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= Introduction
= Materials:
* Reflectors
 Diffuse reflectors
* New materials with very low refractive index
* New materials with very high refractive index
= Devices:
* White LEDs with remote phosphors
» Solid-state lighting
« Junction temperatures
= Systems:
» Color rendering and luminous efficiency
e Limits in efficiency and color rendering
» Dichromatic and trichromatic sources
= Future:
e Smart Lighting Systems
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Obsolete and traditional applications

3 of 44

Recent applications (not all of them are saving power)
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Solid-state lighting

= Inorganic devices:
e Semiconductor plus phosphor illumination devices
 All-semiconductor-based illumination devices

= Organic devices:

* Remarkable successes in low-power devices (Active matrix OLED
monitors, thin-film transistors, TFT-LCD monitors)

» Substantial effort is underway to demonstrate high-power devices
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Energy Conservation — A Singular Opportunity

Nobel Laureate Richard Smalley: “Energy is the single most
important problem facing humanity today” and “conservation
efforts will help the worldwide energy situation”.

Testimony to US Senate Committee on Energy and Natural Resources, April 27, 2004 1943 — 2005

= Solid-state light-sources offer singular opportunity for conservation of
energy

Phosphor
, a—Bcndmre
M |

—LEDchup

B s v

lumines-

cence
Phosphor
Magenta J
Multiple light-emitting diodes LED with wavelength (L) converter
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Quantification of Solid-State Lighting Benefits
- I —
= Energy benefits*
» 22 % of electricity used for lighting

» LED-based lighting can be 20 x more efficient than
incandescent and 5 x more efficient than fluorescent lighting

« Annual electrical energy savings 1,200 TWh (Tera = 1012)
 Alleviate need for 133 power stations

= Environmental benefits*
+ Reduction of CO, emissions, 952 Mtons, global warming gas
+ Reduction of SO, emissions, acid rain
» Reduction of Hg emissions by coal-burning power plants
* Reduction of hazardous Hg in homes

= Economic benefits*

* A 10% reduction in electricity consumption would result in
financial savings of $ 25.0 Billions per year

OIDA and DOE predictions for US by 2025, see also R. Haitz et al. Adv. in Solid State Physics, Physics Today 2001
Economic benefits were detailed by Sandia National Laboratories, 2006

Information on mercury from Associated Press article, March 15, 2005 “EPA targets utilities’ mercury pollution”

1.20 PWh energy savings and alleviated need for 133 power stations are extrapolated data for year 2025

7 of 44

Light-emitting diodes with reflectors

To avoid optical losses, ideal device structures possess either:
Perfect Transparency or Perfect Reflectivity

Example of reflective structure: (after osram Corporation)

— P-ype ohmic contact (a)

_ petype Gal window

— piype Allal cladding

| AlGalnl active region
= meype Allnk cladding
~— AlAs [ AlGaAs DBR

n-type GaAs substrate

Top view (a) andi llumination pattern (b) of a §15-nm
netype ohmic contact thin-film LED (after Streubed et al , 2002)

Example of transparent structure: (after Lumileds Corporation)

MOVPE AlGalnP VPE GaP GaAs substrate removal - GaP wafer bonding AlGalnPiGaP
epi growth window growth with with uniaxial pressure TS wafer
wet chemical etch a1 elavated temperatures
'l
2 ¥
B GaP window GaP window )
— AlGaInP DEL (iE iy vovrorore.Rlverssssssi Loy
VT T ol AT 7 A i

Absorbing r;’ Absorbing G}’ Absorbing ""'}} Transparent '%’ Transparent
GiaAs subsirate GiaAs substrate GiaAs subsirate ‘GaP substrate GaP substrate
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Why reflectors?

—
= Totally reflective structure (R = 100 % for all ® and TE and TM polarization)
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Reflector Ne1 > 3 =% N
Substrate

High reflectivity is important!

= DBRs: transparent for oblique incidence angles; Metal mirror: R <95 %
= DBR and metal mirrors are unsuitable!
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Triple-layer omni-directional reflector (ODR)

Planar semiconductor / dielectric / metal reflector perforated by an array of
micro-contacts.

yr R,
T ual it —— Di g, n=1.
//—I-— Semiconductor (e.g. n - 3.3)
x :émﬁ:m@ g

Micro-contacts (~ 1 % coverage)

o i . L > United States Patent uo Patent No.:  US 6,784,462 B2
Omni-directional reflection characteristics i golDueluEster R A DL 200

High reflectivity (> 99 %)
Electrical conductivity -
Broad spectral width o
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AlGalnP and GalnN LEDs with ODR

e e I
AlGalnP LED GalnN LED
A = 650 nm, MQW active region A =460 nm, MQW active region
AlGaAs window layer Sapphire substrate

GaAs substrate removed, Si submount
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GalnN LEDs with omni-directional reflector (ODR)

Microcontacts e Ag
o

¢ SiO, low index layer [A/(4n)]
- high index contrast

/—Micmulﬁaf;t' B

* RuO, layer (~6 nm)

- low resistance ohmic contact

- virtually transparent contact

- current spreading layer
“e Ag micro-contacts (~1% coverage)
- electrical conduction: Ag - RuO,

Cross-sectional view

5 T
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PIN phalo delecior
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.

» The ODR-LEDs show

s - lower V, than LEDs with Ag contact
/ - Comparable V; to LEDs with Ni/Au
- Higher Light output

w

Output power (mW)
4]

. . s L L L s
o 2 4 B8 B o 10 20 30
Voltage (V) Forward current (mA)

Kim et al., Appl. Phys. Lett. Vol. 84, p. 4508 (May 2004)
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Employment of specular and diffuse reflectors in GalnN LEDs

= Specular versus diffuse reflectors

Low-index medium () Low-index medium (ny) —P 1-p J,—!i-DF Escape cone

High-index
medsum (12}

Specular reflector Diffuse reflector

= Waveguided modes are trapped modes in specular reflector
= Light escape enabled by roughening reflector surface: diffuse reflector

AFM: Diffuse reflector roughened by dry Reflectlwty measurement
etchlng W|th polystyrene nano mask ¢

1
|

Dﬂ reflect
-

{;;,,.__.

i %0 %0 30 o 30 s'o a0
(a) Polystyrene 400 nm (b) Polystyrene 700 nm Detection angle & (°)
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Employment of diffuse reflectors in GalnN LEDs
I

Specular Diffusive Mixed
reflection reflection reflection

®00L]

Illuminated sphere — Visualization of different types of reflectivities

Experiments:
Improvement is 6.6 % for light
reflected off diffuse reflector

LED structure with
. — Diffu: flect "
Diffuse ODR Specular ODR 3 445 nm PSS | e
1]
(a) GainN LED with diffuss ODR (b) GalnN LED with spacular ODR = 300 = 8——5"'_8 —_—_(DS‘:;Q___S__:‘_
§ - L . "E\D 1
— A = o / \ \
< 290 /’ - o 4
— 5i0z a » .‘-m,,_\
! HifAu % ~ e o lr 4
LED
L LED £ 280} %\6 Specular J \ 1
K=l g / reflector
4 ‘ ® |
Sapphire substrate Sapphire substrate 270l ',mwn:' , .
-40 -20 0 20 40

Detection angle 6 (°)
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Figure of merit for DBR: Index contrast An

- I -
b — M An
= Fresnel reflectance of r= =
interface Mh + M Ny + M ,
2m
1-(n/n
= DBR reflectance Rper = |rDBR|2 = Lh)Zm
1+ (ny/np)
2\ An
= Spectral width of stop band Ahtop = _£"Bragg &
Neff
. Ly + L Li+Ly np+n
* Penetration depth Lpen ~ ——2 =-1-—=2 12
4r 4 An
. n 2 2An
= Critical angle (max. angle for 6. = A
high reflectivity) No | No m+ny
= By increasing index contrast 4n, figures of merit improve
= New materials are required
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From total internal reflection ... to waveguiding

(1) Johannes Kepler
(1571-1630)
Discovered total
internal reflection

{2) Willebrord Snellius
(1591-1626)

T
i : E Discoverad sin-law
i /.4 E Low-index medium { S AekacHon
H S Refracted ' '
I : i
'.'e“»\/'(- P : ' (3) Isaac Newton
te ) Esape - s =2 (1642-1727)
“eut —cone SRS L) Discovered optical
i ‘:&". /'\ density (now called
8{1’2' 1, refractive index)

(4) Augustin Fresnel
(1788-1827)
Quantitatively
discribed reflection

‘/_\:—;/
High-index medium

P

(5) Daniel Colladon
(1802-1893) ""-"'
Developed first wave Lish
guiding apparatus

Light gusded
i waier

=
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New class of materials: Low-n materials
- -
= Dense materials n~1.4: SiO, (n = 1.45); MgF, (n =1.39)
= Low-n: refractive index n <1.25
= Xerogels (porous SiO,)

e Gill, Plawsky, et al. 2001, 2005
= Oblique-angle evaporation
e Luetal, 2005
e Technigue was developed in the 1950s
= Both techniques suitable for low-loss LEDs

200 nm - Top view

Scanning Electron Micrograph m

Nanoporous Si0;

200nm  ©

Low-n xerogels, after Gill and Plawsky, 2005
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Triple-layer ODRs with nano-porous silica
-
= Pore sizes << A (Rayleigh scattering)
= Pore sizes 2—8 nm achieved
= Maxwell’s equations: n? = g, (= k)
= Low-k material in Si technology (field dielectric)
= Low-n films are new class of materials with distinct properties

GLAD Si02

Thickness: 1346 nm

Refractive index: 1.08
Substrate: Si

— Measurement
== Calculation

Reflectivity R (%)
5

=)
o

e

1mm
f SHb Low-n SiO; film

s ; s . s .
400 500 600 VOO O BOO 800
‘Wavelength (nm)

Thin-film interference Optical micrograph Atomic force micrograph

n =1.08 —world record!
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Low-index layer and reflector data
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= Reflector has 100 x lower mirror losses than metal reflectors
= Reflector has > 100 x lower mirror losses than DBRs
= Suitable for low-loss LEDs
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DBR not suitable for high-index media

= New reflector uses

= Total internal reflection for grazing

(]

=

x  Light line: k, = ko/few = Ko/lgap Sinfdc))

by = Ky,
k.‘=D\

(7

0 1
Paraliel wave veclor k,(2r/a)

= DBR suitable as external

angles
= DBR for near-normal angles =
) k_,a\_ﬂffl‘ﬁnm &
= New reflector consists of - —
; (Brewster e (Opmge)  Lightiine] %
e Semiconductor g
dex | & toFET——my %o
* Low-index layer o o +025) 7
. DBR _50.5.':'%;2::;'3 g
;E /_0 g"
8 o b i —
Depth Piw
External DBR Internal DBR
100 IE
_ 95} [kg= 1500 nm
£ 90} |ng =3.48, hg = hgldng, m
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£ 10 Tl g wm¥  reflector
9 1 .
g% e %0 u Lt L * DBR unsuitab
= [rexewE }DBR L e }DBR‘ reflector
O - — )

20 30
Incident angle in ambient @ {*)

le as internal
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Solid-state lighting

Old lighting technologies

New lighting technologies

= Di-chromatic with phosphor: Commercial success
but limited color rendering ability (CRI < 80)

= Phosphor approaches: Excellent color stability

= Phosphor approaches: Stokes-shift energy loss
unavoidable

= Tri-chromatic LED-based approaches

23 of 44

White LEDs
= Different technical approaches [ | Buesndysiow Blue LED plus
 Blue LED plus yellow phosphor (8 D- s e
* UV LED plus RGB phosphor b @ @ @
* Multiple LEDs o | ﬂ J¥\ wl
* Which one is best? [ Blue, green, and UV LED plus

red LED tri-phosphar

= Efficiencies (&) Tr-
chromatic
* Incandescent light bulb: 17 Im/W while @U@ W

source

 Di-chromatic source: 420 Im/W (limit) _ ‘AM M A

» Trichromatic source: 300 Im/W with [ Blue, cyan, green, Blue and red LED plus
. ED
excellent color rendering (CRI > 90) (0) Tetra i D SR Bt

» LED with phosphor converter: 275 Im/W e UHUU @ @

source

(CRI > 90)

* Demonstrated with solid-state sources:
60 Im/W

= What is the optimum spatial distribution of phosphors?
* Proximate and remote distributions

24 of 44
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Innovation in white

(a) Proximate distribution
(after Goetz et al., 2003)

(b) Proximate distribution
(after Goetz et al., 2003)

= Phosphor layer

o Scmiconductor

(c) Remote distribution
(after Kim et al., 2005)

LEDs — Phosphor distribution

/~ Reflector cup - Phosphor ~ LED chip

@8 oo Oo L)
Encspsulsnlﬁ 1°°u“uouou
0o ogh
cn®dod on

Diffuse reflec-
tion pattern

Remote phosphor distributions reduce
absorption of phosphorescence by
semiconductor chip

Kim et al., Jpn. J. Appl. Phys. — Express Lett. 44, L 649 (2005)
Luo et al., Appl. Phys. Lett. 86, 243505 (2005)
Narendran et al., Phys. Stat. Sol. (a) 202, R60 (2005) 25 of 44

Ray tracing simulations

T T T T T Hawm
= 80f .,oL-O—-G—‘—o‘_ o Conve
§- /O/D Diffuse cup + phosphor-on-top :
=
o "
§ 70 Diffuse cup + phosphor-in-cup e i _‘
o [ - . . . Encapsulant
E I wp + E I ‘,:r Rkt “
L _—D—EL——D—U
£ 60F o~ .
- (a)
8 :
< 501 Specurarqup'r—\* W= o
w phasph?r-m-cup ; . thia: L = ke Fcgi? m‘m L !
0.0 0.5 1.0 1.5 2.0 25 Y . )
i Dif e
Height of reflector cup h (um) é m;pl;iﬁ[_cng‘s_ﬂmp ® Specar up E
p
e eof 1
S
g
= Ray tracing simulations prove Ed 1
improvement of phosphorescence & o
efficiency for g S
2
» Remote phosphor 2 g I 1
. . g Ne=—= pN— 1 mm
« Diffusive reflector cup £ e
1 1 1
40 0 05r r
Flat Convex Hemisphere
Height of encapsulant h
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Experimental results

T T T T T T

(a) L (b)

Biue LED_ WLED _ g
§100 Lrofarance |y roforance \I}
= Blue LED i I
= + yallow (&
é‘ phasphor : :
® I
= I
< P
@ 50+ [
=

UV LED

r— o L H
‘@ phosphor 1 Y4
c A
@ [}
-— 1
[= 1
- 1

:

oFr 4
1 1 1 L

1 " i 1
400 500 600 700 BOD 350 400 450 500 550
Wavelength (nm) Wavelength (nm)

= Improvement of phosphorescence efficiency:
e 15.4 % for blue-pumped yellow phosphor
e 27.0 % for UV pumped blue phosphor

UV 400 nm LED White LED with
without phosphor proximate phosphor

White LED with
remote phosphor

Ray origin —

Remote
phosphor

= Diffuse reflectors
* Non-deterministic element that breaks symmetry
» Suppression of trapped whispering-gallery modes

28 of 44
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Whispering-gallery modes in St. Paul’s Cathedral (London)

Lord Rayleigh's experiment in St. Paul's Cathedral

-‘-‘-"'--.._
W Obstacle

\

/ Top view of
skimming
: sulatod

Sound
wave

“Especially remarkable is the narrow-
ness of the obstacle, held close to the
concave surface, which is competent
to intercept most of the effect” (1912)

v

Lord Rayleigh _ }
(1842-1919) “Whispering Gallery”
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Remote phosphors with diffuse and specular reflector cups

% o~

Diffuse reflector cup

104 1
= 3
g F 1
= 10%f 1 = Reflectance versus angle
g 1 = Surface texture by bead blasting
8 100f & <5 M,Jl - 1 = Diffuse reflectance increased by
o £ H | .
g | et B ] two orders of magnitude
o E ',0"'_L Diffuse reflector ﬁ E
% 102 E (bead blasted) 1
o E { Specular reflector —, rd 3

L " L " L i L " A i 1 " 1 ]

o .
0" 50 0 30 0 30 60 90

Detection angle 6 (°)
30 of 44

15



Luminous efficacy of dichromatic white sources

500 T — T T T T

. T 1586
Blue and yellow LED _ ?frggén'(atlc white light source 1584 TE-.
= 400 Linewidth AE: {582 £
AV, Sl 1
=00l ® 1578 =
7300 & 1047 1576 E’
3 1574 ©
B A i E 200 F :g;g 2
S =

3 1568
£ 1001 1566 §
Fundamentally the most E s 2
efficient way to create =5k 1562 §
white light 1560 o

380 400 420 440 460 480
Primary wavelength %4 (nm)

= Di-chromatic source has outstanding luminous efficacy (> 400 Im/W)
= However, color rendering is unsuitable for daylight illumination applications
= Great display device (e.g. pedestrian traffic signal, display, etc.)

31 of 44

Monolithically integrated two-active region LED

Device structure

|- Ni/Au ohmic contact

p-GaN (120 nm) Contact layer
I p-AlGaN (20 nm) electron blocking layer

} 5-period n-InGaN QW 7 = 460 nm
n-GaN (20 nm)
} 5-period n-InGaN QW 4= 520 nm I-V characteristic

Ti/AINi/Au ohmic contact
n-GaN buffer layer 70 — 77T T
- Nucleation layer Double active region LED ~*iLdiai*
_ 60F =300k
Sapphire (0001) 50 } —— small Lgiz= 100um
—_ IF=2.35mA
€ 40F Ve=298V
= = = = medium Lgia = 200pum
£ 30 IF=9.42 mA
= 20k VE=326V
a === large Lgia = 500um
10 L f[: =212 mA
VE=364V
0
10 Forward current density = 30 Alem?

2 1 0 1 2 3 4 5
Voltage (V)
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Photoluminescence and electroluminescence

B o e gy _10dL  _ Double active region LED |
i} Te300K r] 300
izz‘ﬂu-cdlaw _— 5 Wm
[ Power densty =
g2 Jo= 8.3 KWicm? £ [ / %gmﬁ
s o e W 15 mA
> 18 2‘10—2:- - A me 3
2 4 @ 3 mA
£ 12 ND3 O S mA
g £
510 — 3
g 02 S .5 10-3¢ E
E 05} ND1O 2 E
§ osf wos E
oz} iy I
ool 104 T PR L
e W~ 40 40 S0 S0 560
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2 ":Ia i) T T v T
o f ol :
——p = = =8,
AU Tunnel mOdel can & mﬂE—l—mnegrareuuueemsinn :
H H = —8— inlegrated green emission
I—T_mm > _e>_<pla_|n dlffe_rgnt £ ) 1
injection efficiency 20} |
8 ,ooF
g1 ' 1
oy ]
Short Long . . E 10k Bl i
waveiengih wavelengin Intensity ratio 2 "f 7o Green peok smission |
emission emission R E 10 r 1
is constant! s " . i i
1w 1w 1w 1wh I
Excitation power density (kWicm2)
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Color Temperature
- I

As temperature
increases, hot objects
sequentially glow in the
red, orange, yellow,
white, and bluish white

- chromaticity coordinate

red, 1000K ~ 730°C

N

L
Lx " " -

1 1 L
02 i 0.4 05
x- ;hnq haticity coordinate

Example: Red-hot
horseshoe orange, 1300 K

bluish white, 10 000 K
white, 6000 K yellow, 2100 K

= Hot physical objects exhibit heat glow (incandescence) and a color
= Planckian radiator = Black, physical object with temperature T

= Color temperature = Temperature of planckian radiator with same
location in chromaticity diagram

34 of 44
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Color rendition

= A light source has color rendering capability
= This is the capability to render the true colors of an object

Example: False color rendering

= What is the color of a yellow banana when illuminated with a red LED?
= What is the color of a green banana when illuminated with a yellow LED?

>PY
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Example of color rendition

Low CRI illumination source  High CRI illumination source

Clear differences in the color rendition can be seen in this painting

36 of 44
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Color rendition

= The color rendering capability of a test light source is measured in terms of
the color rendering index

Color rendering index of a high-quality reference light source is CRI = 100

= An incandescent light source with the same color temperature serves as
the reference light source

= Eight color sample objects serve as test objects

= Example:

Color sample under
reference source
illumination

Color sample under
test source
illumination

=> slight difference in
color!
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Luminous efficacy and color rendering

- I
“olor
P 2L Il.ﬁ_){
£ 0523 —
= v'- chromaticity T e
= £ coordinate U < o i i
% E 03 - * z
i 3 02
& Sl
i
& 0.l 0.2 0.3 0.4 0.5 06
u" - chromaticity coordinate
CIE color definition:
Color = Brightness, hue, and saturation
Planckian locus . .
Sl Chiomaticity of sbject Color rendering index:
00nml mmcli: u~c 680
: = CRI=100-2,_, gAE*
B v aih
o | =tiigms AE* depends on color change and on
il luminance (brightness) change of object!
g
. CE 1976 Further complication: Chromatic
Fof sewnsy adaptation and adaptive color shift.
e e T CRI is good metric — but not perfect!
' - chromaticity coordinate 38 of 44
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Demonstration of trichromatic source

Power (ailrary units)

qofT T T T
LE=319Im/W — Measurement F10 ,.__::I:E':;’:‘iﬁm
—_ CRI =84 === Gaussian fit 5 T
AlGalnP| .,
£ 0BF T=300K E .
[ E b
= Z0s
Fnd 5
E 06 . g X
e 55 4T, 25 kT|
B
= 041 B
&
(=4
2
= D.2r
0.0l L L.

L . . .
400 440 480 520 560 GO0 640
Wavelength (nm}

Wavelength A3 (nm)

Wavelength 42 (nm}

= CRI depends strongly on alloy broadening

Wavalongth A3 (nm)

520 530 540 550
Wavelength iy (nm}

= Trichromatic approach demonstrated with 32 Im/W and CRI of 84

= 64 Im/W possible at this time (CRI = 84)

— B kT CRI=83, LE =300 ImW|

tanckinn radatod (6500 K}

560

39 of 44

Luminous efficacy and CRI for tri-chromatic source

Wavelength A3 (nm)

50 ; =t
510 520 530 540 550 560510 520 530 540 550 560 510 520 530 540 550 540

Wavelength A2 (nm)

Te=6500 K
AE=B kT

40 of 44
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The Future: Smart Sources

Smart light sources can be controlled and tuned to adapt to different
requirements and environments

[l Ew Tc 1 (X-.V,Z)J

LE =290 Im/W, CR1=95, T.= 6500 K \
2 = \(nmrauiawﬁ 6500 K410
P ~, T=300K iq=450 nm
’ ™, i2=6100m| 3 ¥
.#! , 3 = 550 nm 0.5 z
b g
| M4=820nm
L ¥
0g. ]
350 400 450 500 550 600 €50 700 7 ‘ ‘
Wavelength 5. (nm)

- @)

5
\

Powor (relative units)
a
tn

Power

— 0
Z

Te = 20000K Te= 500K ot
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Smart light sources will enable a wealth benefits and new functionalities

= Example: Communicating automotive lights and room lights
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The Future: Smart Sources

-
® Bio-imaging systems

—
® Communications systems

No phototoxicity! e New modes of
Fast recognition! P communication!

® Transportation systems
‘v s

® Circadian lighting systems

e

Support of
human health!

Relative inlensty
=
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® Space
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Conclusions

= Novel types of reflectors enable highly efficient light-emitting devices

= New low-n material demonstrated in ODR application n =1 .08

= Mirror loss 100 times lower than in metal reflectors

= High-refractive index encapsulants would be very beneficial

= Remote phosphor distributions demonstrated with higher performance

= Luminous efficiency, color rendering capability, and color temperature:

= Dichromatic source > 400 Im/W (with low CRI)

= Trichromatic source > 300 Im/W (with high CRI)

= Novel applications driven by Smart Lighting Sources

Light-Emitting Diodes, E. F. Physical Foundations

Schubert, ISBN: 0521823307, LETIEESIEICH IR Free textbook
Publication 2003, 328 pages b e “Physical

154 diagrams, 21 half-tones, = Foundations of Solid-
21 tables State Devices”
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emitting diodes (LEDs) made
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