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Light Emitting Diodes

v LIGHT EMITTING DIODE (LED)
= Basically p-n junction that are designed to produce light via a process called

electroluminescence.

v ELECTROLUMINESCENCE

» The radiative recombination of injected minority carriers (electrons and holes) in and near the

semiconductor p-n junction.

v’ APPLICATION OF LED
* In & outdoor display

» Traffic signal
= Automobile indicator
= Solid state lighting

= Agriculture
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Light Emitting Diodes

300 Lm/W

0,1 lm/W
\\I/4
= 6/ .,
OIL LAMP LIGHT BULB FLUORESCENT LAMP LED
(approx. 15000 B.C.) (19th century) (20th century) (21st century)

* 40 % electricity savings (261 TWh) in USA in 2030 due to LEDs
- Eliminates the 30+ (1000 MW) power plants by 2030
- Avoids generating ~185 million tons of CO,



A
e LIl
S Gwangju Institute of Science and Technology

Light Emitting Diodes
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Fig. 3 The three basic optical processes between two energy levels. The black dot indicates
the state of the electron. The initial state is at the left; the final state, after the process has
occurred, is at the right.
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Light Emitting Diodes
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Fig. 4 (a) Composition dependence of the direct and indirect bandgap for GaAs,_.P.. (After
Ref. 4.) (b) Energy-momentum diagram for GaAs,_P,. (After Ref. 5.)
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Light Emitting Diodes
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Light Emitting Diodes
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Light Emitting Diodes

White LED 150 Im/W
(Blue LED +Phosphor)

100 g AlRGaR/GaP \d-_k
F +Fluorescent (red, orange, yellow) 116 Im/W
- = by UCSB
-+~ Compact Fluorescent AIInGaP/Ga}“

"« Incandescent bulb  AlGaAs/Galk€d, orange) g ¥

10 GaAsP:N (red)

(red, yellow)

' LA )

« Thomas Edison’s 4
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uminous E fficiency (Im/W)

1970 1975 1980 1985 1990 IVQ\}&ZOOO 2005 2010
Time (vears) InGaN-based Blue LED possible
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Light Emitting Diodes

White Light: Blue + Other colors (red, yellow, green)
Other Colors: Convert Blue LED Light to Yellow using Phosphor.

Blue LED Phosphor White Light White LED
Convert: = Blue + Yellow

Blue — Yellow
)
o Oooooo\
e — o ©
(o) o % o

‘ Yellow phosphor

gﬂg

» Nobel prize (2014) - Akasaki, Alamo, Nakamura : “for their invention of efficient blue light-emitting

Emm—— \
B NN

» Nichia Corp. (1996): Commercialization white LED using InGaN DH blue LED

diodes which has enabled bright and energy-saving white light source”
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Light Emitting Diodes

Blue and yellow LED Blue LED plus yellow phosphor Dichromatic-LED
(a) Di-
chromatic @ @ @
white
source ‘ e Q ‘ . { )
A A A

Blue, green, and red LED Blue and red LED plus green phosphor UV LED plus tri-phosphor

(b) Tri-
chromatic
e |A A A AAA AL
source A % A
Blue, cyan, green, Blue, cyan, and red LED Blue and red LED plus
and red LED plus green phosphor cyan and green phosphor

me G BEUO @0

@

source

www.lightemittingdiodes.com 10
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Light Emitting Diodes

Internal, extraction, external, and power efficiency

# of photons emitted from active region per second B/ (hv)
N; - T . _ =
mt # of electrons injected into LED per second /e
# of photons emitted into free space per second
n i = N . - ) : _
extraction # of photons emitted from active region per second
Hon = # of photons emitted into free space per sec.  P/(hv) -
ext # of electrons injected into LED per sec. I/e mt Tlextraction
P
npower = ﬁ

www.lightemittingdiodes.com 11
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Light Emitting Diodes

"«—2 — Light source

Fig. 5.3. (a) Definition of the escape cone by the critical angle ¢.. (b) Area element dA.
(c) Area of calotte defined by radius r and angle .

» Total internal reflection occurs inside LED chip
» Light escape cone defined my critical angle for total internal reflection

www.lightemittingdiodes.com 12
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Light Emitting Diodes

feseape l{l_[l_‘lﬁﬂ _ L2
Psource 2 2 4 -

* ¢, = critical angle of total internal reflection

* Problem: Only small fraction of light can escape from semiconductor

}DeSC ape . _1 Eairz
o -2
})SOUTCQ 4 nS

» Above equation gives < 10 % extraction efficiency for typical IlI-V
semiconductors

www.lightemittingdiodes.com 13
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Light Emitting Diodes

(a) (b) (©)

Semi- Light-
conductor emitting
{ W region

&
Parabolic LED

&
Planar LED

» Die shaping

@ can change
emission
pattern

* “Natural” LED
has a planar
70°
b surface
- [PlanarLED |\ \ gop
Lambertian =~
pattern
900 900

1.0 0.8 0.6 0.4 0.2 0.0 0.2 0.4 0.6 0.8 1.0

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 occuring at ® =0 °.
The three emission patterns are normalized to unity intensity at ® =0 °.

www.lightemittingdiodes.com 14



A
II B AP S R
S

Gwangju Institute of Science and Technology

Light Emitting Diodes
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www.lightemittingdiodes.com 15
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Light Emitting Diodes

(AL,Ga)InP + window layer

DBR

(a) Thin AS (b) Thick AS (c) Thick AS + DBR

wb pad (Al,Ga)InP

(d) Thick TS (e) Shaped TS (f) Thick RS

16
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Light Emitting Diodes

p—sprider

p-type
n-type

n-wb pad Dpe n contact

p-type .
reflective
tact
(a) Conventional Chip - CC (b) Flip Chip - FC 7"
n-wb pad
; light extraction
features

host
substrate

reflective n-type
metal bond  p-type

p contact

(c) Vertical Thin Film - VTF (d) Thin Film Flip Chip - TFFC

17
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Light Emitting Diodes

70%

60%

50%

40%

30%

20%

External quantum efficiency, 7,,,

10%

0%

High-power (2 1 Watt input) visible-spectrum LEDs

|

In Ga, N (AL Ga,_ ) 521N 45P
™
_____ e (1) V(A) .
- ®
. 3)
2 RG]
(2) o
o
9
T}Z2S°C
350 450 550 650

Peak wavelength, A4, (nm)

Fig. 2. State-of-art external quantum efficiencies for high-power visible-spec-
trum LEDs (7 = 25 °C): (1) InGaN TFFC LEDs, 350 mA (this paper): (2)
InGaN VTF LED, 1000 mA [42]; (3) InGaN CC LEDs employing patterned

substrates [35]

and (4) Production performance, AlGalnP TIP LEDs [9], Philips

Lumileds Lighting Co., 350 mA. V' (A) is the luminous eye response curve from
CIE. Dashed lines are guides to the eye.

Electroluminescence
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« Highly strained InGaN layer

« High internal piezoelectric

field
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» Microstructures for efficient light extraction

a)

p-GaN |
Active layer [

n-GaN |

Patterned sapphire substrate (PSS) % 7 PSS

p-GaN | :
Active layer | Con_ventuonal
sapphire substrate
n-GaN | (CSS)
phire substrate e \ 055055

1.93um

Rubicon Tech. (2014)

19
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Light Emitting Diodes

 Nanostructures for efficient light extraction

20 I 4 I g I ) I . I . I

Top-emitting LED
A =474 nm

Height (nm)

-
(&)
I

n-type GaN

Sapphire substrate

Light output (mW)
o

AgCu
(5 nm)
80r : . 5K Active region —
< /4\&.&1 GaN GaN n-type GaN
:?:" o0F M @) @ | Sapphire substrate
= TE polarization T
- I TM polarization 4 O i
o 40 (1) No coating a . L L ! - L - L . 1
S ()T 0 20 40 60 80 100
20k — .
= [ B Forward current (mA)
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Angle of incidence 6 (°)

« RPI (2007) 20
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Light Emitting Diodes

» Combination of Micro-/nano-structures

(i) Flat surface Angle dependent reflectance

100 -

(ii) Micro-structure (MS)

; ’ Reflection
40 4 R =28.74% J: (TIR)
W= - 5
|‘//\~uH - \‘ 1 9C=17.60

< | 2=633nm
f« /\ . GaP substrate
_ = 91 R= (Rre + Ryy)/2
Fresnel reflection (FR) ;)’ Total
Total internal reflection Q  60- ; Internal
(TIR) [o
&)
Q
©
nd

0 {1 i i il e i i
Reducing TIR 0 5 10 15 20 25 30
Difficult to control FR Incident angle (degree)
----»FEresnel reflection At least ~30 % reflection occurs at any

. incident angle!!
— Total internal cident angle

reflection 21
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Light Emitting Diodes

(iii) Subwavelength Structures (SWSs) Electric field intensity distribution
N
Min Max

\\\. --------- 7 N, Ny, n(x)
*l’}““ﬁ";}““{‘.’\‘:‘?‘”“ Reducing FR
Difficult to control TIR
100 1
A=633nm 2L : :
. go | ©3Fsubstrate 750 e 05 00 05 -05 00 05
S .
s :,' L X (um) RCWA calculation
e 601 1 Internal The electric field cannot penetrate the SWS
3 -\ Reflection region at above critical angle!
E a0l Flat surface : \\ (TIR) /I 9 gie:
R VA 4/ 77 LED with SWSs or graded layer
200 : z - 24.3% (J. K. Kim et al., Adv. Mater 2008)
o7 - 26.4% (Y. M. Song et al., re
_ 6:=17.6 26.4% (Y. M. S ., OE 2009) red LED
0 PR i g _31% (Y.-C. Lee et al., APL 2009)
0 > b0 s 30 - 30.2% (Y. M. Song et al., APL 2010) blue LED
Incident angle (degree) =) ~30% limitation

22
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Light Emitting Diodes

Improving LED output
Opt. Express 19, A157-A165 (2011)

(i) PR patterning (i) Dry etch for MS (iii) p- and n- metal
deposition

© 2011 OSA

High-refractive-index LEDs often

suffer from low extraction efficiency

because of Fresnel reflection and total
(iv) Ag coating (v) Thermal annealing (vi) Dry etch for SWS internal reflection losses. Fabricating
microstructures on the surface of an
LED is an efficient way of improving its
efficiency, but achieving this while also
reducing reflection losses has proved to be
asignificant challenge. Young Min Song
and co-workers from South Korea have
now developed a bioinspired fabrication
technique that uses antireflective
subwavelength structures on top of
microstructures to dramatically improve
the potential light output powers of an LED.
They first formed hexagonally patterned
microstructures with diameters of 2 um
and thicknesses of 600 nm by dry etching

AL PPN, SFIL B, DB O Lo bk

Ag

g Ag NPs SWS on MS
thin film

p-metal”

Opt. Express (2011) Introduced in Nat. Photonics Research Highlight (2011)
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Light Emitting Diodes

Schematic diagram for red _
LEDs with SWS on MS L-1-V curve for AlGalnP LEDs with

SWS on M SWS on MS

p'metal : 13::;“11."_1.:‘1

| —e— Flat surface
—— MS

—o— SWS

[ —e— SWSonMS

12

SEM images of fabricated red
LEDs with SWS on MS

Output power (mW)

Chip size : 400 x 400 um? 1

SOR050 |
2000307 /0x¢ 0 : : : 0
UM 465026904 0 20 40 60 80 100

Ay
5 2ROR0R02050R0 I Current (MA)

The light output power was improved by 72.4% for
the LED with SWS on MS compared to the
conventional LEDs

24
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Light Emitting Diodes

« Multiple color generation

(a) n-electrode 0.9 (a) (b)

’(blue LED) 7 ]520

NS ]

a ~

GaN  commor n-electrode g
Sapphire prelachiode (yellow LED) g -
Bonding“ LED patterning w ol -
*Yellow LED

s — 0.0 T T T T T T T T T
0.00.10.20.304050.60.70.8 400 500 600 700
X Wavelength (nm)

(c) —— 200 um

4 ‘ e
AlGalnP Laser lift-o
GaAs L JL J
— 1 MM

Blue: 1 mA Blue: 1 mA Blue: 1 mA Blue: 1TmA  Blue: 0 mA
Yellow: 0 mA Yellow: 6 mA Yellow: 9 mA Yellow: 12 mA Yellow: 15 mA

GIST, MSE (2014) 25
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Light Emitting Diodes

Multiple color generation

(a)

<Green LED template with mesa structure> <$iQ; mask for regrowth>

n-GaN

<Top view>
apai (top)

ppud
~-pad

m)

<Final Image >

<Cross-sectlonal View>

GIST, ECE (2016)

(23 (b) T T T
ol ABue @Cyanl (@20 mA)
s = « Green mode
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) ST A « Bue mode |
"o _9., .5
z i
< ]
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E b é .‘ R
e X
o i \
/N N\
1 A 1
500 550 600

o8 400 450
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a0
0
2 €63 04 05 08 W7

26



A
II B AP S R
S

Gwangju Institute of Science and Technology

Practical approaches — Inorganic LEDs

Homogeneous Anchors Heterogeneous Anchors

SHltioddn W 2= CRAS/AIAE Sy

< -t PR anchors
: Or<S0I ~ . ,

& [ Seee  /LED or Top Sif
=

Transfer printing

Adhesive
4

Plastic
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Other devices — Stretchable LEDs

Transfer printing of ILED

Off-plane deformation

layers a

m— First use
H = - Sk 43 = After washed
sacrificial layer removed T :

. After picked_up 2
L b '_“.{»\ -

Current (mA)
w

Small (2012) #42 1 Voltage (V)

-40 20 O 20 40
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Practical approaches — Inorganic LEDs

Bendable system Bio-Integration

Hat bent (r = 0.Z5'cm)
input power =22.3dBm input power= 23.4 dBmM*

>

Prim ary con

Multi-pixels and stretchable system

skin covered

outer coils

® Stretched ~8.0% -

2 00 — initial

o stretched
= -0.2]

L

c -0.4

O

3 -0.6] ;

E 0 20 40 60

Frequency (MHz)
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Cellular scale, tiny LEDs for implantable devices

Cellular scale LEDs Multifunctional integrated systems

100 um

Layer #1

microelectrode ™

‘ Layer #2
| Q wIPD

Layer #3
u-lLEDs

lemperature YEVE g2
sensor

injection microneedle Ty releasable
base

Science 340, 211 (2013) #44 30
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Cellular scale, tiny LEDs for implantable devices

Injectable LEDs for freely moving mice

Conventional
Optogenetics

(Optical fibers)

Science 340, 211 (2013)

31
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Cellular scale, tiny LEDs for implantable devices

untrained

Temperature monitoring

Maps of Location in a’Y maze

place
preference

l

trained using
injected, wireless LEDs

Light intensity monitoring

off 3Hz off S5Hz off 10Hz off 20 Hz

— 5.0 mW/mm?
— 16.2 mW/mm?2
— 21.9 mW/mm?

0.12- off Lon ot 4= 0
5 I
< 0.08 0.08 = 00
= =
= =
§ 0.04] 0.04] 3
g ' éqmu-
5 .
= 0.00 - 0.00]
| | I I | T T T T '15‘{}0
50 100 150 200 250 56 60 64 68 0
Time (s) Time (s)

Science 340, 211 (2013)
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i
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Patch-type LEDs for Cerebral Oximetry

Epidermal optic diaghosis

Conventional
Cerebral oximetry

1k
—
o

Nat. Comm. (2014) #53

33
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Patch-type LEDs for Cerebral Oximetry

H-ILED on a textile 1cm

|

Printed system
on forehead

Light intensity

Meditation {  Math i Meditation

0 10 20 30 40 50 60 70 80 90 100
Elasped time (second)

Nat. Comm. (2014) #53

Scattered light in epidermis

Mean
Light intensity

Less Blood

More Blood

Math Meditate
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