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ELEN E3106/4106 Lecture 13

Optoelectronics Part ll: LEDs and Lasers
Outline
* Light-emitting diodes
» Lasers
« Semiconductor lasers

Assignments:
Reading: Streetman and Banerjee §8.2-8.4

Homework 5 due tomorrow Friday Oct. 18 by 5pm
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Relationships between Optical Power, QE, Responsivity, and Photocurrent

* Recall, Qop optical generation rate of EHPs (cm~-s™)

* Jop OT Jpn: Photocurrent density (A/lcm?2)» 3:09 o Ton (A)
« B, :Incident optical power or power density (ﬁ or W/cm?)

- = Responsivity, photocurrent generated per incident optical power (A/W)
R =]0_p [A[CV".\&\
Py ZV/CMQ‘:S
* 1o External quantum efficiency (/= ) & ¢ Culds gener teol ger (WM_M
What is max ), if there is no gain mechanism (gain = 1)? 100°% or A

, cacfiers ) -
oW man er unit area per secona -
y p@ﬂsw P P er/cb.—

How many cassrers per unit area per second do we collect? e"(’ [ (o)
| 1 catfes/ ¥ pnatony coMlect ed
Thus, we can write our QE: 5, = (J,,/q)/(P,,/hv) ¢

Sources: Textbook
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Vegard’s Law for Alloys
« Resembles the law of mixtures

 Lattice parameter, band gap are approximately
weighted means of the constituents in an alloy:

QAo By = (1—-x)a, + xag

* Where x is the pagslac frockion

* In many cases linear interpolation can be used
to find the bandgap:

Eg’EA(l—x)EBx —_ (1 — X)EA + XEB
AT (\-R=

*EX By con = 0% Eguy +0:3 Eggan

*Sources: DOI: 10.1063/1.2196049
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http://dx.doi.org/10.1063/1.2196049

Example: p-i-n photodiode deslg__g

Consider a p-i-n photodiode with “i” reglon made of In,Ga, ,As. Design stoichiometry “x
thickness of the “i” region (W,) to enable response at'.'f‘%‘prrrrvvavelength up to 20 GHz
signals. Assume flelds are sufficiently high to reach v, = 10’ cm/s in the “i”

., ”n

and

I” region. Name at

least one design constraint on the “p” and “n” regions of this photodiode. You ma{ assume
the lattice constant and band gap of In,Ga, As vary linearly with composition “x” Veg ard’s

o) A= 13 uwm — E‘K: %—5\[: %\ :% /:,!!o.Q? o\ Law)
084S = E?Cr“xeq\.yk\f % Eor (T AN+ (=X (k)
= M O8N+ O (WU

Y= P US| %«L\Q'_!.' UEYs moler &tackion TRHS
(:r\o M§C9Q,P‘S

For p-t-n d\CJJ-GQ ve agcune nenvlys a\l degletion width s n

\,\ v

-L W = A0 X0 Y=
Renrrangtog, Wi="Vask = 107anls =[S o
NJ % < Q0 X10% M= '

Sources: E. Pop ECE 340 Slides
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LED Basics Light emitfing- diod-e Le0s
» Applications: displays, lighting, optical communigations

* Convert electricity into \\q((t\’
ﬁ<'\“ uadrant

Fomﬂ-“’\p n Juncleon
 What determines color of an LED?

. Q@dq%? !
* Governed by Planck relation

* Practically, phosphors are alséused to alter LED color
E,(eV) = 1.24/A (pm)

Ist quadrant

Encapsulant I

* How does the dome shape of an @ || Baes

LED help extract for photons? Die atach | .| Lead frame }‘
Niwens z\v\%ﬂ taova | 7
wnderna) P rellect on

Sources: Textbook, Wikipedia, https://doi.org/10.1007/978-3-030-81576-9_11
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The Electromagnetic Spectrum

Long wavelength]
| S—

Energy increases ~*
——————

—p

Short wavelength

! 1 i
10°m 1m 10°n 10°nm 1nm 103 nm 10°°nm
——— —l 1 | (e o A i 1 1
Radio waves Microwaves Infrared Ultraviolet X rays Gamma rays
T T T T T T T T T T T
10°Hz 10°Hz 10°Hz 10%Hz 10'"°Hz 10'?Hz 10'°Hz  10'®*Hz  10*°Hz 10%*Hz 10" Hz
Low frequency High frequency
CE————
Waveength
Visible light J
R violet 380-450 nm
blue 450-495 nm
4 % 10" Hz 7 X 10" Hz green 495-570 nm
yellow 570-590 nm
Arduino as TV Remote orange  590-620 nm
Sources: Principles of Structural Chemistry, Quora, Youtube
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Improvement in luminous

intensity of LEDs over time i e~
Luminous intensity: quantity of visible :
light that is emitted in uit e per - oy

10 = AlGaAs/AlGaAs

so\cdl angle

Why so much focus on developing 13
green-blue LEDs? :

Re0 color pixing- can ke
WSl to create efficent N T oW oW URTRWON i 505

\» l @ T ® - (©) =~
WV\‘ e L E S Color mixture Color mixt Color mixture
) > / e o

(Lumens/W)

AlGaAs/GaAs

GaAsP:N  Red
Red Yellow

GaP:N Green

Blue

9 L
L] o

Phosphor Phosphor

Pros of LED over other lamps: longer 111
lifetimes, much higher efficiencies, less m — — m

breakable, cool to the touch (safety) E ‘Il W

400 500 600 400 500 600 400 500 600
Wavelength / nm Wavelength / nm Wavelength /nm

Sources: Textbook, https://doi.org/10.1016/j.jlumin.2021.118167
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https://doi.org/10.1016/j.jlumin.2021.118167

LED Design

PPPPPPPP

» Besides dome shape, how else do we
Increase photon extractlon’? :@ 4

Texyuce / +o e surtace =

* Challenge: Heatd|SS|pat|on' aS
« Heat decreases e€<cier:

* Need proper chméﬂgf,—like heat sinks

* Important: Low dislocation den3|ty R
crystals 7 “%dl <t “iiﬂ
» Defects can cause £ (ap yand ; oqor=(S
decrease LED photon generation

Sources: Voltimum, EAG Laboratories
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Semiconductor Laser Basics

. qugt Amplification by Stimulated Emission
diation

. Laserllghtl a‘ol\cd‘

« Highly &Y | (unlike LED)
. Coherent photons are‘)
 Monochromatic [ C\ (e A.\

+ V-
* Pro of semiconductors over other laser W Ist quadrant
types: small size, high efficiency, output

eaSIIy mOdUIated by JunCtlon Current IOW LED: one color (monochromatic) and waves not in phase (non-coherent) I
power) }L

NAAA 7
« So far we have described \/\_/\

emission (excited carriers gndomly [ F= 1| J o T r—
lower energy states) (a)

Sunlight (many different colors)

* How do we S'&-'M/\QL\CA‘G emission?

Sources: Textbook, Physics Stack Exchange
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(S
Optical Cavities Sjgg{‘éi?
« Conditions for photon density due to / L

: ML . \
stimulated emission to dominate over | R
spontaneous emission and absorption:

1. Optical resonant cavity to encourage
photon field to build up

2. A means of obtaining Q@eq\cé(;d(\ Welsan

. Stimulated emission at 1 = 2% where m is
an wfoger m

 Parallel mirrors can provide multiple

internal _(eecions

* Fraction of light that “leaks out” of the
resonant system is the output of the laser

Sources: Textbook, http://www.aml.engineering.columbia.edu/ntm/level1/ch02/htmI/11c02s04.html
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Population Inversion

 We can @%g(\:em’ve&gdope semiconductors
* N,, Ny very very high!

 Fermi levels can move into the bands

» Recall: Fermi level is the energy with 50% probability of
being occupied!

At strong forward bias, barrier is lowered -> many e-
and h+ are _‘u%gﬂms_wnctlon

* Instead of depleting junction region, we have a
gcmire, population of carriers around the junction

« AKA there are more e- in the coductexnband than
in the valence band!

* If concentrations around junction are large :
the condition of population inversion IS met -> called

IANLE S8 o Cegi

Sources: Textbook

Equilibrium

¢ ee”
g’ '\é/(w{ _____
NS A
S ——— % :
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Population Inversion Continued Condition for population inversion:
» Qur carrier concentrations can_ still be

found as a function of %gggg- et falS (Fu = Fp) > Eq
e — F,
n = Nce—(Ec - Fn)/kT — ’-Iie(ﬂ— E:)/kT E.
| (F, - Fp) E
p — Nve_(FP — E,)/kT — ,?ie(gi - I:R)/kT E
__________________ F,
* Where the pw winudVcarrier _
concentration that allows for population Variation of inversion-region width
inverse occurs when F, — F, = E, with forward bias V(a) < V(b):

n

. ][\lormally a range of transition energies,
rom

_

E,

< hv < (F, — F))
« What doesthis mean for the emission
spectra?

Sources: Textbook
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Emission S t .
mission Spectra TS edes
S L _2n TS sl

gex&— N F/‘Nv\'\\ Spovtianeoys
—
o egmasszav\\,

s
Intensity
2%
%

Intensity
Intensity
%

hv hv hv
(a) (b) (c)
Low forward bias: Increased forward bias: Higher forward bias:
spontaneous emission Significant pop. inversion. Preferred mode will
between Stimulated emission dominate and is the main
_ occurs at cavity modes. laser output. Nearly
E, < hv < (F, = F) monochromatic.

* Question: what’s the weak background “noise” in c?

Sources: Textbook
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Exoj\k@\é ot

Semiconductor Laser Desiglfand Fab S

1. Form a hgde- dao“pe-dh(]un |3n;‘fjeshally 0 TR =
from a direct'semi like GaAs P

2. Construct _cowity—  with proper

geometry (depends on junction)
. Make contact

4. Design to allow for efficient heat
transfer

w

() (d) (e)

top contact

* Important: front and back faces must be
Hax  and pars\lel (resonant cavity)

» Heterojunctions, vertical cavity surface-
emitting lasers (VCSELSs) also popular

Sources: Textbook, Photonics.com
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Optoelectronics in Fiber Optics Communication

Encoder: Analog signal converted to digital signal Transmitter: Digital signal modulates laser light as pulses

Locsers —
L@mﬂf§:>

Transmitter

10010001

Analog | Encoder |Modulating ) Semiconductor
Input (A/D) Signal laser

Optical fiber \

Switching circuits: route the — Repeatans 1 byte
signal cireuits Repeaters: pulses sent down optical
QMOC&Q*QC%OT\-. fiber are amplified to compensate for
fiber loss
Regenerator - D(OI;/O:;” g:—?:::»
Photodiode + LNA: receives w Y,
optical signal, converts it to Vo
Front-end photoreceiver Decoder: converts digital signal back to analog

electrical output
Regenerator: Corrects propagation distortion

Sources: Textbook
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Summary: Interaction of Light with
Semiconductors

« Absorption: High probability that Absorption Spontaneous
light (photons) with energy E7&,- Emission
are absorbed by the atoms. e- are Ec Ec
excited from Eyto &,

. Photon
S

« Spontaneous emission: If agqs are N> ">
In an excited state, spontaneous
decay events cause e- to “fall” from Ev Ev
¢ to Ev, and emit a photon ® Elacton
with E —'Qgc F iodes |

LEDSY

ources: Textbook, Photonics.com
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Summary: Interaction of Light with

Semiconductors

* e- already in the excited state can be agitated La&egtsimulate d
by the passage of a photon that has E ?-Eg: : ..
The excited e- relaxes to the ground state, e- Emission
"falls” from E. to _Ev , and produces a Ec -

second photon with energy £E=t- \
- What happens to the original photon? T5V S (oY ngd&)ed '

- Results: _Ov_photons of the same frequency are JV\"’ '
emitted (an f\Eicaticn o>
e Population inversion is necessary condition, because it

ensures that there are g e- in an excited state than in E
¢ V
the ground state, allows for a _AAQQ n of photon

emission (Fea il on

Sources: Textbook, Photonics.com
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