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{
—— Optoelectronic Devices - the electronic technology in which optical\rfadiation is
//‘emitted, mt}c\:lified, or converted (as in electrical-to-optical or optical-to-electrical).
/ T
Related technologies:
Photonics - science and technology concerned with the behavior of photons Ci)
Electronics - science and t_ec/hgglggy concerned with the behavior of electrovns E

Types of devices that are based on semiconductor junction electronics include:
Photodiodes (PDs) — optical radiation is converted to an electrical signal «— ‘&A

Light-Emitting Diodes (LEDs) — electrical energy is converted to an optical signal &—

> Laser Diodes (LDs) — electrical energy is converted to optical energy in laser form
( - —_ pu— &
Application Examples:

> Fiber optic communications
(_g Image processing
r>Optical sensing

\)
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Other Definitions:
_— Phoil n - a quantum of electromagnetic energy with no mass, no charge, and energy

—

——> Light - electromagnetic radiation in the ultraviolet, visible, and infrared bands °"£’/F’E‘£?'
o L

RS At
range.

El/e\&romagnetic (EM) Spectrum - radiation of all frequencies or wavelengths including
electrical power transmission, radio frequencies, optical frequencies, and high-energy
SIS bl

rays.
Wavelength A (in vacuum) or frequency f are related bywhere cis the speed of
light in vacuum.

—%Radlatlon Wed or propagated as waves and energy quanta.

Radiometry — the measurement of radiant. EM ener energy at specific wavelength ranges.
,\/\_/—\/‘
—
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Electromagnetic Energy

ACcuM
The propagation of electromagnetic energy may be characterized by the vacuum \/
wavelength A, frequency f = w/2m, or quantum energy E,. These waves /

travel with aphase velocity o'iy_P. Material influences can be described by
the index of refraction or refractive indexfor light propagation. QLA@S /
The wavelength and frequency are related as

A f =c where cis the speed of light in vacuum.

—_— I

The quantum energy is
‘= hf = hc/A where h is Planck’s constant. 1

yheeort ©

The phase velcity is
[—>vp = ¢/n where n is the refractive index (n is unitless and is equal to
or greater thanT). - =
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™ L
X-Rays UV \/Light / (

L~
i I

—

Radio Frequencies
L/

Electromagnetic Spectrum

——>Divisions of the electromagnetic spectrum include the following.
Radio Frequency (RF) - electromagnetic radiation band with frequencies between about
10 kHz and 300,000 Mhz.
Shortwave Spectrum - EM band with wavelengths between about 200 meters and 20
meters; includes the middle bands of radio frequencies.
— > Microwave Spectrum - EM band with wavelengths between about 1 meters and 1
millimeters; includes the upper bands of radio frequencies. -
> Light - electromagnetic radiation in the ultraviolet, visible, and infrared bands or optical
range with wavelengths between about 1 nm and 1050nm.
> X-rays - electromagnetic radiation with wavelengths between about IQOEn and Qﬂ
nm; usually described as high-energy photons.
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Optical Spectrum Q’_

Light:

The wavelength A is associated with % in the ws}/le/pg‘tmn ofkhe spectrum. The
effective waveléngth inside a material, as well as the pchﬁsg/v\elﬂoa of light, is then
mmve index. The effective wavelength and phase veIOC|ty are then
Mnandc/n, 1 4

Preferred designation for wavelength: vacuum wavelength rather than

frequency f or energy.

Preferred designation for Wns: photon energy

Optical Spectrum: Optical wavelengths extend beyond what the eye can detect and
include wavelengths between about 1 nm and 1050nm which interact with

—_—

materials in similar ways. -
Light Bands Lower Wavelength Limit Upper Wavelength Limit
— Infrared (IR) about 700 nm about 105thm
Visible about 450 nm about 700 nm
Ultraviolet (UV) about 1 nm about 450 nm
— _

——

New Section 1 Page 6



Wave-Photon Duality: Light displays both wave-like and quantum behavior. Many of the
properties of light can be adequately described by waves.
Notable exceptions: emission and absorption._
(e )
In particular, photoelectric emission : concept of Photons : quantum mechanics.é)
Also, the operation of laser diodes and photodiodés can only be explained
. 0 . NTET
using a quantum description of semiconductor and light.
——___’__’_‘/—\ P

p——

The quantum energy hf = hc/ A where h is Planck’s constant .
P = —

Analysis of Optical Phenomena

gRay Optics - a geometric representation of the behavior of light (also called geometrical optics)
which corresponds to the limiting case of A = 0. —

éEIectromagnetic (EM) Optics - or physical optics, an electromagnetic representation of the
behavior of light using Maxwell’s equations (limiting case as photon number approaches o).
Quantum Optics - the most general representation of the behavior of light in terms of

> photons, i.e. radiant energy packets, using quantum mechanics.

— -
o

Interacti i emiconductors

) Absorption - loss due to energy conversion as light passes through a material. Photon can
be absorbed WQe_ct\ron causing an upward band- to-band transition.
//% Emission - conversion of energy into light. Photons can be emitted as
—_— -
electrons undergo a downward band-to-band transition.

-
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Ultraviolet Visible Near Infrared

(e -
Light Sensitivity of
Common Semiconductors

Si
Ge

Photodetectors:
Semiconductor structures - Incident photons converted into usable electrons.
Solar cells, C/C’Qs’((iwarge coupled devices), photodlodes and avalmphotodlodes
Design of depends on the wavelength sensitivity ity of the materials.

NN -
Detectors made of materials such as InGaAsP are optimized for important optical fiber
wavelengths of W nm. - -

%Semiconductor Sources:
Light Emitting Diodes and Laser Diodes - Light is emitted due to quantum
transitions in gases, liquids, or solids. Injection electrolumninescence is the
mechanism for light emission in semiconductor diodes. Carriers make a
downward transition from the conductlon band to the valence band and emit
light. Laser sources are characterized by high coherence and directionality
over an extremely narrow spectrum. @ —— ——— P— >>
—

New Section 1 Page 8



WfFE - Absorption

—

\ t Irradiance Propagation Loss
4/ I% \>

Ipexp(-1)+
>

1/ a, T’l Aszﬂ“A‘éagation Distance
IrradiaKﬁ'ce_I‘(units W/mz)} ( S ——

Attenuation constant: o, (units m?)
The attenuation constant is positive for a lossy media, zero for a lossless media,
I 1055y Mec b

—_—

and negative for a media with gain. — =

lois I at x=0
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Photodiodes

— An optoelectronic device that is based on a semiconductor junction which
ajtls_c?i@t and converts the light input to a current.

—— *Incident photons are absorbed through upward bandgap transitions VI — cl
« Photon-induced carriers contribute to the drift current (Reverse Bias Operation!)
if absorbed within or at the edge of the transition region W.

Photodiode current Applications:

1%‘ 1) Measuring illumination
I=1I[e™ =1]=1 levels.

_ ngPA 2) Convert time varying

Light == Photon generated current light signals to electrical
: hc signals.
—2N = gfﬁggncw carriers generated per incident photon

_ _’-—/;——T

——>{ =charge per carrier
. \/ — 178
——> P = optical power absorbed (J/s) A,u fur O T P,/UB'

—_—

h
—D 70 =energy per incident photon (J/photon) //
PA /
— e =incident photons per second
c
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IV curves for photodiode

I Regions of Operation:
1) Forward bias
@ — ) Reverse bias: Photodiode
5 _ ) Solar cell
7/ / V Different curves for different I,
f 3 For region 2 and operation away
V/ > from the knee of fhe curve:
\ g ol pephce

= — 7|
o CuRREV!
—— To maximize efficiency: k—) EA’ (0 KA
* Primary absorption in transition region &J
+ Large transition region for large absorption percentage

/7 Little recombination in transition region (carriers lost to drift current)
(Note that photo-generated carriers must exit transition region _ ok
before recombination. Need to have a small recombination Ligkl = et

lifetime, a small W, and/or a large electric fie Vb C@)

RIS proe
—
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Photodiode biasing circuit

—>
negative!
(_/> 0 R ; Load Line equation:
V=Vs-IR & [

+ \!

—_

Note operation in reverse bias: Vs is
_—

For operation away from the knee of

2 the curve:
I
¢
_{ ) V:VS‘ ('IO - Inght)R
LN \Y
—> Intercepts for the Load Line:
A > I=0,V=Vs
—] S V=0,1=VsR

—

£
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PiN photodiode

S E

ynction | D X

« ‘I intrinsic region. Regions p+ and n+ so that most of the depletion region in the
intrinsic area. — _
/Gr‘ge?E field in the ‘i’ region to help increase the drift current.
- Efficiency|y <1) —
Thin n+ to allow for light to reach transition region.
* n+ region provides electrons (faster than holes).
* Transition width matched for a; (absorption rate).
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Avalanche Photodiode

junction

—g 7
# —

N

——

/
=

—

p+ p-

- E

p nt

1t | X
A U T T

T };D,i 6vERY Aoron 245)
moke THAv L €

* ‘p-" region for absorption, ‘p’ region for avalanche multiplication. I éENﬁZA 7201

* Thin p+ to allow fﬁight to reach transition region.

* n+ region provides electrons (faster than holes).
« ‘p-’ Transition width matched for a, (absorption rate).
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LEDs

Indirect Band Gap Direct Band Gap

. _opb
W{bﬁ“ B!

Energy

e £S5

Valence Band

Momentum

Examples: Si, Ge Examples: Compound
—_— Semiconductors )

*Conservation of energy and crystal momentum

—
p-type + n-type
800000o 0'00.?:......:
/O o O <% e o o

hole electron

——

e
— light ® @ @ 0 0 @ @ conduction band
ij < _,_.S-Af\/\ P Fermi level
/ 'L ............ - qs 66 band gap
0000000 e (forbidden band)
= valence band

Note: Images taken from Wikipedia 61L> @(1 /> @"//';.C'/a W A’\/‘ELE qu—
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LED structure

p-type Region | n-type Region
Structure Junction

w
n+p structure
Light Emitting diode (LED): an optoelectronic device that emits non-coherent
optical radiation at a photon energy close to bandgap of the junction.
Structure: Typically a ptnorn+p diode such that the m_aﬂlrgnsmons
occur on the n-side or p-sic -side respectively of the depletion region.
(— Operation: F’“ard bias effect producing spontaneous emission.

The current is primarily electron flow and the main recombination region is —
the edge of the depletion region on the Qﬁgemcreases with U,ZZE’Y
forward-bias dlodgguL%ent Lim(Ting
An important issue is the r(e_aj;s_o orption of emitted photons. Heterostructures o~ (174‘57”
(the use of semiconductors with different bandgaps) are often used such that S
the photons are emitted in a small'bandg tted in a small'bandgap semiconductor and exit the diode
through a larger bandgap semiconductor.

T
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Laser Diode

LASER or Laser: Light Amplification by Stimulated Emission of Radiation. A process
that emits optical radiation which is coherent, highly directional, and nearly 2
monochromatic. The spectral purity of laser light is a key property, i.e. the £
output for a laser has anextremely small spectrum (wavelength spread).

— ——

Lasing Operation

« Active material — A material in which energy is converted into light
Pumping Mechanism — A mechanism to excite ions, electrons, or

molecules so that a light-emitting transition is produced.

» Resonant Cavity — A structure to produce optical feedback, i.e. light is
(— “amplified through stimulated emission verses spontaneous emission. %Z

ﬁ Laser diode (LD): an optoelectronic device that is based on a semiconductor
junction which emits o@ﬂ%on at a photon energy close to
bandgap of the junction. ' —_—

——> Active Material — Direct-bandgap Semiconductors
» Pumping Mechanism — Diode Junction Structure (Injection
Electroluminescence). Heterostructures are common.

» Resonant Cavity — A Waveguide Structure combined with End-face

(%Mirrors —

/
/
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LASER Diode Structure

metal contact
p-lype layer

n-type layet Optical
Output
nsubstiate Power Threshold
/ Current
metal contact Diode Current

metal contact / HIRR f—

//p—type (material A)
4.—/ By {matakRL B Double heterostructure: A layer of
/ R rPe (material B)&)  [low bandgap material sandwiched

s (material A) & petween two high bandgap layers.

n-substrate « Active region confined to thin
(material A) |ayer_
* Light confinement for
metal contact amplification purpose

Note: Images taken from Wikipedia
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