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oHio! Current Landscape of Street lighting

SIATE :
BEEEE Sodium Lamp

High lumen output at high efficiency (1520 - 7oday) http:fiwww.edisontech

center.org/SodiumLa

High Pressure Sodium Lamp (HPS Lamp) JuiEl

HPS Lamps -

Statistics:

CRI 20-30

80-140 lumens per watt
Bulb Life: 24,000 hrs

(8 yrs @ 8 hrs/night)

... WwavEdisonTechCentef org:

-Good efficiency (lumens p
-Smaller size than LPS or fluo
-Can be retrofitted into older Mer
-Better bulb life than LPS lamps

- Worst color rendering of any lamp

- Sodium is a hazardous material which can combus

the trash)

- Requires a lossy ballast (inefficient) that operates a low a
efficiency of the lamp when you count the whole system togethe
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Cost of Energy Forecast

Projection of average end-use electricity price in the U.S. from 2014 to 2040
U.S. cents per kilowatt hour)

OHIO

https://www.statista.com/statistics/630136/projectio
n-of-electricity-prices-in-the-us/

Ohio Long-Term Forecast of Energy Requirements 2017-2036
A report by the staff of the Public Utilities Commission of Ohio

May 7, 2018
Toledo Edison Forecast
. Figure 3.2.6 - Toledo E[Tgs;;‘ f;;r:u:lnv Summer Peak Load
Y History Forecast
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Electricity prices reflect rising delivery costs, declining
power production costs

1,000

Federal Energy Regulatory Commission-regulated utility spending

500 5
cents per kilowatthour ($2016)
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other costs
Actusl PUCO Forecast  eeeeeee 95% Confidence Limits

delivery costs

Source: PUCO, Office of the Federal Energy Advocate

power production

ederal Energy Advocate
Advocate.

P

2006 2007 2008 2009 2010 2011 2012 2013 2014 2015 2016 €la
Source: 5. Energy Information Administration, Federal Energy Regulatory Commission (FERC) Financial Reports, as
acceszed by Ventyx Velocity Suite
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LED Market Growing
llghtED EXCLUSIVE FEATURES  LATEST NEWS

e ELECTRICAL DISTRIBUTOR ,#
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LATEST NEWS

LED Lighting Market to Grow to $70B by 2023
$70 Billion
CAGR 12.6%

Q000

NEW YORK, July 09, 2018 (GLOBE NEWSWIRE) — 84% a“

According to the market research report published by P&S

Market Research, the global LED lighting marker size is 'ighting sales

projected to cross $70.2 billion by 2023, growing ata CAGR

of 12.6% between 2017-2023. The growing adoption of by 2030

energy efhcient lighting solutions, across the globe is one of

the primary factors actributing to the growth of worldwide
LED lighting industry. The increased investment in
infrascructure enhancement, along with continuous price erosion of LED lighting
solutions is driving the growth of the market. Apart from this, increase in demand of LED
for various applications of general lightng have also benefited the penetration of LEDs in

recent years.

The adoption of LEDs is continuously increasing in the residential, commercial and
industrial lighting applications. DOE 2014 study, energy savings forecast of solid-state
lighting in general illuminacion applications is predicted that LED lighting will represent
84% of all lighting sales by 2030, resulting in an annual primary energy savings of 3.0
quadrillion British thermal units (quads). Increasing acceptance of LED lighting, across
various lighting applications is one of the primary factors, which is likely to propel che

growth of the LED lighting market.

~ PDL | Toledo-LLED( AUg: 29,2018




LED Replacement Trends

LEDS exponential market penetration

OHIO

North America industrial and commercial LED lighting market share, 2012 - 2022 (USD Million)

400000 -
35,0000 -
20,0000 4
250000 -
2000000
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10,0000 -
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® ndustrial ™ Cammercial m Architectural

https://www.grandviewresearch.com/industry-
analysis/industrial-commercial-led-lighting-market
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LED are actually very small
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Hemispherical epoxy Top contact
resin encapsulant

/ \\ Reflector cup

I 0w - LEDS themselves are Super

ages; (a) LED with hemi-

spherical encapsulant; (b) S ll
LEDs with cylindrical ma
blog/2014/

and rectangular encapsu-
™
o & L)
EL EA ;
I I I
ial-

lant.
~ PDL | Toledo-LED)(Berger) Aug, 29, 2018

Bond wire

(b)

I
Plastic lens

silicone Fig. 11.2. Cross section through

encapsulant high-power package. The heatsink
slug can be soldered to a printed
circuit board for efficient heat
removal. This package is called

GalnN flip chip Barracuda package which was

Si sub-mount chip introduced by Lumileds Corp.

with ESD protection (adopted from Krames. 2003).

slug (Al or Cu) Solder connection

E.F. Schubert, “Light Emitting Diodes”




Energy Savings w/ LEDs

Least Efficient Most Efficient
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8_ Incandescent Halogen
> ' = ——
= C_omparmg T 4 NW
o) Light Bulbs . 3 R
S = £ = | w
- 1
Energy used Energy used Energy used Energyused || Bulb type CONVENTIONAL HaLoGEN CompAacT LIGHT-EMITTING
INCANDESCENT INCANDESCENT FLUORESCENT (CFL piope (LED
aow 29w 11w ow (€ (LED)
$4.82/yr $3.49/yr $1.32/yr $1.08/yr Wattage 60W 43w 15W 12w
Purchase price* N/A $1.25 $5.50 $14.75
60w 43w 13w ign* % N R _
$7230yr ssa8lyr $157lyr Energy reduction N/A 25% 75% 80%
! Annual energy cost*** 54.80 $3.50 $1.20 $1.00
75w 53w 20w Expected service life 1,000 hrs. 1,000-3,000 hrs. 10,000 hrs. 25,000
90405 303808 24100 * Average price per bulb quoted on websites of big-box home-improvement centers
**Compared to 60W conventional incandescent bulb, accordingto energy.gov
**=*Based on 2 hours of use per day/electricity rate of 11 cents/kilowatt hr.
100w 72w 23w
Y20 sy 27 https://www.mcknights.com/marketplace/comparing-energy-

Traditional Halogen Compact Light-emitting
- ) . = 2
Estimated energy cost per year is based on 3 hours of use per day at 11 cents per kWh fluorescent (CFL) diode (LED)
in an average single family home according to the Dept. of Energy | | | ~
needed

e 100 77" 23 20

1400 kumens watts att watts watts
—— ==

0 [ ver | vsvers | stoveas | efficient-light-bulbs-with-old-tech-lamps/article/627627/

1,600 1,600 1,600 1,600
LEDs vs. High-Pressure Sodium (HPS) Lamps e s mitee o
Energy | Annual Cost bk

Fixture |y ttage | Lifespan Use (maintenance + T = P

Type (24 hrs/day) electricity) o e S\ el f1on -\

Hrs Yrs Annual @ $0.11/&Wh ) I |/ \
HPS 191 W | 24,000 |27 1,674 kWh $195 ‘ — = https://www.home

— !

LED 78W | 50,000 |57 | 683 kWh $75 , dg'comt/ th.e;. »
SOURCE: "Demonstration Assessment of Light-Emitting Diode (LED) Area Lights for a Wl i L 0ol R 1SUCS-0l-

Commercial Garage” (U.S. Dept. of Energy, Nov. 2008)

PRICE: $0.37 per bulb $159 per bulb $2.23 per bulb $45 per bulb
' m - um nen

Aug; 29, 2018

54 =

energy-efficient-
ight-bulbs/



OHIO Street Lamps

A HPS* LED

S 2

 PDL | Toledo-LED) (Berger)

City of Atlanta — Recent roadway LED conversion

Beckwith S1.n

*HPS: High-Pressure Sodium Lighting

2eping the nation. Literally. From cities in
2 coast of Maine to a Florida sports

Huge savings on energy costs
Significant reduction in energy usage
These bulbs last 4 — 5 times longer than conventional bullbs thereby reducing
maintenance costs.

AUg. 29, 2016
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Environmental (Carbon)

LED Bulbs Reduced 570 Million Tons Of
Carbon Emissions In 2017

BRIAN SPAEN

LED light bulbs have seen plenty of growth in recent years with the many advantages it has over
traditional lighting. Costs have come down drastically and the technology has provided more options
for consumers. That's alse paid off in terms of eliminating cur carbon footprint, with emissions corming

down by over half a billion tons in 2017,

IHS Markit, a London-based company that analyzes information and provides solutions for corporations,
released a study that shows 570 million tons of carbon dioxide emissions were reduced thanks to the
use of LED bulbs. This is an amount similar to shutting down 162 coal-fired power plants around the

world. Considering LED bulbs generate just as much light, how does this all work?

Less power is needed to keep thase bulbs lit up. Specifically, they use 40 percent less power than
fluorescent light bulbs and double that amount for incandescent lights. Instead of looking toward
wattage, a better measurement for LEDs is lumens. To achieve a bright level of 2,600 lumeans,

incandescent bulbs would need 150 watts while LEDs only require between 25 to 28 watts.

https://www.greenmatter
s.com/home/2018/01/02
/1cHDXb/led-bulbs-
carbon-emissions-2017

AUg. 29, 2016



OHIO Environmental (Light Pollution)

UNIVERSITY LED STREETLIGHT .
LEDs can be focused downward, WS B R A
thereby “protecting the night sky” 80,0
= | 32000000 kWh

SAVED ANNUALLY

SAVE ENERGY=SAVE $$$
i
R

EDUCE GREENHOUSE GASES
< Carbon Footprint = 950,000 4 4 4 4 Planted

“Why did FortisAlberta introduce an LED
Conversion Streetlight Option?
FortisAlberta strives to meet the needs of its
ustomers and in response to customer requests, the ”R“mygwi Protect the night sky
ersion option was introduced. The company is

itted to improving the energy efficiency of its ” steet light
e, while controlling costs for our
aim to be forward thinking to

” HPS (traditional)
better serve our customers. vs.LED

» Reduce glare

Lighting pollution will be a major issue i
Lighting pollution has bean an issuein the industry for decades, but expect clients and regulators to takeit k ;‘ » Reduce effects on Wildlife

super seriously in 2018, driven by increased awareness and concerns that the low price and cooler colour
ALBERTA

temperatures of LECs are causing morelighting pollution more than high pressure sodium ever did,
Aug. 29) 2018 10
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OHIO AC versus DC

Today our electricity is still predominantly powered by alternating
current, but computers, LEDs, solar cells and electric vehicles all
run on DC power. And methods are now available for converting
direct current to higher and lower voltages. Since direct current is
more stable, companies are finding ways of using high voltage
direct current (HVDC) to transport electricity long distances with
0SS e|ect|‘icity loss. https://www.energy.gov/articles/war-currents-ac-vs-dc-power

UNIVERSITY

™
a
e
e
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). AC-to-DC power electronics dominate.

aste disposal issues.

~ PDL | Toledo-LED (Berger) Aug, 29) 2018
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OHIO  Marriage of LEDs with Solar Cells

UNIVERSITY

3. Solar-powered streetlights expand off-grid solutions

While it's probably difficult to justify taking existing streetlights off the grid by using solar power or
other renewable sources, it makes all sorts of sense to consider this option for new apartment
puildings, roadways and buildings. Manufacturers including Clear Blue and Sol Lighting are
pping up to oblige.

ighting has deployed more than 60,000 systems in more than 60 countries — that's
gawatts of capacity. One example comes from Richmond, Va., where the city saved
D0 in installation costs for more than 20 commercial grid-tied lights in a housing
That's about half of what it would have cost to lay the wiring for grid-tied
3 have an estimated lifespan of 30 years, and have back-up batteries that
o five nights without being recharged by the sun.

pusiness, we are also a wireless company and this is what
ent and CEO of Sol Lighting.

ighting market, the overall commercial outdoor

ully integrating cutting-edge photovoltaic, LED

oor lighting products, we have made solar
said.

atch-commercial-lighting

Toledo-LLED (Berger) Aug. 29, 2018
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First Solar (Toledo-based PV)

N
First Solar.

/{/W /1
;g& ZZ M—‘ﬁ/ S A

First Solar to
provide 19MW in
PV modules for
two projects in
Netherlands

0-provide-19mwe-in-pv-modules-for-two-projects-in-netherlands

Toledo-LED) (Berger) Aug. 29, 2018
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OHIO Final Message
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Printed fram

THE TIMES OF INDIA Even India is
Dim-lit city streets cast shadow on road safety racing to

THNN | Aug 28, 2018, 12.54 PM IST

TRICHY: Though most of the arterial roads in Trichy have been adequately lit by the urban local body (ULB), many road users replace
are apprehensive of the quality and luminance of the LED lights in use. Citing safety of road users, particularly the pedestrians,

a demand to enhance the luminance and efficacy of street lights in arterial and residential roads was placed by residents streetlam ps

before the Trichy City Corporation (TCC).

With around 36,800 street lights spread across the 65 wards of the civic body, Trichy Corporation in early 2014 took up an With LE Ds
energy conservation project by converting fluorescent tube lights (FTL) to LED lamps. While the conversion is under way,

several complaints have been raised by the residents about the quality and luminance of street lights in arterial roads. Street

lights need to be erected on the median strips on wider and spacious roads, but the authorities, including the civic body and

highways department, have installed them only along the road sides resulting in poor visibility on the other end. This is evident Don,t be left
in major roads including Rockins Road, VOC Road, McDonalds Road and Royals Road. “Street lights on city roads don’t have

the required luminance. The civic body should take steps to improve the street light mechanism at present through proper and behind!

periodic maintenance,” G Kanagarajan, member, Trichy Intra-City Development Endeavours (TIDES) told TOL.

ven as the civic body claims that they are committed to converting sodium vapour lamps to LED lamps of equal effi
arterial roads are still left with the comparatively power-consuming sodium vapour lamps. According to Bureau of Indian

Standards (BIS), the desired lamp output in residential and commercial streets has been fixed at 6 Lux (unit of luminance) and

10 Lux respectively. However, many point out that the actual Lux level on the city roads is below the desired output.

“Conversion of old sodium vapour lamps to LED lights should be expedited. Medians strips should be set up at plausible spots

to enable installation of street lights for better illumination,” N Manivannan, resident of Keelapudur, said. Trichy Corporation

officials said that maintenance of street lights have been entrusted with a private firm under Public Private Partnership (&

“We are monitoring the maintenance of o & e ————————————— e e 0 about poor luminance. Through the Smart

City programme, street lights in the entire city would be converted to LED in a year,” a senior official with Trichy Corporation

said.

2018
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Any Questions?

Prof. Paul R. Berger, Ph.D.
IEEE Fellow; IEEE Distinguished Lecturer (EDS)

Ohio State University
Department of Electrical and Computer Engineering
Department of Physics

Mailing address: The Ohio State University
Department of Electrical and Computer Engineering
205 Dreese Laboratory
2015 Neil Avenue
Columbus, Ohio 43210-1272

Campus Address: 201 Caldwell Laboratory
- PRENgEN@IEEEOTT
NP H/WWWECEIGSUEW TSR ENE)

15
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Backup Slides

DO NOT PRINT!
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Building Integrated Solar Cells

‘Curtain Wall”
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OHIO ilion — Mi
AT German Pavilion — Milan 2015 Expo
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Solar Cell Trees
Power Nighttime

B06_ta_e_sp_web_630.mp4
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SHIO Building Integrated Solar Cells

UNIVERSITY

Photovoltaic window

A " . [
= " ’ o 5 .
_"'..I.- - l\. S .
v . > P

Source: Next Energy Technologies Inc

Solar Window

19



Human Eye Response

3 2 14 1.0 0.8 0.6 0.5 04 0.35 um
T T T

OHIO
SIAIE

1000 L L) L s . o o
UNIVERSITY g E '“Cidf“‘ SP“T‘.’“ Fig. 18.1. Power spec-
T> 500~ ave :"m:w Igrc " trum of solar radiation
o N Pea ue“"" SP:IC Tum | versus photon energy
- ultraviolet | visible infrared | () . e s Wl S
z \\f Sea level spectrum o ,>
. . . . . ~ R e L (adopted from Jack-
Fig. 18.2. Spectral intensity distribu- = w0 et g son, 1975).
tion of Planck’s black-body radia- £ sf e Vi . .
- 2 B ol red \ E"  violet
tion as a function of wavelength for 2
. . 20
0 different temperatures. The maxi-
= : 4 5 10 ——— :
g mum of the intensity shifts to shorter 0 ¥ e B 4
£ = wavelengths as the black-body tem- s
8 :
- 6000 K perature increases.
2 100:I!!!H!!!!!!]!!H !!!!|!!!'|!'!!-683
5, - 1 cere8 ||
= H | Photopic vision | |-
L T 100
= 107 =
< F R
g F - &
§ -l ~
& s =10 2
5 10721 & g
= E S -
www. L § N o é
o = £
x =1 3
R E -
= 0.1
1074 =
300 400 500 600 700 800

Wavelength A (nm)

fiber  Connecting
layer  nerve tissue

Light receptors

membrane Fig. 16.7. Eye sensitivity function, V(A), (left ordinate) and luminous efficacy, measured

in lumens per Watt of optical power (right ordinate). V(L) is greatest at 555 nm. Also
given is a polynomial approximation for V(L) (after 1978 CIE data).

Fig. 16.1. (a) Cross section through a human eye. (b) Schematic view of the retina
including rod and cone light receptors (adapted from Encyclopedia Britannica, 1994).

www, LightEmitt
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Photometric Definitions

Photopic vision — human vision at high ambient light levels (daylight), primarily mediated
by cones (color) near center of retina when pupil is not dilated

Scotopic vision — human vision at low ambient light levels (night) primarily mediated by
ods (black/white) near periphery of retina when pupil is dilated.

ous Intensity — represents the light intensity perceived by the human eye from a
2. International System of Units (SI unit) is the candela (cd) — a monochromatic
mitting an optical power of (1/683) Watt at 555 nm into a solid angle of 1
a luminous intensity of 1 candela (based upon one standardized candle,

the light power perceived by the human eye from a light
nits (SI unit) is the lumen (Im) — a monochromatic light
/683) Watt at 555 nm has a luminous flux of 1 lumen.

cd/sr

ity of 1 cd has a
7/1m

m Toledo-LED (Berger: Aug. 29, 2018
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Photometric Definitions

Eye sensitivity function V(A) — conversion between radiometric and photometric units is
provided by eye sensitivity function.

ance — ratio of the luminous intensity emitted in a certain direction (measured in cd)
oy the projected source in that direction (measured in cm”2).

Inous flux incident per unit area (measured in lux).

Figure-of-merit Explanation Unit Unit
Projected area: : . : . . )
" Fig. 16.5. Area of LED, Luminous Efficacy Luminous flux per optical unit power Im/W
: A, and projected area,

A P Acos®, used for the Luminous flux per input electrical unit

ot uon ot 4 — A" e definifion, gt fho Luminous Efficiency power Im/W
LED d.' I el luminance of an LED.
- Ie . . - . . .
N Luminous intensity Luminous flux per sr per input electrical

Efficiency power cd/W

Luminance Luminous flux per sr per chip unit area cd/cm”2

'\

Eigi 164, Elumbers cundle: B Optical output power per unit input

used by plumbers to melt lead officiency electrical unit power %
when joining water pipes in the
19th century. tum Photons emittgd 'in active region per unit
electron injected %

Photons emitted from LED per electron
injected %

2 probability of photons emitted in
e region %

loledo-LED/(Bersger) Aug. 29, 2018,
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Photometric Fun Facts

Wavelength

< 390 nm
390 - 455 nm
-490 nm

m

Luminous
Light Source Efficiency
Edison's first light bulb 1.4 Im/W
Tungsten filament light bulbs 15 - 20 Im/W
Quartz halogen light bulbs 20 - 25 Im/W
Fluorescent light bulbs and
compact bulbs 50 - 80 Im/W
Mercury vapor light bulbs 50 - 60 Im/W
Metal halide light bulbs 80 - 125 Im/W
o g —
High-pressure sodium vapor
light bulbs 100 - 140 Im/W
lllumination
condition llluminance
Full moon 1 lux
Street lighting 10lux D
ome lighting 20 - 300 lux
e desk lighting 100 - 1000 lux
ting 10,000 lux
100,000 lux

AUg. 29, 2016
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Chromaticity

v - chromaticity coordinate

530 nm

CIE 1931 x, y chromaticity diagram

Fig. 17.2. CIE 1931
(x,y) chromaticity dia-
gram. Monochromatic
colors are located on the
perimeter and white
light is located in the
center of the diagram.

x - chromaticity coordinate

0.3 0.4 0.5

..............

loledo-LED (Bersger)

Color Perception

The properties of color which are inherently
distinguishable by the human eye are hue,
saturation, and brightness. While we know that the
spectral colors can be one-to-one correlated with
light wavelength, the perception of light with
multiple wavelengths is more complicated.

It is found that many different combinations of
light wavelengths can produce the same
perception of color. This can be put in perspective
with the CIE chromaticity diagram.

The white at the central achromatic point can also
be achieved with many different mixtures of light,
e.g. with complementary colors. If you have two
illuminating sources which appear to be equally
white, they could be obtained by adding two
Jistinctly different combinations of colors. This
ies that if you used them to illuminate a
object which selectively absorbs certain

t object might look very different when
e two different "white" lights.

phy-astr.gsu.edu

Aug. 29), 2018 24
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http://hyperphysics.phy-astr.gsu.edu/hbase/vision/cie.html#c2

OHIO! What are the CIE coordinates of the OLED?

o= 1931 &

UNIVERSITY - L6~ '\\ 1931and 1978 CIEXyZ | 7] Fig. 17.1. CIE (1931)
B 14 color matching functions | _| and CIE (1978) yz
15 12_— 7 color matching func-
2 Tt e tions (CMFs). The y
'% Lo 7] CMF is identical to the
5 08 — eye sensitivity function
- C ] V(L). Note that the CIE
5 o 1 1931 CMF is the cur-
§ 041 = rently valid official
5 02f N standard.

- .
© 00 [ 1 | 1 1 1 1 1 |
300 400 500 600 700 800

Wavelength A (nm)
org

Dic response curves (above).
vith each of the X, Y, and Z curves
) obtain three numbers X, v, z,

K =X/ (X+y+Z), y =
1 the CIE plot

m loledo-LED (Bersger) Aug. 29, 2018
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OHIO Color Purity
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Fig. 19.1. (a) Schematic of
additive color mixing of
three primary colors. (b)
Additive color mixing us-
ing LEDs.

Fig. 19.3. Artwork entitled “Fleurs
dans un vase” illuminatd with (a)
high-CRI source and (b) low-CRI
source (Auguste Renoir, French im-
pressionist, 1841-1919) .

m loledo-LED (Berger) Aug. 29, 2018
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Intensity (arb. units)

S
o

S
=

<
'S

S
=)

Intensity (arb. units)

Downconversion via Phosphor

100 T T T T T ]
Type 4350 Phosphor . .
zgsram-Sylvanpia) Fig. 21.2. Absorption and
emission spectrum of a
commercial phosphor (after
50 Osram-Sylvania, 2000).
— Excitation Emission -
0 l\\ L L I
200 300 400 500 600 700 800
Wavelength A (nm)
www. LightEmit org
Coumarin 6
- | Dye: Coumarin 6 (Efficiency near 100 %) S
| Lasing at 523 nm

Absorption

N

(H5C2)oN 0" o

Fig. 21.3. Absorption and
emission spectrum of the com-
mercial dye “Coumarin 6.
The inset shows the chemical

300

400 500
Wavelength A (nm)

600

structure of the dye molecule.

AUg. 29, 2016
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(a) Di-
chromatic
white
source

(b) Tri-
chromatic
white
source

(c) Tetra-
chromatic
white
source

Blue LED plus @
yellow phosphor E

UV LED plus
three phosphors

UV LED plus
blue, cyan,

green, and
red phosphor

\ Phosphor
1 \ Bond wire

[

LED chip

Downconversion via Phosphor Il

Fig. 21.1. White sources using phos-
phors that are optically excited by UV
or blue LEDs.

Blue and red
LED plus green
phosphor

Blue and red
LED plus cyan
and green phosphor

www.LightEmi org
®) Fig. 21.7. (a) Structure of
Phosphorescence white LED consisting of a
Pz Blue GalnN blue LED chip and a
lumines-  phosphor encapsulating the
iy ] g ))[ i die. (b) Wavelength-convert-

ing phosphorescence and
blue luminescence (after Na-
kamura and Fasol, 1997).

Phosphor

www.LightE

Aug. 29, 2016




OHIO Basic Operation
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Spontaneous emission Induced absorption Induced emission

Level “2”

TN ’WL
N T e

Level “1”

Fig. 3.5. Spontaneous emission, induced absorption, and induced emission events in the
two-level atom model.

www. LightEmitting org

(b) High temperature

(a) Low temperature
Fig. 3.2. Carrier distri-
bution at (a) low and (b)
high temperatures. Recom-
bination probability de-
E creases at high tempera-
tures due to reduced

k number of carriers per dk
interval.

AUg. 29, 2016
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Basic LED Operation

(a) Homojunction under zero bias

p-type

200000000600066
.............E:

0000000000
00000000000
000000000000000
000000000000000000 E
©e000660006000000800860000680800 \Y%
elelotelelapelerelelerelaelfolelelaleletotelafereleloJe T To]

0000

0000
—_— 1000000000
OOOOOOOOOOOOOOO 00000
0000000000000000000000

n-type

(c) Heterojunction under forward bias

P — Wy —>]
8333333550 00seeecnse

——

(b) Homojunction under forward bias

fe— Ly —y
® wooooooooooooooooo

I - HH0000000000000
| |
*n hv : 4
N | T
| | p
| | /’IV
: | -
I
OOOOOOOOOOOOOOG = ; LP IV
OOOOOOOOOOOOOO

000000000 .....g..............;‘
.......................OO........

Fig. 4.6. P-n homojunction under (a) zero and
(b) forward bias. (c) P-n heterojunction under
forward bias. In homojunctions, carriers diffuse,
on average, over the diffusion lengths Ly and L
before recombining. In heterojunctions, carriers
are confined by the heterojunction barriers.

Aug. 29, 2016



OHIO Color Tuning via Bandgap

UNIVERSITY 2.5 i — 500
= g 236eV i AlP
23 2= 2 33 eV, direct-indirect Eg=245¢eV
o -\ crossover (A=532nm) —[550 ap=5.4510 A
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Fig. 12.9. Bandgap energy and corresponding wavelength versus lattice constant of
(AlyGaj—y)yIn|—,P at 300 K. The dashed vertical line shows (AlyGa]—y)o.5Ing.5P lattice
matched to GaAs (adopted from Chen ef al., 1997).
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Influence of Bandgap on |-V
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Fig. 4.3. iode forward voltage versus bandgap energy for LEDs made from different
materials (after Krames et al., 2000; updated with UV LED data of Emerson ef al.,
2002).
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OHIO Quantum Wells

(b)
UNIVERSITY £ ; Ec
AE "I En Fig. 4.10. Fermi level
C E
) 0 (Eg,) and subband level
E=0 (Ey,) in (a) a double

heterostructure and (b) a
quantum well structure.

v
www.LightEmitting .org
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Ey

Fig. 4.13. (a) Chemical composition and (b) band diagram of a quantum well structure,
illustrating the energy loss of carriers as they are captured into the quantum well.
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Fig. 4.9. Carrier capture and
escape in a double hetero-
structure. Also shown is the
carrier distribution in the
active layer.
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Fig. 5.2. Theoretical emis-
sion spectrum of an LED.
The full width at half
maximum (FWHM) of the
emission line is 1.8 7.




OHIO Non-ldeal Operation
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OHIO Lambertian Emission

UNIVERSITY

(a) Planar LED (b) Hemispherical LED (c) Parabolic LED

Semi-
conductor

I e

Semicon- &Yy
ductor Mair
ng — e | e o ey

Semicon- Dy
ductor s
' «——2 — Light source e 1 /

Fig. 5.4. Geometrical model used to derive the Lambertian emission pattern. (a) The light
emitted into angle d¢ inside the semiconductor is emitted into the angle d® in air.
(b)Illustration of the area element d4 of the calotte-shaped section of the sphere.
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Hemi- y T
80° spherical Planar LED L\ soe
lambertian 7

pattern
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Fig. 5.5. Light-emitting diodes with (a) planar, (b) hemispherical, and (c) parabolic
surfaces. (d) Far-field patterns of the different types of LEDs. At an angle of ® = 60°, the
lambertian emission pattern decreases to 50 % of its maximum value occurring at @ = 0°.
The three emission patterns are normalized to unity intensity at @ = 0°.
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Shaping LEDs

: Trapped light ray

Fig. 9.5. Illustration of different geometric shapes of LEDs. (a) Rectangular
parallelepipedal LED die with a total of six escape cones. (b) Cylindrical LED die with a
top escape cone and a side escape ring.
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> Fig. 9.3. “Trapped light” in a
BN g PP g
UNIVERSITY 75 Y rectangular-parallelepiped-shaped
2 .
N o semiconductor unable to escape for
\, . .
SR 7 % ; < 2 /’ emission angles greater than o
Nt Nor NS S8 due to total internal reflection.
High-index semiconductor
Top escape  Side escape (b) Top escape www.Light org
cone cone cone ;
| | Side escape
ring
Epitaxial
layer
N
Substrate Substrate

Fig. 9.6. Die-shaped devices:
(a) Blue GalnN emitter on SiC
substrate with trade name
“Aton”. (b) Schematic ray
traces illustrating enhanced
light extraction. (c¢) Micro-
graph of truncated inverted
pyramid (TIP) AlGalnP/GaP
LED. (d) Schematic diagram
illustrating enhanced extrac-
tion (after Osram, 2001;
Krames et al., 1999).
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Texturing LEDs

LY AT AT B K <; V. i;

Fig. 9.10. Schematic illustration of waveguide with

(a) no surface texture, (b) weak surface texture, and
(© (c) strong surface texture, resulting in specular
reflection, mixed reflection and scattering, and
strong scattering, respectively.

OHIO
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Fig. 9.8. Scanning electron
micrograph of strongly tex-
tured GaN surface (after
Haerle, 2004).
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E L L | Fig. 9.9. Emission spectrum
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s L i without surface texture. The
2 without sur- spectrum exhibits Fabry-
g e Hice teghine o Perot interference fringes for
T r n the device with a smooth
é‘ﬂ 2 = surface (after Haerle, 2004).
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oHlo! Current Spreading/Transparent Subs

(b)
= Top
i Current spreading i
[1— lj‘o;;ohmlc contact / \ Iayel; e C‘:{:‘e.n"te'
77/ _€mission region \% -/ / on X Active
=y
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Substrate Substrate “’n'}'e'.?f 3
\ ¥ Ohmic
contact
(© P-contact @ [~ P-contact b (a) AS LED (b) TS LED
e . y P -GaAs Fig. 9.11. (a) Amber AlGalnP
2—-15um GaP window layer  Mg-doped| AlGaAs p-doped LED with a GaP window layer
g'z‘:”"‘ MGAI“;" : M%““’P:" AIGA:G:'“? pecopec and absorbing GaAs substrate
.5 =1 pum alnP active undope: alnP active doped
1.0 um AllnP Te-doped AlGalnP n-dope: (AS) (b) Amt.>er AlGalnP LED
s e i _— with a GaP window layer and a
n-type GaAs substrate Te-do) n-type GaAs substrate
P Pe o transparent GaP substrate (TS)
Er—— Er—— fabricated by wafer bonding. Con-

ductive Ag-loaded die-attach ep-
oxy can be seen at bottom (after
Kish and Fletcher, 1997).

Fig. 8.2. Current-spreading structures in high-brightness AlGalnP LEDs. Illustration of
the effect of a current-spreading layer for LEDs (a) without and (b) with a spreading layer
on the light extraction efficiency. (¢) GaP current-spreading structure (Fletcher et al.,
1991a, 1991b). (d) AlGaAs currect-spreading structure (Sugawara er al., 1992a, 1992b).
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Fig. 9.9. Schematic fabrication process for wafer-bonded transparent substrate (TS)
AlGalnP/GaP LEDs. After the selective removal of the original GaAs substrate, elevated
temperature and uniaxial pressure are applied, resulting in the formation of a single TS
LED wafer (adopted from Kish et al., 1994).
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OHIO Reflectors

UNIVERSITY

Fig. 10.5. (a) Historical drawing
and (b) schematic illustration of
apparatus used in 1841 by Swiss

ot ' engineer Daniel Colladon to
5 demonstrate the guiding of light by
Light guided ',. total internal reflection in a jet of

in water Fioe water.

(b)

www.LightEmitting org
Metallic reflector Hybrid reflector TIR ODR
T [ I ———|
External é é
. medium |
R=80-98% R <100 % R <100 % R =100 % R<100%
T=0% T=1-R T=0% T7=0% 7=0%

Fig. 10.1. Different types of reflectors including metallic reflector, distributed Bragg
reflector (DBR), hybrid reflector, total internal reflector (TIR), and omni-directional
reflector (ODR). Also given are angles of incidence for high reflectivity and typical
reflectances and transmittances.
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Distributed Bragg reflector (DBR)
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Fig. 10.7. LED with a distributed Bragg reflector (DBR) located
between the substrate and the lower confinement layer.

org

100

Fig. 10.9. Illustration of the DBR
penetration  depth. (a) DBR
consis-ting of two materials with
thickness L, and L,. (b) Ideal
(metallic) re-flector displaced from
the DBR sur-face by the penetration
depth.
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Fig. 10.8. Reflectance of
two distributed Bragg
reflectors (DBRs) versus
wavelength. (a) Four-pair
Si/SiOy reflector with high
index contrast. (b) 25-pair
AlAs/GaAs reflector. The
high-index-contrast DBR
only needs four pairs to
attain  high  reflectivity.
Note that the stop band of
the high-index-contrast
DBR is wider compared
with the low-contrast DBR.
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OHIO Resonant Cavity LEDs
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8 6 Fig. 15.6. Comparison of the
e 7] emission spectra of a GaAs
E - 50 nm | 5nm — LED emitting at 870 nm
& 4 ! s ) (AT&T ODL 50 product) and
2 a GalnAs RCLED emitting
£ T '," i at 930 nm (after Hunt ef al.,
g 2L - 1993).
0---.'"'.—". o i
L L 800 850 900 1000

Active region: - Wavelength A (nm)
RCLED g Wi L o
GalnP/AlGalnP MQW - - WY

AIAS/AIGaAs DBRs o i
T=300K g P p

. tic optical fiber from an
GalnP/AlGalnP MQW ) .
o RCLED and a conven-  Very directional

Electroluminescenec intensity coupled into
plastic multimode fiber (normalized units)

3.0
tional ~GalnP/AlGalnP

20 -+ LED atdifferent drive =gy o a)ent for launching into plastic optical fiber
currents. Note the nar- o S
rower spectrum and | TOF local area networks (LAN) “intraoffice

R 7] higher coupled power of

. the RCLED (after Streu-

7] bel et al., 1998).

620 640 660

Wavelength A (nm)

680

Www. LIgNntE
Fig. 15.11. AlGalnP/GaAs RCLEDs

emitting at 650nm. Note the
forward-directed emission pattern

similar to that of a semiconductor la-
ser (courtesy of Osram Opto Semi-
conductors Corporation, Germany,

1999).
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Encapsulation
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Hemispherical epoxy
resin encapsulant

Bond wire <

Top contact Plastic lens
Reflector cup

silicons F.ig. 11.2.  Cross section throt{gh
encapsulant high-power package. The heatsink

slug can be soldered to a printed

circuit board for efficient heat

removal. This package is called
GalnN flip chip Barracuda package which was
Si sub-mount chip introduced by Lumileds Corp.
with ESD protection (adopted from Krames, 2003).
Solder connection

Gold wire

LED chip Fig. 11.1. Typical pack-
ages; (a) LED with hemi-
spherical encapsulant; (b)
LEDs with cylindrical
and rectangular encapsu-
lant.

(b)
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Fig. 11.6. Chemical structures of polymers. Epoxy resins, silicone polymers, and poly
methyl methacrylate (PMMA) are used as LED encapsulants. In the silicone structure, X
and Y represent atoms or molecules such as H, CH3 (methyl), CgHs (phenyl).
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