•These quantum well LEDs have high internal 
quantum efficiency as almost every electron 
injected in the quantum well recombines with a 
hole and yields a photon. 

•The external quantum efficiency of planar LEDs 
is much lower than unity due to total internal 
reflection. 
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•As the photons are generated in the semiconductor, 
which has a high refractive index, only photons 
traveling normal to the semiconductor-air interface 
can exit the semiconductor. 

•For GaAs with a refractive index of 3.5, the angle 
for total internal reflection equals 17o so that only a 
few percent of the generated photons can escape the 
semiconductor.

•This effect can be avoided by having a spherical 
semiconductor shape, which ensures that most 
photons travel normal to the interface. The external 
quantum efficiency can thereby be increased to 
values larger than 50%. 

• Total internal reflection at the semiconductor air interface 
reduces the external quantum efficiency.

• The angle of total internal reflection defines the light 
escape cone.

sinθc = nair/ns
• Area of the escape cone = 2πr2(1-cosθc)
• Pescape / Psource = (1-cosθc)/2 = θc

2/4 = (nair
2/ns

2)/4
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•Is how much of the radiation actually leaves the device.

• Most difficult issue for many LEDs. 

• There are several contributions: Total internal 
reflection, Internal (re)absorption, Blocking by contacts.

• Refractive index of most semiconductors is high (~ 3.5).

• The critical angle for total internal reflection is only 
16˚at a semiconductor-to-air boundary.

•Spontaneous radiation is directed uniformly in all 
directions, and the fraction hitting a flat surface within 
the critical angle is small: (for n = 3.5, it is only 2%).

Extraction Efficiency

• Packaging device in a domed shaped, high index 
plastic.

•Using transparent substrates. Can increase the 
extraction efficiency by a factor of 6!

• Roughening surfaces: Emitted light bounces around 
inside the device (guides waves) until it hits the surface 
at an angle within the critical angle. If the surface is 
rough, the chance of this happening is increased.

•Photonic crystals.

Reducing Total Internal Reflection
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•Efficiency of a typical LED increases by a factor 
of 2-3 upon encapsulation with an epoxy of n = 
1.5.

•The dome shape of the epoxy implies that light is 
incident at an angle of 90o at the epoxy-air 
interface. Hence no total internal reflection.

www.lightemittingdiodes.org

Truncated inverted pyramid (TIP)

Blue InGaN LEDs
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•• The TIP LED employs advanced LED die The TIP LED employs advanced LED die 
shaping to minimize internal loss mechanismsshaping to minimize internal loss mechanisms

••The shape is chosen to minimize trapping of The shape is chosen to minimize trapping of 
light.light.

••TIP LED is a high power LED, and the TIP LED is a high power LED, and the 
luminous efficiency exceeds 100 lm/W.luminous efficiency exceeds 100 lm/W.

••TIP devices are sawn using beveled dicing TIP devices are sawn using beveled dicing 
blade to obtain chip sidewall angles of 35blade to obtain chip sidewall angles of 35oo to to 
verticalvertical

• White light can be generated in several different 
ways.

• Mix to complementary colors at a certain power 
ratio.

• Emission of three colors at certain wavelengths 
and power ratio.

• Most white light emitters use an LED emitting at 
short wavelength and a wavelength converter.

• The converter material absorbs some or all the 
light emitted by the LED and re-emits at a longer 
wavelength.

WhiteWhite--Light LEDsLight LEDs
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• Important parameters for generation of white 
light are luminous efficiency and color 
rendering index.

• White light sources employing two 
monochromatic complementary colors result in 
highest possible luminous efficiency.

• Wavelength converter materials include 
phosphors, semiconductors and dyes.

• Common wavelength converters are phosphors, 
which consist of an inorganic host material 
doped with an optically active element.

WhiteWhite--light LEDslight LEDs

• A common host is Y3Al5O12.
• The optically active dopant is a rare earth 

element, oxide or another compound.
• Common rare earth elements used are Ce, Nd,

Er and Th. 
• Phosphors are stable materials and can have 

quantum efficiencies of close to 100%.
• Dyes also can have quantum efficiencies of close 

to 100%.
• Dyes can be encapsulated in epoxy or in 

optically transparent polymers.
• However, organic dyes have finite lifetime. They 

become optically inactive after 104-106 optical 
transitions.
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• The use of solid state lighting devices promises 
huge savings in energy consumption.

• The electricity for lighting needs is 60GW, over 24 
hrs.

• Assuming that by year 2020, they are replaced by 
LEDs with luminous intensity of 150 lm/W, energy 
savings are 40 GWyear.

• That translates to $40 billion in savings.
• At 4Mtons / GWyear of coal consumption, net 

savings lead to 25% less coal consumption, 
leading to lesser emissions of green house gases.

• Global savings are projected to be about $140B.

Promise of Solid State LightingPromise of Solid State Lighting


