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Light Output Efficiency Enhancement of InGaN-Based
Light Emitting Diode by Photoelectrochemical (PEC)

Technique

Student : Cheng-en Hsieh Advisors : Dr. Hao-chung Kuo

Dr. Tien-chang Lu

Institute of Electro-Optical Engineering

National Chiao Tung University

Abstract

The enhancement of light extraction efficiency of InGaN-based light emitting
diodes has fabricated and studied by photoelectrochemical wet etching/oxidation in
the thesis. The fabricated InGaN-based LED structures are treated through micro-hole
array process and photoelectrochemical (PEC) wet oxidation and etching process
using Hg lamp illumination and DI water or KOH solution. We study the influence of
photoelectrochemical (PEC) oxidation and etching methods on micro-hole array LED
structures.

In this study, two ways were used to increase the light extraction efficiency.
Firstly, micro-hole array patterning structure was fabricated on the broad area LED
structures. It can increase light extraction efficiency from the sidewall area of multiple

quantum wells (MQWs). Secondly, photoelectrochemical (PEC) oxidation and
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etching methods were applied to the micro-hole LED structures. PEC process on
GaN/ LED can decrease total reflection angle between GaN and air and also has
surface roughness effect on GaN material. Compared with the conventional
broad-area LED structure, micro-hole array LED structure has larger GaN and InGaN
surface area. It increases PEC oxidation and etching area on LED structures.
Theoretically, The more oxidation or etching area, the higher light extraction
efficiency increases. @ We combined micro-hole array structure and
photoelectrochemical methods performed on the conventional broad-area structure to
increase light extraction efficiency.

PEC oxidation is used to form oxidation layer and increase surface roughness on
the micro-holes array sidewall surface. After PEC oxidation process, the micro-hole
array LEDs were performed L-1-V;'SEM , AFM; and beam-view image measurement.
Comparing with the conventional broad-area L.EDs, the experiment results show that
the light output power of micre-hole ariay-LLEDs and 10min PEC-oxidized micro-a
array LEDs have increase of 1.38+and. 1:82" times at bias current of 20mA,
respectively.

PEC KOH roughening is only used to increase surface roughness on the
micro-holes array sidewall surface. After PEC oxidation process, the micro-hole array
LEDs were performed L-I-V, SEM , AFM, and beam-view image measurement.
Compared with conventional broad-area LEDs, micro-hole array LEDs with 5min
PEC KOH roughening has a increase of 1.51 times at a bias current of 20mA

GaN thin-film vertical LED is fabricated by photoelectrochemical oxidation
method. GaOx film about 100nm thickness is successively deposited on n-GaN
surface. Compared with thin-film vertical LED without GaOx film, 36% light output

power increases at 100mA.
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Before PEC oxidation After PEC oxidation
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Digital Instruments NanoScope

Scan size 5.000 pm
Scan rate 0.5003 Hz
Number of samples 256
Image Data Height

Data scale 100.0 nm

[:] view angle

b .
i;? Tlight angle

i
FY
s

> 1.000 pm/div
s 7z 100.000 nmfdiv

Digital Instruments ManoScope

Scan size 5.000 pm
Scan rate 0.5003 Hz
Number of samples 256
Image Data Height

Data scale 100.0 nm

[:] view angle

b .
i;k Tight angle

I
e
B

®  1.000 pm/div
il z 100.000 nm/div

rms : 15.606 nm
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Hg arc lamp

KOH solution \
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DC current source
> Solution KOH solution (0.015M , 0.03M)

> UV light source 500 W
> Applied bias 2.5V
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—&— conventional
—&— micro-hole array

micro-hole + KOH 0.03M (3min)
—&— micro-hole + KOH 0.03M (5min)
micro-hole + KOH 0.03M (10min)

power (a.u.)

v
0 20 40 60 80 100

voltage (V)

—&— conventional

2 —&— micro-hole array

| micro-hole + KOH 0.03M (3min)
o —&— micro-hole + KOH 0.03M (5min)
micro-hole + KOH 0.03M (10min)

0 v v v Y v T v v v

0 20 40 60 80 100

' 3-12(b) 2.5 % 0.03M EHI=ReY 7 {F Fre s L-1-V [

50



ARk (

TR U204 [T @R =7 84 = AP (VIF-LED) 4

4-1 VIF-LED FCH /1 3¢ ]

IFERERG PUSE A = RS 8T n-side up [URHAE K] (TR T RPRPY p B
B TEFINE T e S AR G F] R SRR S laser-lift o)
A PUERE T USSR 20T IR L U A BN R T EE S B T
KR T E L R o AR PR A n TR (8 e B R
AHAS [ RS RIS A ISR BT UYL T Bl A
TEGIFl iy P gt 1 Pk Ik e pORyt RS 17117 | laser lift off £ Moz
FECKIDR R8T FUAS ISR SRR (ER PR I AR P R > oA R
[RFET= fe FYRR R ST T @ BERPRI B Tl R A O

Fl’ IW{EI% Immx Imm > Eif Iﬁ"jﬁﬂjﬁjg‘éﬁ%: @FEE E’[?H\% ’

4-2 TP SRR PR VLED VA A
[T B R AR B (MOCVD) 1 C-plane (0001) 3¢ ™ S1E 7
R e IR S %ﬂ(sapphlre)ﬁlﬁ ERY R E(TERETE  HFES R 2um U
UID-GaN(unintentional-doped GaN) » # 3 75= 2um §/HFEFY n B & (&

(GaN:Si) » VikF A=< 5 % InGaN/GaN Z g1 &l =+ 2 LL3EA g i f A% = 0. 2um

51



FRGFE D Bl (T8 = MRRS gL T AP fIAdE o N B VIF-LED B B
OB p Bl 8RFIR] Cr > Ag > Ni 278 Tt 350 @}f[ﬂ[ﬁ:’/ﬁlf’?}%ﬁ P R E g
%F[ﬁrf(wafer bonding technique) > 5| FFF#EERL 5 laser 1ift-off
technlque)}{—JE‘?‘* EIRS AR FIRICP dry etchlng}H%W_?& (&A= 1)

FES mesa N B Inm x Imm > =P n-side up [V D AR o &
R FUR BT T RS B (R N RS - e (PR s o 1 3
OB > IR PSR (S Tnm x T = PST IEES
PR E A o T B ESRY Y PPN PR (5 A R
VTF-LED > 591" b 500 51 > S PRESER A0 > o = 787 [l 5 < R R 12
MRS VA T BN Ffﬁ%réﬁ L-I-V’ﬁj‘[‘f_tﬁ%ﬂ F'Fs VTE-LED £% n-side up
R o PN B ok ek rlg’ﬁlaﬁiﬁpl n RS (SR A A= A O
T n BIE AR BRI 100 S F S ("8RJ1E VIF-LED il i

Fske o GIERANE 4-1 5

4-3 WG =R
Beam view A % 2l 53 i R

[Fﬂ‘ 4-2 85 10 %20 53 815 [ SRR B PV beam view SN i 255 1 Jﬁ?ﬁ' »
50 F b B PN AL SR (TS IR P VIF-LEDC [ -S54 9%

o AT [ GO [ (S B IR (EI S0 [ B2 b 2 g

52



PUE) 75059 1 BIE BRI R R L Tk SRR B

K BT

SEM 53 7

@‘4-3 % VIF-LED fﬁ%fiﬁﬁ@ﬂ fﬁJEﬂjFﬁJ%K' (205 "B = SEM [ﬁ‘oﬂénl Eﬁ
EiB2 H[J%Jut 20 538 > 30 S5 84 0 40 & El[ﬁl 5-3(a) ' AITE 20 53 8 S (5
T o T n B (AR R AT 100 %K FIORE " S (WYL w5 Py = (E
o R SR YR < S-3(b) KA 30 YR [ BIR ALV 1Y
P e TR 8 R G RO TIMEAT 5-3(0) FRASH 40 73 S5
(IR n BRSO R [ 4 ke

HURE R RRASEL 175 5 F - Gl LTS RS (el 4 kg -

P L-1-V BN

[l 4-4 KRR 20 S5 @ SIS VTF-LED sl L-1-V BT - o @) Fif
100 T B ™ [+ T 36%3t VI ke » IR LV A L e
A B R O R R tum on FRESHTE 14 PR R
FERfAS T 10 T B o PSR GREPNI VIF-LED o S SEAA s » fe s
FHE{EK laser lift-of)EFEYT (FLAY Y fif [ 7 (wafer bonding)Hf i 155 ) 115 =i

P (OB RIRERE > (AP (TS O PRI SRR A

53



Y VIF-LED STV E =505 (CHPED T @3 g - 23R
T E | TR Y D o [ 4-5 EBAEET 30 55 A [T BIAHAY VTF-LED F3 L-1-V &
TR = 7 100 225 BR W37 219698 HRA el it R FRRTE LV flas
i B I [0 e o S8 R FTSET[T 10 55 A st ™ i (T 36% ™ [ =
21% » RUPFERHIED 30 3 55 1 S [t BRI T [l R A

i b AR G o G U S (R o [ 4-6 FRAST 40 5

G (" BUAE[Y VTF-LED FHiral L-1-V BRI o A Pa iy A > A sk
IR E) A SRR R RN kLR R T ey R R R
RETJFITEE > I b SR T PR 1 0of RSl TPty ™ o (R3S [ PRl P

PRI =g S ARag -] ol T S AR A S [

54



GaN LED

Wafer bonding

gt

GaN LED

5_

/

Si substrate

Bonding metal

LLO

g

GaN LED

Si substrate

55




ICP

Ve i b
T
g

SiO, Passivation

PEC oxidation

\

DD | YT,

[l 41 VTF-LED K FHp (54 [ HIR

56



Applied bias : 10V
Oxidaion time : 20 min

Drivining current: 50 mA

Before PEC oxidation After PEC oxidation

B 4-2  VTF-LED K F<F 505 FIRHET sk 38 153

57



[ 4-3(a) A 20 SYEOAFR (S &R VTF-LED SEM [

NOME

58



power (a.u)

voltage (V)

—e—no PEC
—e— after PEC

20 40 60 80 100

current (mA)

—&— before PEC
—e— after PEC

100

current (mA)

il 4-4 20 53 [ EIPHEREE L-1-V

59



power (a.u)

voltage (V)

45

40-

35+

30=

25

20

15-

10+

Do

O

—@— Before PEC
—&— After PEC

20

40 60
current (mA)

80

100

—@=—hefore PEC
—@— after PEC

current (mA)

[ 4-5 30 534l [ HIAHFEAE L-1-V [

60



16

14

124

10

S

power (a.u.)

6

4d

2

—e— before PEC
—e@— after PEC

O«

20

40 60

current (mA)

80

100

voltage (V)

—e— before PEC
—&— after PEC

current (mA)

100

[l 4-6 40 538 [ HIFHBEAREE L-1-V [

61



EASGE-( ?ﬁ%ﬁ?’ﬁ?%"‘l~@i§§

5-1 ﬁﬁ?ﬁ

Y o A PR SRR A P R T A T L S A
o T AR TR E AR A SRR RO A T S R T
BRSBTS RO PSS P 8 (RIRNR 20 538 -
FIURAEATAR (broad area) 854 = R FATE - o PSR * 20 S BRI - 471 83%
I PR SSR  hy e |RS eo  SU T 91
2. S PR 4 [P K5 0. 03N ErRIRGIES, § 53 811 » A1/ broad area
RN RIS 7 Y 20 B o T S 16T A s -
5 [ BRSPS A e ST AR R T R AR
B~ [0 BT 1 8L OIS SRl O ] - [l < e
FHEFAN > PSR REA T S SRS S R

2 SRS 10 R 5 (T 20 SR TRt
A& AR (VIF-LED) Y n B g2 ("3 or > A9 100 7 A R P (38
ACH 1 beam view ST ATAIEREE L-1-V EHH] > G 100 =25 B - 1]

360 el et o (IR P R R o

5-2 F A

[ VBBV - T [ e (4R [ [N A

62



i F A GHISU L s - (R S e S BN TRPREE
o (et W Ay o YRR U py e R R = 0 A
(VIE-LED)Jffy » F'1A% VIF-LED S E% lmm x Tmm [ ST 40A I n B
(™3¢0 S 0 A 5~ B I > SR B B S SR [ R E
n BIE CEAR > PR RGPV o S et - Y

G HER AR I -

63



2HY R

1.J. W. Seo, C. S. Oh, H. S. Jeong, J. W. Yang,a) K. Y. Lim, C. J. Yoon, and H.
J. Lee. APPLIED PHYSICS LETTERS VOLUME 81, NUMBER 6 (2002)

2. Chia-Feng Lin,z Zhong-Jie Yang, Jing-Hui Zheng, and Jing-Jie Dai. Journal
of The Electrochemical Society, 153 (1) G39-G43 (2006)

3. P. Visconti,a),b) M. A. Reshchikov, K. M. Jones, D. F. Wang, R. Cingolani,b)
and H. Morkoc,c), R. J. Molnar, D. J. Smith American Vacuum
Society.(2001)

4. T. H. Hsueh, J. K. Sheu, H. W. Huang, J. Y. Chu, C. C. Kao, H. C. Kuo,
Member, IEEE, and S. C. Wang, Senior Member, IEEE IEEE PHOTONICS
TECHNOLOGY LETTERS, VOL. 17, NO. 6, JUNE (2005)

5. J. L. Weyhera) F. D. Tichelaar and,H. W. Zandbergen L. Macht and P. R.
Hageman JOURNAL OF APPLIED PHYSICS VOLUME 90, NUMBER 12 15
DECEMBER (2001)

6. Shun-Cheng Hsu, Chong-Yilee, Jung-Min*Hwang, Juh-Yuh Su, Dong-Sing

Wuu, and Ray-Hua Horng IEEE PHOTONICS TECHNOLOGY LETTERS,
VOL. 18, NO. 23, DECEMBER 1, (2006)

7. ﬁﬁz%lfl (2004) E0 ,‘Ej_l\ EB{Eﬁh %jﬁ')‘f—}[urﬁ‘ f4 ‘]?IJ@
9. HHiE (2006) I FA T AP, fE i

10. E i (2006) [ 55U AP L I

64



