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= History and tutorial of LEDs, particularly blue llI-nitride LEDs.
= Compare LEDs and LDs for solid-state lighting.

= Future projections of LED and LD efficiency and cost.
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History and tutorial of LEDs
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The LEDs beginning: Nick Holonyak, Jr. @

H Series ..
Samiconducior
Injection Loser.

LED SERIES . .
Light-Emitting
Dicds, noncohersnt

LASERS AND EMITTING DIODES

Hi1Al emits light i in near- -infrared re-
jon (8400 u at 77°K). H1B1 emits
light 1n red- orange region near 7200
at 17°K. ED-3 similar to H1BL. -
{.ED 10 produ:cts radiation at room
temp. Gallium arseaide, except * gal

ars./gal. phosphade.

7l 14 1962 '
'd f Steck No.| Type CACH
_H Al 650.00
#[‘%’WM zs)MMW..&/A“, 3&43? “:[%’,33 $8358
9 E 439 .
B a WMMJMM d’/l//éa 8 E440 | LED-10A 5.0
7E 111, loser Kit, COne tacha-fabo\e
pulser. Special Order.. 2930.00

2t ot . //%&/;,7} W
b, s phZoriue gt 1965 Allied Radio Catalog

%~ - f %‘%7 A
1l /Zﬂ . . .
e (g VWM First visible laser in Oct of 1962.

/1/1% B Ferarens " AW
e = Made from GaAsP.

/W
%/ M/%/@W’/&a@‘_&]

iy i i, o e Aqurking laser suggested quantum
b 24 p 1/Mzzww /MMW efficiency was high.

%/W/ he /W/,,,M Further suggests efficient LED.
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Light of Hope — Or Terror
'c%wl%ader’s >

Digest ¥

THE READER'S DIGEST

a TV broadcast from the air and
beaming it by invisible infrared light
275 feet to a receiver, with good re-
ception. The bit of metal alloy they
used was not a laser, for it did not
comb the tangles out of the light
beam, but its performance sparked a
tremendous research drive. Last fall
several outfits, including General
Electric, IBM, RCA and Lincoln,
produced metal lasers which emit
“coherent” or tuned light. These ap-
pear to be destined for a great future
in the communications feld.

The latest dramatic laser discov-
cry, made by General Electric, may
someday make the electric light
bulb obsolete. While the radiation
from previous lasers was invisible,
this one emits visible light in the
red region of the spectrum, Research
is continuing, and GE engineers
hope to build lasers which will con-
vert ordinary electric ‘current into

white light with a high degree of
efhciency.

“We believe there is a strong pos-
sibility of developing the laser a
practical light source,” says Dr. Nick
Holonyak, head of General Flec-
tric’s Advanced Semiconductor Lab-
oratory, “Much more experimental
work must be done, and it might be
ten years or more before such a lamp
could be ready for wide use, How-
ever, within a year we should have
them ready for computcer indicators
and many other electronic devices,
where they should be very useful
because of the small size, and speed
of action,”

If these plans work out, the lamp
of the future may be a speck of metal
the size of a pencil-point which will
be practically indestructible, will
never burn out, and will convert at
least ten times as much current into
light as does today's bulb,
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Laght of Hope—-
Or Terror?

The present and potential uses of
the laser—a new kind of light ray—
sound like science fiction. In fact,
the tnvention is one of the most
amazing accomplishments of our time

By HarLanp MANCHESTER

. OnE eveNning last May, a
; thin streak of red light
vty shot through space from
/ the roof of M.I'Ts Lin-
coln Laboratory at Lexington, Mass.,
hit the moon (then 250,000 miles
away), and bounced back to an in-
strument which recorded its pio-
neering round trip. The light came
from a new kind of electric torch,
called a “laser,” which emits a slen-
der pencil of regimented light unlike

Hanrtano Manchester, a Roving Editor of
The Reader’s Digest, has specialized in re-
porting developments in the fickl of science
for many years. His latest book, Trail Blazers
of Technalogy, was published last November
by Chales Scribner’s Sons.

anything known before. The beam
of an ordinary searchlight aimed at
the moon would fan out 1 a circle
25,000 miles wide; its reflection
wauld be oo faint 1o record. The
laser beam made a dot only two
miles across.

Laser stands for “light amplifica-
tion by stimulated emission of radia-
von.” Its invention is one of the
most exciting events of this century.
Since the new light first appeared
three years ago, some 400 firms and
universities have launched laser re-
search projects, and an estimated 30
million dollars was spent last year in
experimentation. Sull in its carly
development stage, the laser prom-
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p-n junction light-emitters ) B,
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LEDs and laser diodes (LDs) 1) .

LED D
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Early IlI-nitride LEDs ) e,

RELATIVE INTENSITY (Arb Units)

Ny =

Sopphire
substrate

\\\\\\\\\; Po * J. Pankove and H. Maruska at RCA Laboratories in
‘c3 i3 1968-74.
* First vapor phased growth of GaN.
\ * Produced near blue emission
& ssLs
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IlI-nitride breakthroughs
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Renewed interest in late 1980’s, but there were three problems to be solved.

1. No GaN substrates.

* Néddsakeand hbvwAtoaggrow on lattice
cesmoaistinatd d Uhetestiey.er growth on
sapphire producing lower defect
density layers of GaN. (1986)

[ro1c] f101210]
GaN Sapohire

o b 8 "o :
et I (12103
B4 | I < GaN
-1 0 o0 ® o 0 B—
2 ! | T | (10701
o | | Sapphire
O, © Q Oy
o T o” o,
|$T
®:GaN
O Sapphire

(1) AIN buffer laver

————— a-Al,0,
(2) Nucleation of GaN
AR A R
{3) Geometric selection
L . B I
1 = Gah

i

(4} Island growth
i
LS

’ ¥
Lo \- 2
’r A B |

T—
R

(5) Lateral growth Trapezoid crystal
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WEAIA

Dislocation

(6) Uni form growth
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el
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Fig. n. Schematic divgrams showing the J__lL'I“[h pr ocess of
GuN on the AIN buftfer layer as ihe cror ciiomal views
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l1l-nitride breakthroughs ) 5.

GaN substrates!
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l1l-nitride breakthroughs ) 5.

Renewed interest in late 1980’s. But there were three problems to be solved.

2. No p-type doping.

« Mg doped GaN was not producing p-type s| s Ambient
conductivity. Why? @ N, Ambient

« Amano (1989) showed ion irradiation
creates active Mg.

Resistivity (Q2-cm)
I

- Nakamura (1992) demonstrated that 10|
Hydrogen was passivating the Mg o
acceptors .

0 200 400 600 800 1000
Temperature ("C)

Y
W =552
! 11




Sandia

l1l-nitride breakthroughs ) 5.

Higher p-type doping.

107 ¢
1 IngsGageN
e 5 p =0.05 Q-cm
E— 10°} - U =6 cm?/Vs
s S p=1.7% 10" cm?3
J
J. Crystal Growth
10” 221, pp 269 (2000)
Q
1017

0 5 10 15 20 2
Indium composition (%)
M. Moseley and A. Doolittle, GA Tech
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lll-nitride breakthroughs ) .

Renewed interest in late 1980’s. But there were three problems to be solved.

3. GaN emission is in the near-UV, not the visible.

* Need to learn how to grow lower energy
InGaN material.

« Nakamura (1995) demonstrated blue LEDs
with ~10% quantum efficiency.

Conical 14 nc
Quartz .
Staintose TUP? IR Radiation p-electrode —__ nk R.T. oo R.T.
Bt~ p-GalN — @sQW £ fi-20ma
] L Hys NHg+THG p-Alg;Gay,N— 0} (b) SQW =
Atating. ::-:T:'] i ln“(}a.sn? e blue LED ]
Il B i 0-IngGanesN E st g ) DH
n-Aly ;Gag N n-elecr}rode § .gf 50 blue LED
Exha "::I_ n-GaN — 1 £ 6 g
o GaN buffer la £ () DH =
'S‘uhlln: YEr g . blue LED :
M 2 lain Flow -
o 2¢ ! lHZ:‘NH;:TMG =
4— ~*— Sapphire substrate — 2t 0 , N . ]
[ Substate ]
350 400 450 500 550 600 650
b ] L 1 1 1
0 20 40 60 B0 100 Wavelength (nm)

Forward Current {(mA)

S. Nakamura, et al. ALP, 64, 1868, 1995. ‘
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Anatomy of an blue

lI1-nitride LED ) i,

p-GaN
! _ p=-AlGaN
quantum wells (active region) =
n-GaN
sapphire

p-bond pad Spreading/Absorbing
l } é ITO p-contact

| / n-contact &

= bond pad

quantum wells = |

n-GaN

' s

sapphire Al back g S

— reﬂeCtOI" / 14




From indicators to illuminators =

Smm LED:
Epoxy encapsulation
~0.2 mm x 0.2 mm die area
20mA max operating current
10’s of mW of optical power.

l ~2000
/ Photon

High power LED: wiype galum
silicone encapsulation el
~1mm x Imm die area
700mA-1A max operating current
~1’s of W of optical power.

Photon

p-type gallium
nitride




Thin-Film LEDs )

air
«Silicgones

n-GaN

p-GaN
Ag mirror/contact

Philips-Lumileds

= Most LED manufacturers use the thin-film design in their high end chips.

= Chip sizes are “1mm x 1mm or larger.

1

= Provides high extraction efficiency ~80%. @ e

16




LED Extraction Efficiency Over Time (@&,

90 r
Thin Film Flip-

~80 - Vertical Thin =~ Chip & fsmoreonas
S Flim
> 70 -
c
§oo T Fieche(g) e " Comentona,
i 50 ¢ Conventional Substrate+ITO)
c Fllp'Ch|p (AI) V'S Ch'p (Patterned Erasasasases
240 - Substrate)
O
© .
£ 30 Conveptlonal
w chip |
._5, 20 _ . é é ITO p-contact
~10 =

O T | T | T |
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White LED Options i)

Laboratories

Blue LEDs + yellow phosphor TS
* Blue LED + yellow phosphor Combined

Spectrum 4
Spectrum

\

* Simple

* Decent color rendering (R, ~ 75)
ot S

e Stokes-shift loss - blue — yellow 470 525 590 630 (mm)

UV LED + RGB phosphors

e UV LED + RGB phosphors
* White determined by phosphors

UV LED

Spectrum Combmed

Spectrum

Phosphor
Emission

e Excellent color rendering
e Stokes-shift UV — visible colors

= =
710 S 0 mm)

* Direct— RGB LEDs
e Potentially highest efficacy
* Very large color range
* Most efficient — tunable white

Blue Peak Red Peak

470 525 590 630 (nm)
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Efficiency and cost over time )

1
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LED Retrofits

Lamp Type

Its
non-weird

S h a p e e m it > 1 Energy Consumption
non-weird | coor0os
Iight. ’ b ? Lamp Life

Beams

Form Factor

CREE& | LepBULE

CCT

CRI

Beam Profile

TYPICAL HALOGEN

12 Watts 50 Watts
2320cd (Premium); 1900cd (Vivid) 2400 cd
25,000 hours 3,000 hours
10°,14°, 25°, 36° 10°,14°, 25°, 36°
ANSI ANSI
2700, 3000K 3000K
80 (Premium); 95, R9=95 (Vivid) 95-100

il L
I 1A

PHILIPS
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Comparison of lll-nitride LEDs and LDs
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Color rendering of a laser white source® .

Incandescent Incand L1 40%
white light object reflected light human eye color recogmtlon
LWL o /N ‘(orange
AVAS . S
V¢ ' —— o
(4] - c
o o o M \L
g x 9 @ = Cones compared:
o | = g , L-M, S-(L+M), L+M
wavelength = wavelength wavelength 8 wavelength
" 200 500 600 700 - PEEETESD
Wavelength (nm) 2 % %" 5 = 3 2
A. Neumann, J. J. Wierer, Jr., W. Davis, Y. Ohno, S. R. J. Brueck, and . . g = g .
Optics Express, 19, A982, 2011. Laser ; Ref
 Only slight preferences when comparing LD and or Ref | rcierence Re

traditional sources. “? SSLS
- LD white is a good color rendering source. Why? BJ EREC
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High Luminous efficacies of radiation @

__ 450 14
% | FWHM=306mm
= 400 H 1
g E 1.2
9 2 |
T 3 0.5
T 350 -
¢ |
% i 0.8
g 300 2
g 83
E 250 & 04 “
-
2 83 1
= J
3 200 0 : . : :
0 20 40 60 80 100 120 400 450 500 550 600 650
Full Width of Half Maximum {nm) Wavelength {(nm)

= Spiky sources give highest luminous efficacies of radiation (Im/W)
= Red/yellow power varied to give CCT=3800, Ra=85

W %’%}%




LD has improved directionality

0
Useful

flux

LED

Source
area

FlRprk
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Laser diode micro-projectors 1) .

engadgeiﬁ‘
NEWS REVIEWS FEATURES GA

Google dreams up tiny laser prOJectlon
system to oontrol Project Glass

By Sharif Sakr posted Jan 17th, 2¢ 8:00 AM 120 @

* Probably many other applications for
directed light.

* For example it could enable Pﬁ sSsSLS
novel luminaries. ‘ Eﬁﬁ@




Smart lighting )

“2"d Wave Lighting: Smart and Integrated Illumination and Human Health, Well Being and
Feature Rich Displays Productivity

¥ ::_.;__r

g !Eﬂ," Iy
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active braking
message

<
~
~ S
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~
\\
N
D
3
., \\

.
relay message ™~
fo next car

Agriculture Communication Light-Field Mapping
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Arrays of different lasers

GaAs
AlGalnP/GalnP emitters Substrate  A|GalnP/GalnP emitters

e Solutions consist of
modulating the laser light in

Laser emission Laser emission
Space or freq UenCy. (a) Standard (evenly spaced) (b) Modified (unevenly spaced)
& ssLs
H EERE
! 27




Sandia

LD white examples )

2005 Nichia *~ -~

- 2012 BMW

d&z

‘ headlight

Fiber light

# S5
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Efficiency and cost comparison of LEDs
and LDs
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Il-nitride LEDs vs. laser diodes (LDs) (&

LED more LD more
~4

) efficient efficient A~450 nm
€ 0.8 A, >
2
.2
£
L
c 0.6
lg
2
2 04 |\ Lumileds LED I

| sram
§ \K . Valley of droop _~
% 02 '.:.' /
Q.

0

0 5 10 15 20 25 30

Input Power Density (kW/cm?)

air _
Silicone =

n-GaN

Ag mirror/contact

contact

GaN substrate
contact

LD

i-GaN

e After threshold LDs are not affected by efficiency droop.
* LDs are more efficient at higher input power densities.
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The LED is the ultimate lamp ).
... but a lll-nitride LED is not perfect.

| s |

1.00
0.75 Blue Rebel LED

T Lt '_ 0.50 TN
ani| 0.25 // ~

Uyie RIS L 0 Cum e e e s u\"n

4) Extraction 1.00

0.75 .

/ N} Text

0.50 Fraa
025 / Ny

10° 10+ 103 102 107" 10° 10' 10°
Input Power Density (KW/cm?)

b - - "
= C7 wg 8y By s
Yoot v,

Efficiencies

@ ssLS
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LD efficiency deficiencies
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o]

[ >‘1.00 @) blue LD

c o

3 5050

= =

o o 0.25  — ——

E 0 L -
w 1.00 ———
c
% 0.50 7.\/\:71“*:

L 0 Nrad
100 101 10° 103

Input Power Density (kW/cm?)
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Future Efficiency of LEDs and LDs 1) .

Now Future

1.00 M amaws [ 3 20 i 1. Increased active layer thickness:
- Rs 0.25Q | 0.025Q |
2 next 83% 96%
2 0.75 [ |orientation| c-plane | m-plane | i E
9 :
2 0.50
o
g : :
S 2. Reduced series resistance:
5 0.25 F
3
4 : n-GaN <

0 il ouel v o s ond o p-GaN

10° 104 10° 102 10" 10° 10" 102 10°
Input Power Density (kW/cm?)

Ag mirror/contact

3. Increased extraction efficiency: 4. Non-c-plane orientations:
air N o5 [ ' T (a)l
Sificont " 'x . S 00 -/—S(}(T.{]:':H: .
. 2 4 - N — 0.5 A, c-plane ] py
n-GaN n:g 2k "_ Semi-polar m-plane f:-.f

§ 30 A/:A;_—A—_ 1

Ag mirror/contact

320 20 20 60 . ssLs
Distance (nm) i EERG
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Future Efficiency of LEDs and LDs
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Now Future
1.00 Rs 3 20 i 1. Decreasing optical loss:

Internal loss| 6/cm 1.5/cm |i
§ modal gain | 235 94 |
o . . _ _ .
S 0.75 orientation | c-plane | m-plane :
E
w
c
2 050 GaN substrate
o contact
>
c . .
S 2. Reduced series resistance:
« 0257
(%
; i
o
o P

0 e R R R R AT R
10 104 10° 102 10" 10° 10" 102 103

GaN substrate

Input Power Density (kW/cm?)

3. Increasing modal gain: 4. Non-c-plane orientations:

60

-
c?ntact & 40

E 20 i semi-polar

' g f c-plane
GaN substrate 0 : - ssLs
contact 0 2 4 6 8 10 Hj EE@@

Current Density (kA/cm?) ’ 34




Economics of LEDs and LDs =

B

« Assume operation is at peak

efficiency.
* Input power density is different for
00 _ _ LEDs and LDs.
' « Two different input powers will
9 drive chip size and cost.
o 0.75F
°
E _.-'?"o.
S :
2 050F ;
o
>
[
3
- 025[
2]
3
o}
o : : : 'a
0 FAETTTT BT B T BT | ‘
105 104 10° 102 10 100 10! 102 103 gﬁ' gﬁsﬁ%
Input Power Density (kW/cm?) ’




Economics of LEDs and LDs =

* Assume a simple heat sink geometry.
« Calculate the heat-sink-limited area.

10°
T
s
S 100
< LED~0.14 cm? = 0.37cm x 0.37cm
[}
E
-l
x 103 _
& LD~1.6x104 cm?= 16um x 1mm stripe
f;
I -
10-6 [EERETTT R R ETTT BN RT T M AR ETTT :||||||||I Ll |:||||||I .°-|um
5 104 a05  a02 a0 3 & ssLs
10~ 10+ 10° 102 10' 10° 10' 102 10 gi EERG

Input Power Density (kW/cm?)




Economics of LEDs and LDs =

108 ;
: |
5
= 108
8 . . .
z ~.| * Use the area and efficiency to find the
£ heat sink limited flux.
(7))
8
I

103

108
T
S 10 :
e Two vastly different areal costs.
8 LED: ~S10/cm?
$ 100} LD: ~2000/cm?
<

10-3 Ll L1l Ll L1iunl L1l Ll L1l L1l

o ams s anp A 5 - ssLs
105 104 103 102 10" 100 10" 102 10 gﬂ e

Input Power Density (kW/cm?)
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 The LED is over 50 years old and has come a long way!

* Advances in llI-nitride materials and device designs have resulted in a
remarkable transformation from simple indicators into illumination sources.

« Lasers are interesting because:
« Efficiency droop is no longer a problem.
« High efficiency at high input power densities, directionality, and higher LER.

» Despite the higher cost of lasers their high single chip powers make them
competitive if improvements can be made.
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Economics of LEDs and LDs

102 L1 vyl R ERTTT MRETTT
10~ 10* 102 102 10! 10° 10' 10? 10°
Input Power Density (kW/cm?)

Two different implications for LDs and LEDs:

2. LBD:Chapoquestdtred paalbeféidiermme bhipglosya068 fomets to
e amilyiop{déoultureeatsedRridogies ~S150/cm?
DBy et ouddli bt imos f efieetipe fieiveSthop te chrarlogiesent are made.
Requires 20x reduction over currents costs!

Clear why we don’t operate at peak efficiency. ssLS
Bﬁ\ Ehe




