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Abstract

With the increasing demand for ultraviolet LEDs, the fabrication of high-quality UV
LEDs has also become the primary work. However, the heteroepitaxial of GaN on
sapphire substrate induces a large number of threading dislocation. These dislocations
become electron-hole pair non-radiative recombination centers, which dramatically
decline the quality of GaN and reduce luminous efficiency.

In this paper, we grow GaN through Metal-Organic Chemical Vapor Deposition
(MOCVD) and introduce its crystal quality by introduce the patterned-sapphire substrate
technology. We use Raman spectrum analysis and etch pit density method to investigate
and calculate the defect density. The Raman spectrum shows a decrease of FWHM from
2.64 (cm™) to 2.31 (cm™), which is about 12.6% improvement, and the EPD method
indicates around 20.5% reduction of defect density. The results successfully confirmed
that the epitaxial quality of GaN is improved with the patterned-sapphire substrate
technology.

Different periods, ratio, and depths of pattern structures have been designed to verify
the trend of crystal quality, and we conclude a complete physics model for the quality

prediction of GaN epitaxy.

Keywords: PSS, GaN, Raman spectrum, EPD, Threading dislocations
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PHEE ERT7ERPEFIE TR FHEFERMIIMP I LT g
Hhjp2lexh+ g2 miEn 5 405 g3 4 o g (5 sk F B A = 45
koo o ko RGBT o B R EOE B B Rk G AR AR S ek s B
R fei A ol it A 2 4 > L2 G Rayleighfitsd § 4otk @ 3 J 0 e
KA~ B ] ek o HE S ] L StokesEr st M I i~ flanti-stokestg bt 0 ip
AIEd o sk ot fl A 2 Ao st & 2 0 @ Ramansk 34 & fe b iE S fAATE &

— Az A s ho@] 2319 o
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Virtual State
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o0 hvy| |hvethvy,
Q
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Rayleigh Stokes Anti-Stokes
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Raman
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0 BRE MR TR EHMET T R Y F O kg
= #% (Raman shift) k & (8 - @ £ & & | &7 = F (phonon) iz £ e 34 o 30 5
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#-= (optical phonon) - + 7&{1 B %% #-% $iC i (longitudinal acoustic, LA) » 2 %_
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shift) » £ = :

w=-——— X231
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|
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Ep-high £ 8 =4 @ % 568.73(cm') » 4c B 233 “ «
F1* Raman & Blfe » & 4oi@ & (7 #4414 4772 ? Raman Shift ¥ 12 & 47 #4145
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Q)F B aldddde » 242 MAF0 addh AR TR THFEITH D
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Main gas flow
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reaction products
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Diffusion through Surface reactions
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Substrate

@B 3.1.2 CVD i+ &% B

3.1.2 T F & #E % ¥u(Electron Beam Lithography)
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B3 4ok st Flpt e A% 2 B2 2R 4xmp L2 kiR s 2 Ar Rk &
FlatsEst™ » T&°P L RR T 5 - & Xapedp(R) 5 B5HE'Y > & P AR 5 347
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Flerfise > TR WAL RE RS 0 B0 G R AGFERRZ R E (L)
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313 &3 & %41 (Electron Beam Evaporator)
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BT ABBIrEE g RIS T AT I hd v B B
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GER R BB S e B BER O HRIELLT FERT S - A

% 5MHz h% ik > @ﬁfuTkﬁMﬁf%w’gﬁ$ﬁm$%ﬁ%’#ﬂ¥
BRLRRY P BSOS o SRR T T R - RS
AT AR A 0 p I B o WL RT3 R

18 doi:10.6342/NTU201903317
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SRS AR ARG AR AL A EPRT S ABBRTRELFSIRT
Fitr T o AT I @RI e 3 EHE > T EEFRG DR o R EAE

hie? TR R T+ LRRE > e AE - X fLHERE DT TERTF R
w2 KA - PR EERAE TR TRREAF BB EF
FRPFLF G LEFRET R ASSE AL TR R IR OEZAR

FedF 2 3x107 a0y b oo B 315 T L 0T R 4Rk S o
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+— Condensed deposit may
oct as o getver and
worb gases.
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N

|~ Gos liberated from
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Gas desorbed from \ \
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AN SANAAN AN NN

Vopor source

Baffle

—)
é— b Some gas moy bockstream
& from the pumping system

To
pumping sysem

Bl 315 7 h &4 5 sipsg
314 F B3+ 4% (Reaction Ion Etching)
RIEZit5 4% eh- - HRM L » BR3P RN T T2 o ¥ 4T

T & 25 4¢ 10~100MHZ % 47 7 & (RF - radio frequency) » s % ¢ & % #F

oo Bengp s & (ion sheath) » 1 * 3 3 R FEPa 22V FF ey
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7
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)
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Ion trappingplate Glass plate
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RF Plasma
Wafer Electrode
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Radio Frequency
Matching

Box S |

B 3.1.6 F g+ 4% 57 B
EZ 0 RERY - BAEHRA T R FeABEET e FRA T
FEZOMERCRMH S RAPGE RN E T 0 B B4R 3.1.6 477 o

3.1.5 Metal - Organic Chemical Vapor Deposition(MOCVD)

Metal-Organic Chemical Vapor Deposition(MOCVD) » & 53 i i #* 3048 & =

B~ BT E R IR R ERE - A 2 > Wy
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321  Scanning Eletron Microscopy(SEM)
BAFF S XEMAL AL AP AFEY L0 WA S B
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i

AT R iR O B o B ALk B A

P

;v 3.2.1

B UL R BES et ) o TR R4 A 5 A F)300nm 2+ 0 B RB IR
Paflfedd > AFHFTRYNUTIAATFLIALR R RZFHNT S Bk
(Scanning Electron Microscopy, SEM) o
4 Abbe’ s equation
T
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Raman %3 R EH > L& F (- )F SLR (Z)F R 02 REEE (2)
Ak s (m)WRIER > @ AF B E 4% HORIBA 2 7 9 T64000 3 & k2%
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[1] &% C-plane(Top C-plane, TCP): d E-beam lithography % &% 7= 475 [
3339 % 22 R o

[2] o (sidewall): B4 %] ST p EF FAKF P Adbo > B 3337 4
fEp 2 % (F 7 )

[3] &% C-plane (Bottom C-plane, BCP): — ¥ #p p “$ 7 TCP £ sidewall 2. H
# ®E Bl 3337 Lf2Aon oo

[4] ¥ (Period): = &75¢ wELE ¥ — #RiT= 4357 & B2 JEHE > 4o
33.1 ¥ Z8AToT o

[5] TCP + %] (TCPratio): TCP = & 256 #% (B 3.3.1 2 E4) &3k T = 2L
b o

[6] #& (depth): EF % A Gd BRE% 2 F HiFA > & Focus ion beam
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AR FIEE A Y TCP W b~ FAR B 6 # ¥ GaN &
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e

0
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G AR ETE PGP AL ECE > T A
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078 5710 078 5710 0.78 - L S 1671.0
P14 =1~ - BN
052 570.5 052 E—EE—8 (5705 052 " 5705
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0.00 5695 0.00 —_— 569.5 0.00 569.5
130 ——— 572.0 1.30 §720 130 g 5720
.ll"._“-é. ] —n
P20 104 - m—nm EEAERRY S L 5715 1.04; o —Sf-m a 15715
0.78 571.0 0.78 571.0 0.78 - 571.0
= ™~
0.52 570.5 0.52 570.5 0.52 .\ 570.5
L]
0.26 570.0 0.26 570.0 o0.28 570.0
0.00 569.5 0.00 569.5 0.00 569.5
PSO 130 = g 5720 130 572.0 1.30 572.0
104 - g—m—o! __._.71 1571.5 — [
L L] L 104 e, " ~] 5715 1.04 - -/.,.- 5715
078 - 15710 474 571.0 0.78 5710
0.52 r 15705 450 570.5 052 570.5
026 - {5700 4o 5700 0.26 - 570.0
0.00 569.5 [
0.00 L L . L . L L 569.5 0.00 L L L ; .| 569.5
10 20 30 40 50 60 70 80 10 20 30 40 50 80 70 80 10 20 30 40 50 60 70 80
Depth 500nm Depth 1000nm Depth 1500nm

Bl 4.1.15 7 FiRRLE 5% v F
Bos o ARG RSP R > § A E TCP W b it 384 (F)
41.17) Ap R FREFH T > FF TCP W b3 e » 5 AP AT e ey -
FoPd BRI ES T REER AP TR LR GaN B4 H 4
i F1i Cplane & %/ > &F R Lk F i GaN fHfd L 7 » jz * sidewall
4o s & 4] 5 BCP dominant 57 2D-growth o £ %k ¢ NI F - F 0 S F
TCP v 3 4r » 28 B % 5 B4 T > SFHFFE M AP @i ini

GaN &+ "% Mk F]1 5 GaN & BCP ¥ sidewall e 425+ « € Island » 5

\

ﬁ;ﬁ’ﬁ%‘;}mﬁ? ¥] % GaN & AL F 5 7t sidewall 0 Bfe NI E = F 0 S F TCP
Wkl e s PR BRI RY THE S RFRS AP EAT G GaN B4
vk ¥ BCP ~sidewall ~TCP = %3 4p2 3 2 & » I pirR > &FH - 0

J Fl1d A& 5 BCP dominant 7 3D-growth # 5 TCP dominant 7 2D-growth °
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TCP Ratio

Section I :

 Stress increase, Quality decline
* 2D-growth region
* C plane area shrink, GaN drop at sidewall chance increase

Section 11 :

« Stress decrease, Quality decline
* 3D-growth region
* GaN island grow up, GaN drop at sidewall chance increase

* Stress decrease, Quality optimize
* 2D-growth region
* TCP, sidewall, BCP growth, TCP dominant 2D-growth

Section 111 :

B 4117 Bl% i EF % A4 TCP ratio % i* 3 1245 4
BT AIFH gL (B 4.1.16) k- iFAEY > TEFHH 4 0 M
(IF point, TM point) A+ # » 2 P FER| F1 5 b — TCP +“ &) ™ S F 8 3 4 >

sidewall v* B > > L ERFE B IS4 o

Period
When period increase, IF point, TM point right shift,

Sidewall area percentage decrease

Bl 4116 Bk EF 7 A FH R0 5324
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Bots A X TCP W )7 FFiFER(B] 4.1.18) » 24 Tf“iﬁfﬁaxiff%hiﬂ?fiiﬁ 4e o J
B2 A5 o FA& 500nm PF > F] sidewall 't B3 S 0 F = ® A £ IR o TRR

1500nm P > % = HARF L 4P B B R EF R -

Depth

As the depth growth,
IF point, TM point left shift

Depth 500nm

TCP can’t merge
Section I1I-2D growth non available

Depth 1500nm

IF point, TM point left shift
Stress decrease, Quality optimize

Bl 41ISBE " EF 7 AFIFR B I H]
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42LED 2 %#-& F & u-GaN # 3] 2 B th

BN P g M AREESIERCR] > AT AR PR R R 0 AP R
P % 2% LED B4 o d 2 LED BHeE P d A £3] > 5 # OM %
%0 vd OMB% ¥ 5 4 LED £ u-GaN 4~ S HA| 4P 02 2 s > 34 mﬂ%ﬁ
v R 1000nm FHP 1600nm i {734 %

HALE - FehnA > 2§ %ol 4.2.2 977 > TCP v bld 10%-30% >
PEREEF TCP v 4 » 28 BRISHF SARPRS H e BFTE > 0 R
422 1 LA LA E g E O OM Bl 0 T X305 LED » %4 OM B

FOOUE R SEF TCP ot Gl A o B A G S bner g L 0 0 2 G R

Am‘
T‘*&

BIOEFFYR G LA G B IR AR 0 TR - Rh
G

2 LED > %1457 49 I cdBdt o

TCP ratio (%)

~
a 10 20 30 0 50 60 70 80 :\
G Rl Y R R E
: 1.04 /- ls715 2,
n —_— =
8 078} B ler.0 5
£ 2
— 052 1K pomt 15708 o
g <
- o026 1 11 TIT 570 E
= TM poin <
L 000 569.5 R~
(=7 RN [ —m—Pericd 1600nm |

461 /
> .. \
aci|
= . N\
~ - .

28] m—m—~0"

) ' il

‘Ib 2I0 3b 4b Sb 6‘0 7IO Bb
TCP ratio (%)

B 4.2.1 %% 1600nm % - ®FF & &%
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TCP ratio

20%

LED

SRR
T

PEEEF TCP v Gl 4e > 28 ERIE S G
424 F XA LR - R F CAEENSOMB 0 T LN

B> 7 R ¥ TCP W R R

o A5 3F 5

dominant 3 3D-growth » S F Xk %~ § it 45 fu 855>

[SIENEL S BN it 45 %52 LED El AP g g o

Bl 422 % - % u-GaN 2 LED 2 %1 OM Rl

SRR R BTHERT

Wi (£ % 7 jLOM

S R A A A F

52

TRRA PR R S4B 4.2.1 #ror 0 TCP W 5] d 40%-60% -

> ™ §

» LED 2 %5 OM

JF]JJ’%:

GaN Island(B] ® F Bl > &5 o #37 & 7] > »* %2 Island 3 BCP
AL B SR e RCE) 4
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— TCP ratio (%)
a 10 20 30§40 50 60f 70 80 [

1.30 : : . : _ 572.0 1
O ﬂ, —B— R=riod 1600nm S

]
\;: 1.04 / {571.5 8,
) — &=
L ool 15710 v
= =
175} 17
Tﬁ 0.52 |- [F[pOillt 15705
<
—g 026 1 570.0 E
= <
L o.00 569.5 M
a2 5.2 -
| —H—Heriod 1600nm
46

N

w
=
T

FWHM

/N

..

N
©

-
.__.———.

I 11 111
1b 26 SIO 4I0 Sb 6‘0 TIO Sb
TCP ratio (%)
Bl 4.2.30M Bl 1600nm % = % & &%

Island formed TCP ratio

60%

LED

BB S = BeritA o 2§ S4B 4.2.5 %% » TCP 1L o]d 60%-80% »

B 424 % - % u-GaN 2 LED > %1 OM Rl
HEEEF TCP W G4 » 2R BRI FZASRE? T% > ZF&RA > d Bl 426

FIOM Bl & MR SEF TCP v s 4 > SR £ o S FbnbrE 2 0 £ % GaN
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Island ##r) %4 > 4 % = % ¢ BCP dominant 3D-growth # % TCP dominant £

2D-growth » TCP * ] & + & ¢35 %> TCP ¢h§ f* 4% & 78 o »* merge © 2 % & 4 4%

AT R o 5 P B = Ronf A A § 4R LED 2 2457 40 F el E o

o o o = b
[ (4} ~ o w
o r o =~ =}

Residual stress (Gpa)

52

FWHM

TCP ratio (%)
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—
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Q
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=
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15705
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I I1
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60 70 80

TCP ratio (%)

B 4.2.5:3%# 1600nm % = FF & %%

TCP ratio

LED

Bl 4.2.6 % = % u-GaN 2 LED > %1} OM |
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e
1R+ 41K365nm LED 2. R & * EF 7 A
FREAIERNFFLT SHERKEFLEFER)

20 FHREA P LT e B3 AT R I EE 2 g LT B A
o A PERRA X R 2% kT gk - A A F R
365nm =7 LED & B H 3 k»x ..., FoemE Mz %kF 2P a365nm LED »
i e - 5N gk C R R

5.1.1 % - if & ¥ ---Mesa isolation
B S.11 5 BEF=%kF 2Pk ikas - g £% (Mesaisolation) » 3% 2> & &

BAA 2P 4 o BARSE A B it g AR o FI A PR R E A ]

W

SEETEEEE S NNN £ SR TR

Bl 5.1.1 Mesa isolation
ZRRFTHRELAPSAL P LS 45mil o A Imil =254 um > F 5
Pent o G 1143 umo A 2 B R - X 5 23 ume K F RS P R
dv b A Bentr Bl T ET 1189 um o AR 5.1.2 A5 o AT A TEF L A

K2 BRE BIERT 5L LY hiS -
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Chip size

B 5.1.2k% %87 £ B

RAPEIT 31 REGRAPRF PR E EF A
B2V A b - XEHEOFHEAAEAPR Y ¥ - F DR, 0 ¥ (period) T
2000nm ~ 3000nm ~ 5000nm ; TCP +* (ratio) 3 10% ~ 20% ~ 30% ~ 40% ; 7% &
(depth)#] % 500nm ~ 1000nm ~ 1500nm £ 36 F&K|7) > 4c® 5.1.3 =f=de- F 5
HaP g Hald hd B4 5 - mehf e 2K 0 @ a3tk 2 (EPD)Y £ &P
BRI A R ol e 22 B R o 8 5P AT LR iE 2 B
2THANEDRFG AR 5 - BRFLAPFHRR Y DL F LR EHR
(Ebeam-lithography) » @ 45 & % -] 5 1143 *1143um? » — B B2 R L 7
BEQdhr) e - BRFILZER2 -3 -4 RFRUIRE - B iasaHd s

FF R AT EEEM S XN REF R G R 0 m R R oA
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10 20 30 40 50 60 70 80

10 20 30 40 50 60 70 80

10 20 30 40 50 60 70 80
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53LED 2 %3 & & & 55 % 7Rl

0l TCP W b~ SRR K P L] b A R R
B B Eo4F i % 2 sidewall 2 B 14 0 4o 530 ik X B R Aot kiog
It sidewall *t 5] 10%-25%2- B 0t He P2 S A PR E FEEA R - R o -
@ 2 E O K35 1] sidewall v 5] 10%-25% & % 0 2 3500 ¢ BT R
1o ot A AER] o LED 2 g E e chf k% 0 4 sidewall 1 5] 10%-25%

¢ o

FWHM |  |Depth500nm Depth 1000nm

TCP P20 P30 P50

10% 2575 2642 2620 2639
20% 2671 231D 2579 2723 2710 2.525
30% 2646 2646(_246) 2922 2888 2559

Sidewall |  |Depth 500nm Depth 1000nm

Area TCP P20 P30 P50

10% 23_12% 6.19% 3939% 21_50%
20%  35.62%C20.89%) 12.59% 61.09% 36.55% 22.72%
30%  48.07% 39.16% 83.76% 76.65% 35.96%

Bl 5.3.1 & d 38 &% 22 sidewall +* &] B % [
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