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ABSTRACT

Improvement of optical properties of LED by

ZnO and Ag nanostructure

By Pan Ju Choi
Advisor : Prof. Min Ki Kwon, Ph.D.
Department of Photonic Engineering

Graduate School of Chosun University

GaN-based light-emitting diodes have attracted extensive interest for
solid-state lighting due to high brightness, energy saving, long lifetime, and
environmentally properties. However, the luminous efficiency of LED is still
low for application. One of the current major issues for conventional planar
GaN-based LEDs 1is low light extraction efficiency due to total internal
reflections within a limited escape cone due to large refractive index
difference from GaN to air. Several methods have been proposed to enhance
the light extraction, including surface texturing, patterned sapphire substrate,
chip shaping, and photonic crystal. On the other hand, the proposed surface
texturing methods involve expensive and energy consuming processes, long
fabrication times. In addition, conventional GaN-based LED is the use of
non—conductive sapphire substrate because it causes the current crowding
near the p-contact by lateral carrier injection. To solve these problems,
indium tin oxide (ITO) has been widely used as the transparent conductive

electrode in GaN-based LEDs with advantage in high electrical conductivity
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and high optical transparency, but ITO 1is costly, and shows the poor
transparency in the blue and ultraviolet range and instability in the presence
of acids or base. Therefore, there is a significant need for a novel electrode
material that can replace ITO.

Recently, ZnO nanostructures grown by the hydrothermal method have been
investigated widely to enhance the light extraction efficiency of the GaN
based LEDs, because this has advantage 1in cost effective and
low-temperature  process. However most research based on ZnO
nanostructures for LEDs have focused on enhancing the extraction efficiency
of the LEDs. In this study, we will experimentally and numerically
investigate the effect of the alignment of ZnO nano rod arrays (NRA) on the
light extraction efficiency. To investigate the effect of the alignment of ZnO
nano rod array on the light extraction behavior, we grow ZnO nano rod array
with almost same parameters, like density, diameter and crystal quality, at
the same level. The ZnO NRA with two different inclination angles, termed
vertical and flower, were fabricated by the two-step hydrothermal method:
forming seed and main ZnO NRA. The shape of the ZnO NRAs was
controlled using the seed layers. To grow vertical ZnO NRA, the seed layer
form by dipping the substrate into 0.005 M Zinc Acetate dihydrate dissolved
in Ethanol at room temperature for 5 min while to grow flower shaped ZnO
NRA, the seed layer form by dipping the substrate into 0.005 M zinc acetate
dissolved in DI waver at 90°C for 5 min. After forming the ZnO seed layers,
the main growth for the ZnO NRA was carried out in solutions of 0.05 M
zinc nitrate hexahydrate and hexamethylenetetramine at 85°C for 60 min. The
numerical analysis based on two-dimensional (2D) finite difference of time
domain (FDTD) method shows that the extraction efficiency of LED with
bare (without ZnO NRA), vertical ZnO NRA, flower shaped ZnO NRA is
37%, 609, 49%, respectively. Current-Voltage characteristics for all of LEDs
are same; however, the optical output power of LED with vertical ZnO NRA

and flower ZnO NRA is improved by 50% and 30%, compared to that of
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LED with bare, respectively at an input current of 100 mA. This
enhancement is agreed well with numerical analysis.

Silver (Ag) nanowire based transparent conducting electrodes have also
attracted significant attention for their advantage in high transparency and
conductivity and low cost fabrication. However, there is no report on
characteristic of LED with Ag nanowire transparent conductive electrode. In
this study, we demonstrate the characteristic of LED with Ag nanowire
transparent conductive electrode deposited by spin coating method. With
optimization of deposition condition, silver nanowire TCO has a sheet
resistance of 30740 Q/sq and an optical transmittance over 90%, which is
similar with characteristics of ITO. The electrical and optical characteristics
of LED with Ag nanowire transparent conductive electrode are comparable of
those of LED with ITO.
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o F2A FA L WY AY 5 2

%
AZ A8 100%7F oA i glom §& /MAS e Be A7t JdgEa 9l

> number of photons emitted from active region per second Pt/ (hv)
int = 5 T : =
number of electrons injected into LED per second I/e
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2. Patterned Sapphire Substrate(PSS)
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Mormal LED Venus spistar
|

ALO, Substrate AL, Substrate

B Logrering Total Reflachon Effect
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19 214 n-GaN %4 A&7 7|4«
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4. ZnO Y= +Z%
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5. Photonic Bandgap Crystal (PBC)

PBC 7|2 =480 v& 725 F714 2= WEF SR Photonic Band gap &
st Wol 7Hd F# gl YA dHE FESH Hol FFEF &S Eole W
Holt}, F714Q0 Fx2E As7] sl dubd oz E-beam % hologram
lithography &7 % 217& 9 ICP sA ] €8sttt a1 2162 F44 LED ¢
Tx R old &3 54 P ARE KT

of wf, Ho] F FF &L FAA T g3 F5 HAW ol & AT AF
Aol AFAor Sol7bA p-GaN F9 A71% EAS Astets wAxel Aok A

7149 54 e A we =l Agsa gy, Y]

3+ —n— o patterming
St —s— PCWG
; 8 g
> e PCLG
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; %
a i‘

PL intensity (a.n.)

480 BO0  BZ0  B4D  BED B8O

13 2.16 Photonic Bandgap Crystal®] +%¢ ol& &

o
-
!
-
fol
o
)
oz

_18_



5. PNS (patterned n-type GaN substrate) 7| &

S QoA A3 n-GaN EH ARA7] 7]E A n-GaN FTHo| o

PNS 7]|&<
A FHE 2= FRAE F45t= AFE 28 n¥ GaN 5 W4 SO,
Nano7ZE AYFo=Z YR Ao 9438 T3 #F= 58S =ol
71%olth. Si02 Nano FFE= U] ZHEo] e RES XA Ho
e

Wol WiRol A AW w ke Tash BAEe] o] B
217E 48L At

L/

I M —

ALD,

« Lol 9242007)

— Intemal Scattering Foint in n—Gal Ti%0x Hano—Tods)

19 217 PNSE ©]&3 LEDY +%
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A3Y AddWy % 2%

A" ZnO Y= FZ9 4% LED % & && 4
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1. ZnO Y= #+F% A HF

/n0 Yx=7x25 A7 98 714 WY 5 <9 T4 ¥ (Hydrothermal method)
& S B2 A9 AFHAL Ak L ool HE HolM vE FAEC HlE o
A 7HA AL lom, A2oA A 7hsdkal, damage-free 3ol 7Hs3dt7] Wi o]
o} 11819202122

7n0 Y725 AFA7]17] Yl = Seed layer’t Q2 34|, o] Seed layer?]
A ZnO Y77t & ARE7] flste] #e 2e 985 st= Aotk Seed
layer 94 449&A W (Hydrothermal method)2® A% Al7]H, Flower % Ejg}
Vertical(rod) @El7}F A2 th24 A3 dt) Flower d &9 Seed layer= DI water?]
7hE S 3AEte] Q=R E 7tdate] A A7) AL, Vertical(rod) FE Y Seed
layer= DI water’} o}d  Ethanold] 3A3sle 22 2% &+ Room
Temperature®] Z71o|A FAA 71 1 o5 w9 A4S Zn0 Y=g E AFA
71 WS AR TdstH, 8ol 1A7bES PH 6775 FAAZIEA 43 A7
o A3 el oigk AlFAS WES £ 3104 BojFa

rir
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Flower Vertical

0.005M Zinc acetate
dissolved in DI water

0.005M Zinc acetate

Seed layer

0.05M Zinc nitrate hexahydrate and 0.025M
HMT dissolved in DI water for 60 min at 85°C
(PH:6~7)

¥ 31 ZnO Yx=+% 44934 ¥ (Hydrothermal method) &7

FAFAdI ™A o3 JdE vertical ¥ flower 2% ZnO nanorod @ 2 %W

H 3104 BolFa vk "M (a)(c)ell sk ARl ZnO
rod®] W} FHO ARZlE BAFaL Qi (b),(d)l s Fate= ARl ZnO flower?
g 3 ARRS By Fa vk AAE vertical B flower 2% ZnO nanorod
o] A& (Diameter)2} Zo](Length)¥ 80nm+20nm, 800nm+200nmzE Z+z A% ¥ A

=
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2. FDTD A A

¥ FE EES aedor AAS] Sade vEd A A dRiEe] ey
of gt} o]y FAHAA HHE T EAQ wHEZA Hds U (Plane wave
method), A1+ < Az PE Wy
(Transfer Matrix method)s©] 3t} ¥ AtoA = FDTD AAE vtgo=z 3§ 3
At FDTD WH2 &4 3 5 &8 737 9 7= AAd slojA 718 d
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Thickness Refractive Index Diameter & Length
n-GaN 4um 2.5 -
MQW 50nm 2.5 -
p—GaN 150nm 2.5 -
ITO 100nm 2.0 -
Zn0O - 2.0 80nm & lum

¥ 32 FDTD AlEdeolAdS 9t s

LED® +%Z A3 T pulse 9 TE mode 9 EA4S 2= source & AFatgih
q

EDe|lA TE mode’} &

-

TE polarization®. 2 A 3k o]f+= InGaN/GaN MQW

f

#oz Aga] et au, sAvtes W 4T 4 i Receivers
D3th Receivere= WEH 2SS 5AHT + A& BE Receiver(l) ¢t =4 E Aol
O3 ThA] "AlEo] Eol o= WS =AE 5= 9l= ¥lAl Receiver(l)E ©okth (19

3.2)

f Emission receiver

1
S / | IJ

- -
————————
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Plused soirce

Reflection receiver

a9 32. FDTD A& olAS $13% LED2| A=
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Light intensity {arh. unit}
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2 12¢e] ZnO nanorod
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3. gukol & A%

LED Tx% Abgtelo] 7]gk9le] MOCVD 93] 4% = Arh. LED= 2um 7
A9} Sio] =3 GaN F34 MQW &4 %2 InGaN/GaNZ 5575 7FA L Q)
om, 0.15ume FA Mgel =38 GaNF o= o] Fox Qdrt. Mge] =3+
p-GaN¢ AF(Hole) ¥E+ 3x107em * & 7}Atvh p-GaNZ=< Inductively
coupled plasma(ICP)E o]&3to] n-GaNZ=7+# A171S &9tk p-GaNZ= o+
Indium Tin Oxide(ITO) FHA=FS £33, e-beam evaporations ©]-83}¢]
Cr/Au® n-pad¢ p-pads S2HAZT. 1 5 SkellA A3 sAFAAR =4
S =2 LED9 #Wflel ZnO Yixe7%9 & A% AT 1A ZnO flower?
= Zn0 Yx=1%FE A A 7]17] ol Negative PRE =¥ A|ZA 1L Mask=
o] £-3}o] Photo lithography S &3 Agdoz A= FES

= AAY 2 e ZnO seed layer ¢ ZnO Wl Yx=tZS A A AL} 314
Wt 7ZnO rode] FE:= Seed layerE A% AZ w, EthanolS AF&37] wjiol
PR3} Photo lithography &3 & Al&€3FA &L, vl2 ZnO seed layer$t ZnO H|

—

¢ HegxE A ARG olF2A A7 GaN 7wk LED®] 72 &5 HolF
39tk ¥ 35 (a)v ZnO Yx=727F gl €942l LEDS BAEE HoF
a e, (b)eke)e= 242 ITOM O Adexew 2 Ze7kA s 2 JE4

7ZnO nanorod¢} flower = %2] ZnO nanorodE X o] 53l Ut}
HEHo2 e 54 AEE ZnO nanorod®t flower 2 %2 ZnO nanorod
o] ¥ SEM ARZE 17l 36904 RoFa gt SEM ARlo Al Ho] o]
ITO FHAFHe F+ 72 BF Addxo=z & 74 oS 9T + 3l
th o714 29 36 (a)E & AE%E ZnO nanorod’} LED 3% o A&H
BHola, (b flower %2 ZnO nanorod’} LED %W 9o AdH 4SS
Ho]Fa ) ZnO rode #W AA 35 & AGEHAA Jdv BEEFES

, flower %< ZnO nanorodt H ] HolA e EFS HolFi g
t}. ol flowerdEHIE P3| wiitol 724 AE¥ ZnO nanorod¢} =

4@ 278 24 @) R B 5 9
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a9 35 LEDC AZEFZ (a) w/o ZnO, (b) vertical =% ZnO nanorod , (C)

flower =% ZnO nanorod

a4 36 ZnO YxxE EFsh= GaN 7|8k LED®] %W SEM o] || A]

(a) vertical shaped ZnO nanorod, (b) flower shaped ZnO nanorod
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A24 Ag nanowire FH A=

AurAel LEDS % 54 @4 BARS 9o7E ® shte] A8 LEDE:
Abstolo] Jl@e ARgEHEEl, of Alvtelo] Jl@e H A4S uehju p

Abol7b Z47ke wiiAbe] TR AbE] Al A S50 fAFHe A &

— [PrCUMBT p-contact
}(‘nnmcl & p-layer
n=cganitait . g resistance
: Fr pivpe e |
-_' Gt eetE LTI, 1 2 J'_;m'tﬂn-- - ¥ }Vahage dl’ﬁp— "‘i
L))/ o |}
) Eoh e Clerrent fow +..-""- le i >l d\f;—ll-\uycr resistance
- »  [Inselating |
=0 1 direction sutrstrate ._,./:;"
"
-

Iy 38 A 719 flel AAE wAE GaNAl LEDO A9 current crowding
I ndH pd FY AT, pd AF A, pn HEFES HEHE oAl Hole
2 F4d 5782

olg]gk, FAHS #fZAst7] Y9ste] indium tin oxide(ITO)#tE FHASS pd
o Qo] F2sle] AFEEUE ITOE W74 Ao $-438ta T3 % Fix

-

Histe] AF 2y FAE AT & de= AT

= AA" ITOE A3 34 520 Aw9 F87F 3479
140l F%538A H3dtk 3 ITOx Ultraviolet 4 <

7F dojubm 4k 7] Tl =EA F3A EQMEAS Zheth
ITOS A4S HAs7] AAste] ofe] ZgolA Al 248 37 A AT
£ &hal, vixAQl Edo] Graphene(ZL#¥)o]t}. Graphene< High mobility,
Thermal conductivity, High optical transmittances 2] ©]Hg 7}A 1 7] wj&

of ITO utiAl Ed=Z 733 w3 v} sFA| 9 Graphene 9A] #-2 Sheet

R
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Resistance®} p& GaN$} work function®] ZFo]2 <13}e] Ohmic contact®] &4
e Yetdlar ok o] £AA-S LEDAA 714 54 9 3 §&9 Ast=
EfubAl g 220

—n v g

Wavelength (nm)

2% 39 indium®] 74 WEA 2 sge] wE 110 ¢ F3=

B oAt E gugd 2450 ITOZ YAlsts 242 A2dm JAT
31001 ®elE ZAAH ITOS Hls=dt d7]14 543 =& F3% Ohmic 3
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% [
to o o
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Wavelength (nm]

a9 310 & yYiefeld] H=9 age mE F3xE U SEM o]H A
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1. Ag nanowire 8 A F A Z

>|'ﬂ

< Histolo] FHASS wa7] AshM 05wkhE M= FrdtedlE Fvhe
A 2o Al Fufste] AREEATh Aol A= LEDO| & veotolo] B
& ZXstr] flstel 2A5" WS olE shlth
A WAZ ITOSH H|5:3 Sheet resistance® ZtE & UgololE 7] 98}
o] Glass #1° o2l 7HA 293" 315 Fto] 2SS 14 83l
35% ITOC A& ghat & vpwsfolole] A kg w57 98]

H2= 9 Al g@ 29 29 203 S48 2 vestelo] A W AP
EMQS HoZT) Glassol & Yislolo] FRANS ZuFE E¥S & ~FF
S AlZ sta, A 2@y e] B F ol of 50TAA 123 AxE AAT
W gl5e Ak 2y F oA m¥ske] 2w =9 @ 3ol

ITO/Glass 25 ~ 35 Q/sq CH2l:Q/sq

Spin-Coating Speed / time 1ltime | 2times | 3 times

300rpm (5s)
500rpm (10s) 38.0 1517 10.2
1000rpm (5s)

300rpm (5s)

500rpm (10s) 67.8 @ 20:2
2000rpm (5s)

300rpm (5s)

500rpm (10s) 103.5 e 459
3000rpm (5s)

500rpm (5s)
1000rpm (10s) 315.7 156.4 S8.7
500rpm (5s)

500rpm (5s)
2000rpm (10s) 4054 211.0 102.7
500rpm (5s)

K
o,

Glass 9o =24 1TOY WAE gy ~ ZAde) el Glass

A4
Aol FHE & vhestolo] WAZ @

e

¥ 349 % & 4 9g%0°] 300rpm-500rpm-2000rpme] FAS E3dto] 1 yhE
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B AHE obd2 &AME zZteth AE (b= 300rpm(5s) - 500rpm(10s) -
2000rpm(5s) A e =& zE=vh okl 19 3112 A=e A& FE-SEM
FW oHAE HojFEr 19

AdsE wwe] & Yuofo
=

3
Joje] U=y He AL B 5 Uu. AdE”ow
(@A (e)2 245 &

AL
of Fadtt A% B & Uk oYF Aus &
Z

—

ol & pighojof o] sy
golofo] Wm7}p S7h H

t 10 um
a9 311 23 3" 2ddd g vxspolo] £ A5 W SEM o] A
(2)300rpm(5s)-500rpm(10s)-1000rpm(5s), (b)300rpm(5s)-500rpm(10s)-2000rpm(5s),

(¢)300rpm(5s)-500rpm(10s)-3000rpm(5s), (d)500rpm(5s)-1000rpm(10s)-500rpm(5s),
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