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FIRPERSE I LED 7E 88 T8 EHERK
(22500, FEAER IR n FEARAE S R B At IR 25 Pk 2
J& A 2%, T PN B o R ot B IR % 52
B, O e T ) 4 2 ) o TR fh 7 A 1 [
I R IR AR, A5 S SULED [ n R R BE fd = A
IBAk, 1E A TAEHETHE. Greco 25 M 4 n di Al Al
n-GaN FZfilt (R AH G SCHREEAT 7 845 Mn-GaN
B AIE B — IR RS, n BB R RN, 7R
I8 T R 52 SRR AR %, (HZ E 22 77 200400 °C 1
Hh AR IR K n B 4 P B Al TT BB AR N R
PE. IR T SRR ARE R I 2 fk, — M X Y
SRR AT 2270 400 °C DA _E s IRGE k. SR
I FE S p THI Y Ag B B AR & )@ <3k R,
7 F ) p EEL AR PR S S 3 AN e e b (12150 R
ST EA N E o BRI LED 1 3, n 48
INELLE [ A I R (B T P I e 7 i SCH A I BR
WA 7R SR AR ) 200—400 °C A AR VL), 1M
H BT AN GE iR K ) 24 T 3R AT R 1) Wk
b R 1, IR — TR B BRI R X R T
B, AR Sl 55 5 7R R T AR ) VR T R
AN E n B LED /1) n 7 R fl 0] 55, 5595 7
KT 1 n-GalN KR 42 fil oL A il 2% 125, KR PR A
T LED [ IE [ . [5)ASR A X Bt 28 % HE T e it
(XPS) &F B o fir 17 H A ) B

KM & )8 A LA 2= T (MOCVD) &
YEAE Si(111) 43 i€ 14 K LED 4R E Jy 14190, 3% 4p
ELE R EAEL 1 um JE 1 AIN/AIGaN 2% ph 2 [10]
1 ym B A H R uw-GaN 2, 3 pm JE [fn-GaN
JZ (B ST EE N8 x 108¥em™3), 0.1 pm % [ In-
GaN/GaN Z & TP ZA10.2 um & [ p-GaN JZ.
AERGERA, BIMERE TR AN, : 0 =41 1,
IR 550 °C Bl IR K 15 min, 30 p-
GaN H [ Mg . LED & F Bl &k 2 1 F:
1) PR R AN RS K R VR & V8 VBUTS e FL A AE 7 3 T

(035 9L, P S SRR T TR 25 % p-GaN R AL
Wi, 2) H P R ZEAE I T VR AE AN GE B R T 25K Ag
Bt eE, PRI R G (RTA) X Ag it %
SHEASE AP, 125 p-GaN Tl B 4 ) B AR
fil; 3) SR 6 ZIAE ok T 206 I S B AL 4) H
JEZFIIR SR G 55 B TR 2 ik (ICP) HoAR, W Bt
BE Y A I A & K T AT 201k, B A n-GaN f& Hi;
5) FH %5 & A3 54k % SAH UL (PECVD) £ 4+
SEFr R YU — 2 800 nm JEI¥) SiO, 4542, FT
B 25 p THI N o THD PR 4, ISR R DG ZI AN Tk iy O v
BB n-GaN KK SiO, )Z; 6) HH-F ARAEHEA
I (lift-off) [ 5 V5 7E n-GaN R 1 K il n 7Y 4% fh.
NT E SR A n-GaN R AR, 7R85 n
HLBR 2 1T, R RS 7 Z 0l (RIE) R 404 n-GaN
R AT T O M1 Ar 2558 TR BE (RIE 5t
BZ N 80 W, AbIE[H] 24 5 min), & & 7R ab 2
25, FIHCL: HoO = 1 : 1 [ B0E TE n-GaN )3
T, FHEB T KGRI, S8 TR R
R 1 FraR. 7 HEBR AME T 200 S 45 SR 5
Wi, AN SCEHY R — AhEAE K IR I 6 AME Fr iEAT
SZIG Ay RIFRICA A, B, C, D, EFF, Hr A B,
CHIn A Cr(30 nm)/Pt(50 nm)/Au(50 nm),
D, E, FHInH# % A Cr(1.1 nm)/Al(150 nm)/Cr
(30 nm)/Pt(50 nm)/Au(50 nm), HH #5 A
FEf D WA AT B R SR AR 3, FF & B FIFE
i EFH Oy % B TR R H AL, FE5 CREMTF A
Ar 258 FARRIE AL T, 7) n HARH] & 52 R, 784
T R ARE A F Ti, Pt, Ni, Sn, Aulf#4 4
&2, FIH @R EH AR, ¥AE YA R
G 4R IE M Si(100) Btk B & 7E—ik; 8) UM T
HMIEAE K1) Si(111) 4 IR AE SRR« SRR AT UK L 1R
R AR 2B, P GaN MR I F6F2, 15 318
PEE A 1 GaN; 9) FICP HoAR X AIN FRi#E4T
Z i AR A 28 3 2 AIN/A1GaN 58 4 22 B, #
n-GaN. 2R J5, 75 KOH & H o B8N SME R T
FHAGARBE 256 562005 B RAEHE 73 n-GaN 23
B, &8 EE 0 Ag 2 R B 4R RN Si0, 48452, 5K
BT A Z AR5 10) SR Y60 R0 H 1 R R
HoR, TREHM Agi 48 L& HH T2
LRI IR AL
A LED 8 A RS 411 mm x 1.1 mm,
HAEH ~EEWE 2 (). MEERIFE 5 & E 20 4
DL A 9% A 456 nm () LED 5 F, AR 4 Bk
RGMAE R T LED SR KDGHESEL K H XPS
3BT n-GaN R L 45 A R
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Fig. 1. (color online) Schematic of Ar plasma treatment process.
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Fig. 2. (color online) (a) A SEM image, (b) an optical microscope image, (c) a schematic cross-sectional

view of LED chip.

3 X5k

2 (a) M1 2 (b) 73 71 9 LED & Fr ££ 43 4 B
T BB (SEM) A st il A, BigE i
KA — LR [H], 7E 5 AU AT DL 1 2
I 7E SEM HHEIE A F. 3 R Ay ik e B 2 1) (5]
J& BB LA 7 30FE LED 5 1 4 38 1 4% (0 n 8 2% ik
BT 1, SR1 n-GaN EAG#iE B, {H 24 SEM
HTVEF B n-GaN I A FREE M, #IX AeE B H L
TESR.

B3 BT 7 DN AN [8) B 0 B2 LED & F 78
350 mA H TR IE R BEMAERE. X Tnl
9 Cr/Pt/Au(Cr HLARE /) A1 Cr/Al/Cr/Pt/Au
(Cr/ALFLFZ RS ) (9 LED 35 4, 76 n B bR 28 9% i R
S B R AL, Cr/ALFARGE F (FESH A) [ IE )
B 3.43 V, B Cr ARG 7 (FEF D) B9 3.15 V
B 7 0.28 V. X H T Cr Al n-GaN B A K & FIER
G fh O T RE AL D A Cr BN 1.1 nm, 7£F
SCIR R 18 R BN Cr I AR RE 56 4 B o FL Al ¥ n-
GaN R 1Hl, BJ Al n-GaN #2 il (1) 5 1 8 Cr A1 ALRY
TR e fi. ALY n-GaN 3 [HUIR 45 58 85U, R AR i

LGB T AR MENAL P n-GaN [ BRI HEfil I A F e,
2 & B B 5 I AR TP ) i AR T, L RO i
PR AEIRA DT B B ORIFE M E7En B AR ARHE AT
20 F B TARAL TR, PALRE X L HAS 2K
i 52 B A, BE W O 55 B TR AL BEAT ROt 3 1
HUH AT n-GaN 1 BRUH R filt ke itk e Cr ARG A
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Fig. 3. (color online) Box chart of forward voltage for
different types of LED samples at 350 mA.
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(Ff it B) B9 IE /) HL R PR AR 17 0.2 VI8 $]2.95 V,
Cr/ALHARGE T (PR E) BIE M BEFEK T 0.34 V,
L3 3.09 V. RAE Wk, 5 BAISR LR E B H
JEE T 0.14 V. FEfh C FIFE S F7E n AR PR TS
o Ar S E AR S, AR C I IE A L i — 2P
FRAK A 2.92 V, TAES F 0 IE [ B s B A P s 5 5
K, BZEFEE C—F. XERAE Oy F & TR HEH
bt, Ar 558 AR AL BRAE A n-GaN R M T2 & 1
TR, SRRt R n B R 2R TGOk

N TR ON B AR S R T A Ak B e s LA
AIn-GaN FI& B, AR SCERIU 4 2B ik
PR G B B 5 1) Ar 55 B R B R S EEAT R AL,
Fi XPS 7387 7 i Ar S8 T A0 B AT /S 1 n-GaN
RS e, RN, SRR 2T Ar 255 1
P 4 B AE 2 A i HCLI W6 16 P RDIR St — FR AT
SyAT. H T XPS 2 T 4 4 1 X 5 265 9 AL Ko
X4, WA, ARG C 1s 1 F A 1 45 &
HESE 9 284.5 eV. [ 4 Fron NFE il n-GaN K H /£
AFAE AT Ga 3d A4S E 3, FIH =&
23 E, 8 Ga 3d JEHL 15 i Ga-N Fl Ga-O
AN AT DU AR S 2 Ar B (R HCL
JEVE) 5, Ga 3d GRS, Ga-NIEA G Ga-O
AR R B n-GaN R O &= BN, (HE
I HCIEVEG, Ga 3d i TR IEA KT 2 T 4022
BIAPIRES, 308 HCLIF WA B 2B 1 # i n-GaN
KIEM O FE.

Ga3d . Ga-N

Ar plasma treated
and HCI etched

Ar plasma treated

Intensity/arb. units

Untreated

" 1 " 1 " 1 " 1 " 1 " 1 "
16 17 18 19 20 21 22 23
Binding energy/eV
K4 (MPPEMS) AR TZ TR Ga 3d XPS i
Fig. 4. (color online) XPS spectra of Ga 3d for differ-

ent surface treatment.

FH EIRE R 7922560 B i n-GaN i O 1s e HL 1
AT 0T, O 1s s TS W B 5 foR, n-GaN
RO 1s BT B A X Ga 3d 6 H
TG T4 R — 3 R Ar BB, B SR
0 SEEERL O—Galt LRI, O— Nt
FERAD. Zid ArkbH)E, £ 5 n-GaN £ O &
HAR &, O—GafE M O—N&# & ZEBTF &
7. A HCHE¥EZ )G, n-GaN R BAAH O & &
FRAG T, H2 O N A X 2 15 8] 7~ .
O—Ga it FBEAZTE T A ML GaO, 1, 171 O—N
S AAE T S BB GaO, Ny, (18],

Ar plasma treated
and HCI etched

Intensity/arb. units

Ar plasma treated

Untreated

1 1 1 1 1 1 1
528 529 530 531 532 533 534 535 536
Binding energy/eV
E5 (MTES) ARAHETZ TR O 1s XPS i
Fig. 5. (color online) XPS spectra of O 1s for different

surface treatment.

N5 R E BT, FRATHE Ar 55 B T A b B
AT J5 A b n-GaN R 11 1 76 % 45 19 A 4 LAl 7
F 1. — 5, B S E A R MY T
2117 280 °C G &M, &4, BT (Vaa),
O—GaH O JET LR N 24 (V) 2 KEINT &
R 19l Vi + 0 = On, Vaa + Ox — Vaa — O,
Vga-On A& —Fi 2 3, AR T o B8l K1 AT
DLE H, Ar S8 TR BERT 5 A 5 n-GaN K H
1) Ga Jil TR BEJLF R FFAAR, N IR T (19 B 4 i
30.1% PEAR 22 25.7%, 1X B PR FE 5 n-GaN K 1H 1)
VN B EWINT, Wik, £ 04 &t fEx v 1)
WAL 5, R CHIF 1 n-GaN £ (1) Vy F &2 15
W2, Vy & Fit 35 PO 95 R 1 n YRR 352
fil, 1X RS CHE HUE FEAR A — AR 57—
JiH, &t Ar A FEAIHCLE B )5, #£4 n-GaN %
SO &ESE T, HEE TR 11.9%
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THE AR 16.6%. A, 3R 1A DUA I,
O—GaH) O & EJLFR AN (XK T 0.4%),
HZ O NHH O FHRANH 1.8% & FEMNE 6.9%.
Ar A B A A n-GaN K [H A LA B GaO, (15
&, ARE N 7RIS MR GaO, Ny, 1155
. FHEME G0Ny, A T n - AN
n-GaN PR flRr 1, SO CATE 1E [ B
BEAR AR o — A R A

R Ar SR TARLEHTE n-GaN R JE TR E

Table 1. Surface atomic concentration of n-GaN be-

fore and after Ar plasma treatment.

WETE  GaETF  NET O ETWRE/%
W/ % /% O—Ga O—N
RALTE 58.0 30.1 10.1 1.8
%;;f fchg/ w5 25.7 9.7 6.9

B 6 BT AN TFERE i 7E 350 mA FLIRL T DG4
H I RAE AL X T n H AR AR T RS R T
PR T AL R (R i ARRE ey D, ok DR e T
(7 ZHL ¥ 03 58 1 - PR SR T AR B PO ok 22 7 11 20 3%,
XA RE S T E AT IE 1) FE R v T R 2R A
B B 0 1 1 A ER SR 0 o TR AR i L B
PTG, SR AR R i oL BELBELRS 1 AL A A0
Zfy, XA IE A B TE 2 AT R 1A TR, I 1
i e 2 P B R . AN, B AT IR R R
MSTE R T 7.9%, $AE R RCR IS AR T R 4
B

<«—— Cr/Pt/Au —— =— Cr/Al/Cr/Pt/Au—
T T T T T T

e

580

|
|
|
Z 560 |
g T |
= |
5} |
2 540 | H
a, |
.
S os20t | i
3 |
© |
= |
=
o0 500 ! e
= |
|
w/o O, Ar 1 w/o O, Ar
480 1 1 1 1 1 1 1
A B C D E F
Sample

6 (MTIRM) REFEHE 350 mA BT FEH H )
HATE

Fig. 6. (color online) Box chart of light output power
for different types of LED samples at 350 mA.

X T Y 456 nm SO, Cr/Al/Cr/Pt/
Au ) 5t 208 B T 83.0%, i 5 T Cr/Pt/Au )

34.9%, W7 Frs (FE AR, BT AL R
R N11%, 1.1 nm ) Cr IR E B &
fFn-GaN H) R 1, X 25 A M D AL A [F
JRER). HA2HFE S F B 52 BEFNRE i C A SE, n iy
W B S I S i 2R A SO D 2R A B R 42 T
XAl Jeong 25 PR S By 45 A — 3, H R AT BE
FE RN B n 3 il X 3300 B A A n-GaN, n-GaN
AREAKIG, I B R AL i, &R
HHGIRZE 2 5 2] GaN AT, R4 s 84T 2 n
WER BT A2, B LA O 2/ n AR IF A
RS E AR T

100
80 F
—Al
<§ Cr/Al1/Cr/Pt/Au
» 60 Cr/Pt/Au .
2
B
3
= 40
5}
~
20
0 1 1 1 1 1 1 1 1 1
400 440 480 520 560 600

Wavelength/nm

7 (MTEEMA) Cr/Pt/Au, Cr/Al/Cr/Pt/Aufll Al =
ol <z o R 14 5 S 2 BN S DA O AR A

Fig. 7. (color online) Reflectivity of Cr/Pt/Au, Cr/Al/
Cr/Pt/Au and Al as a function of incident light wave-
length.

4 2 ®

ASCIRANWEFL T 45 B 1 M 3R T AL #E X n HEL AR
B 1R R GaN % LED () nu 78 RR 4542 fish 1 5 iy
AR PRI, GBI AE n AR RS AT n-GaN
R HAT S 3 P B 53] 7 IE (7 HUE B
O, Ui BH SR B PR R T AL B ROt 3 T n BURR
O Al ke, I ELAMH T o [ B v iR R X
TR G842 fk AR e O R XPS X JH o g 4 B L B
HAT 75087, SLERA5 KM, 1.1 mm x 1.1 mm
O A TE 350 mA BT, n-GaN RS AR
AEFRINY, n HLR O i SR EE Cr /ALRT Cr F RS By IE 1)
H 20 00 3.43 VAT 3.15 V. IX A 1T ALRG I )
Cr %A 55478 i5E n-GaN FIZR 1, 11 Al Cr X n-
GaN RHERESFHUK, 2% 8 TR0, W
n HLAR 08 I 1) L R 35 KR B AR, O S5 B 1K
WS, Cr/AL G F B IE [\ HLE 8 3.09 V, AT
T Cr ARGS9 2.95 V. 1 Ar &85 TR FE )
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Cr/ALHEARE B (1) 1E 18 B AT Cr FUARCS F —FF, 4B
N2.92 V, XU B Ar 25 B AR AL B I n-GaN
T 2% 5K, 75 n B4 fl 5 M o H Al
(IR R T e, ) XPS A Ar 25 B 144 4b 3 31 5
n-GaN R FATF L SR, KRILAr 555
FARK K T n-GaN R N L FIRE, 37T O
JR PR, X P 0 LR PR BB, N
JE IR B PR R Vi B , IXE R T n BY4%
il Ry AR E 1, TT AR AR o [ B 5 1 v il o R 4
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Abstract

Unlike the finger-like n-contact that is prepared after the wafer bonding and the N-polar GaN surface roughening
for GaN-based vertical structure light-emitting diodes (LEDs) grown on Si substrates, the embedded via-like n-contact
is formed prior to the wafer bonding. The high temperature process of the wafer bonding often causes the electrical
characteristics of the via-like embedded n-contact to degrade. In this paper, we study in detail the effect of plasma
treatment of the n-GaN surface on the forward voltage of GaN-based LED grown on Si substrate. It is shown that
with no plasma treatment on the n-GaN surface, the forward voltage (at 350 mA) of the 1.1 mm x 1.1 mm chip with a
highly reflective electrode of Cr (1.1 nm)/Al is 3.43 V, which is 0.28 V higher than that of the chip with a pure Cr-based
electrode. The LED forward voltages for both kinds of n-contacts can be reduced by an O2 plasma treatment on the
n-GaN surface. But the LED forward voltage with a Cr/Al-based electrode is still 0.14 V higher than that of the chips
with a pure Cr-based electrode. However, after an Ar plasma treatment on the n-GaN surface, the LED forward voltage
with a Cr/Al-based electrode is reduced to 2.92 V, which is equal to that of the chip with a pure Cr-based electrode. The
process window of the n-GaN surface after the Ar plasma treatment is broader. X-ray photoelectron spectroscopy is used
to help elucidate the mechanism. It is found that Ar plasma treatment can increase the concentration of N-vacancies
(Vn) at the n-GaN surface. Vn acts as donors, and higher Vx helps improve the thermal stability of n-contact because
it alleviates the degradation of the n-contact characteristics caused by the high temperature wafer bonding process. It
is also found that the O content increases slightly after the Ar plasma treatment and HCI cleaning. The O atoms are
mainly present in the dielectric GaO, film before the Ar plasma treatment and the HCI cleaning, and they exist almost
equivalently in the conductive GaO,N;i_, film and the dielectric GaO, film after Ar treatment and HCI cleaning. The
conductive GaOzN1_; film and the Vx donors formed during the plasma treatment can reduce the contact resistance
and the LED forward voltage.

Keywords: GaN, light-emitting diode, plasma surface treatment, n-contact
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