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WEFE T Ag (15 B 3B KR a] | SFURR B 3 T Ni/Ag/Ti/ Au HL AR IR S5 56 Je 55 p-GaN RRERH2 fi 14 B (15
M. I A 6 BTN S A e, R B TEAR S e i B SR e il R P 28 45 ISR B Ag R FE N,
Ni/Ag/Ti/Au UK 1) SR 2235808 K 7EAVUR B, B IR KR A] AL 1 min # %2 10 min, 300 °CiRKH, L
i L FH 2R R 4 R B, TN T 400—600 ©C B ok, b ik v BH 28 5 sl /N J5 39K 78 300 F1400 °C 4 SR AT
1-—10 min AR K J5, Ni/Ag/Ti/Au I 2840/, JB KR =T 400 ©C B, Bl A5 38 K IR 38 I, =
SR SRR B E 400 °C A/ 3 miniB kJE, HeiEfil B BE R AT LUA$] 3.6 x 1072 Q-em?. BhAh, & 4485
OB v DA N Ni/Ag/Ti/Au () R 5 22 H BRAR LA B B 26, IR D9 120 °C 454 NI Ni/Ag/Ti/Au
HL R AE 450 nm 40 FRIE R 90.1%, EeiEfi i BEE A 6.4 x 1073 Q-em?. L4 % 5 HL 2 RDG2AMERE, RV
LN 120 °C F 7845 Ni/Ag/Ti/Au (1/200/100/100 nm) F7E 400 °C S H AT 3 min 1B K AT LA BN EAR
Ay FE AR P O AR A T T B 5 R RO R AE 350 mA HLIR T LAE R N 2.95 V, Hi Ok Th R K

387.1 mW, HFEEHARIEE] 37.5%.

KA p-GaN, FRUHZfL S5R
PACS: 73.40.Ns, 78.20.—e, 67.25.bh, 68.35.Ja
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Ni/Ag/Ti/Au Bl 5 p-GaN ¥ KR £2 fi M 6 FH '
M ZARE . AR B = B Ag, iR BT &
I FE AR A 52O SR . AEIR O RE Y, B TR
U FEE IR KRG, 1B KIS TR DR A i 28 e R e
UYMW — B, A T [ A a2 A Y
(circular transmission line model, CTLM) Jll| &
5 p-GaN ) b fid B 2, R 236 BE T AT
SR, WTIT T Ag HYJEFE IR K Ta] JTAR R
JEXFT Ni/Ag/Ti/ Au AR HL 2 RIDG2- PR RE ) S0

A SCAE F Y GaN FE 2 8 )8 A LA 22
FRUTR LS 2 B A 2 81 B I LED SRE J.
T ETEXUE G o T8 A AR K 25 nm ) GaN
RN um AEE B A1 GaN, £ EAK
2 pm ) n-GaN, ZJ54EK 5% InGaN (5 nm)/GaN
(12 nm) &7 H, A 20 nm 1 AlGaN HFH$Y
JZ, #Ja £ 300 nm ) p-GaN. HH p-GaN )75 7¢
WREH 5.4 x 1017 em™3. A A CTLM HLA%
iR R 1 R, Herb 7 AN B HAR Y Y 1R
FA2ro 19100 pm, B AR, R IE KR, 235
N 115, 120, 125, 135, 145, 165, 185 um. &4
FELAIF) A AR BT ) R BEL Ry

R, — fon [1n”+Lt(1+1)},
Tn To
Horb, Ray Np-GaN B 7 LU BE, Ly 9t 2k &K
. &S 20 Ry A n(r, /ro) BIECA B, H
/N CHE AT VRS, A B AR R A
In(ry,/ro) = 0 ALHIEFE S A TH 5 Ry, F1 Lg, BT
A5 2 b fk FLBE 2R p:

Pc = LfRsh-

N T D AR SR, AE XU I A
il Ni/Ag/Ti/Au 4%, I H 72 U3900 7%
S RE v MR 5 T RS I B S 3. B S Ie i iR
R,

520, B GaN g & Fr A8 Hil O 1) 3 E
AR N A B L BE 8 3 YES min £
Fr 3R R B ALY, Z )5 BN #K HaSO, -
HyOy (3 : 1) MBS W HIEVES min £ [Fp-
GaN K [fi i) S 4k 2. 18 3 't % 7F p-GaN 3 [ il

YE CTLM 156 % IR #E B Y, SR 5 B2 i 7
WA R W& A MR A CTLM # 1 & 1
p-GaN - i {E Ni/Ag/Ti/Au (1/25/100/100 nm),
Ni/Ag/Ti/Au (1/50/100/100 nm), Ni/Ag/Ti/Au
(1/100/100/100 nm), Ni/Ag/Ti/Au (1/200/100/
100 nm), Ni/Ag/Ti/Au (1/400/100/100 nm) FLFf
A Ag JEREM HM), 2 )5 GaN #¥: i B T P9 B
2Ty B A e 5 min BE4T R B, E H R
FCF T CTLM W iy [ 30 % B bl AR 403 b ke e
B 28 0 S I 2 I B 2 SR, S BRI — 2HAE
J B (1) H AR S5 4.

38, K B AR BB AL 1 LR 7E 300,
400, 500, 600 °C HJE A HIR K, FEREANRE
N3 AT 1—10 min A [F] A FR)R K 0 E AR
FE AN F]R U E T bL 2 ik v BH 28 A s S 26 5208 K
IS [61) 5 )

$=, FEUES 41 p-GaN R 6 1 3
FRE S, 20l 55— SEIS A [ VA R TS U S
FEPUREE NEiE (25 °C), 80, 100, 120, 140 °C
A R 5 BIAE p-GaN Ml 5 4 EliE RRAEI
BRI PR, 3 T 0 2 L i L B 23 0 i S ek
W UL iR 2 0T AR P R 22 R 2 PR R A s

000
000

[ p-GaN
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1 CTLM MR AR A S5 4 75 72 )

Fig. 1. Electrode pattern of CTLM.
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3.1 EMAcEENHE

ANF Ag JE BE I Ni/Ag/Ti/Au B AR 1) ) 5 %
i 2 frs. B 2 T DUE H, B Ag JEEERIRE N,
L P S S 2RI K. 24 Ag B EAE 200 nm L
B, 380 Ag ffJEFE T DL 25 5 0 Ni/Ag/Ti/Au
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Fig. 2. (color online) Reflectivity of Ni (1 nm)/Ag/Ti
(100 nm)/Au (100 nm) contacts with different Ag

thicknesses.
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300—600 °CH S AUHI T A [F] B A 8 K 5,
A4 9120 pm ISR R A 1) T-V 28 o 1) 3 B
N, DGRl e BE R T A S 4 TR, B KT,
Ni/Ag/Ti/Au 5 p-GaN & i 3k BR 48 £ firh, Ll £ fih
HPH# 79 2.3 x 1072 Q-cm?2.

X300 °C HIB KA, 113 min IR K,
HL 22 RE LS AR/, AR E AR Rz Ak, bl 422 fi
HLBH R AN BRI /. Z3d 58110 min FI3E K
J&, HAAH I-V 2R F WY S 0GR, EL A fi H B
55 RN, R I B I BR AR 42 filRE P, 10 min
1B K G el PH 2R 7.6 x 1073 Q-cm?.
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(a) 300 °C; (b) 400 °C; (c) 500 °C; (d) 600 °C

Fig. 3. (color online) I-V characteristics of Ni/Ag/Ti/Au (r, = 120 pm) contacts before and after annealing
at 300-600 °C in oxygen atmosphere for different durations: (a) 300 °C; (b) 400 °C; (c) 500 °C; (d) 600 °C.
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£ 400 °C S NR K, B IR N [a] 1
Jn, Ni/Ag/Ti/Au BRI 1-V [ 280550 38 K 5 ek
/N, B i L BH 2 5 gk /N JE 3G K. SR KSR ETE K T
TR GF PO RR A 22 M. 400 °C R 1 min A8 KAF L F2 i
HBHE M 2.3 x 1072 Q-cm? FFZE 5.2 x 1072 Q-cm?,
3 min B K G, bl i B 2 % 2 P R 0 R AIC
3.6 x 1072 Q-cm?. 482 4E KR K a] ] 2 438 K
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W I-V il 2 1 A4 22 2 386 K 5 et ), Bl i Hi P 2
e /N E IR 5 ARIR KRR A L, 500 °C IR
KEFAMT, 1—5 min R AT DU L 42 ik v BH 22
FEA%, 3 min PR K5, Ll fHARE R 7.5 x
1073 Q-em?. iR KB (AR 3 min B, B IR K
N [6] (4 38 0, Ll 4 fk B BH 3R 46 16 K, 10 min (1738
KON A0 BR AR AV e D B A
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FAB K IRE T AR EL, 600 ©C IR SO0t Wi i 422 fi 1 A
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R A ke V. HH BT DUE Y 600 ©C A AU
HHIR O BRI Al 1 i AR )N
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Fig. 4. (color online) Specific contact resistivities of
Ni/Ag/Ti/Au contacts after annealing at 300-600 °C

in oxygen atmosphere for different durations.
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Fig. 5. (color online) Reflectivity of Ni/Ag/Ti/Au contacts before and after annealing at 300-600 °C in
oxygen atmosphere for different durations: (a) 300 °C; (b) 400 °C; (c) 500 °C; (d) 600 °C.
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SR AR AR R T Ni/Ag/Ti/ Au HE AR 1 R 5 2 1
BN, 23t 110 min B 1A A 25 138 KA,
300 °CIE k%A F, Ni/Ag/Ti/Au H I LE 450 nm
A B S R AE 85.6%—87.0% 2 18], 400 °C 444 T,
HI AR E 450 nm AL (1) S 59 2 % %2 85.1%—86.2%
). 500 °C IR AL FEAR I 2 S5 26 B 2 FEAIK, ELBE
FIB K ) e, RGP HRFFEE T 403 1 min
1B K, 450 nm 4b 1) S5 5k %2 72.8%, 10 min
IR K AT 450 nm 4b 1 e 5 2 % 2] 17 60.4%. 1
600 °C 4R M FLBI ) S5 22 50 in ™ T B, [l
IR I (R R3S, RO # SRR . 1 miniB kK
J&, 450 nm Ak (1) 2 5 2 2 2 BB KCHT Y 86.6% &
F]64.6%, 10 miniB K J5, 450 nm &b K S5 R A
46.5%. HILAT %, 500 A11600 °C A/ HE R K2 fF
Ni/Ag/Ti/Au HLFK 1624 PERE ™ HIE 1.

ZEA UL e #T, 400 °CESAH 3 min (1R K
FeELIF IR KSR AT, ATLAZRAE 3.6 x 1072 Q-cm? [
Eb 22 it Fi BEL 2R RN 450 nm 462 86% 1 S iR, R
BRI AT DAAR RS : Ni 7R IR O 2 v 5 AR Y AR %
NiO, NiO J& T p M- 21k, [ 7 p-GaN 5 &8
FAR 2 TR ) 34 2z 1 1) T p-GaN A7 Mig-H 4%
B H 2 58RI RUK, i Mg @R i, 18
Rz Rk B A T T I AT R T B AT L f
H BHL 2R 3 22 A JR) R Rk 2 A DL B e R 78 4y iR AT
{H & 7E s il K i (AR K 1) 264, Ni2x 5 p-GaN
SRR Nis Gag, AN B R4 0 i fod 0101,
FE i A AL R K T TR S PH S Au ] Ag )
P8 10 2 {3t i ST P2 1l A g- G 19 7 (171,
WA S S 2R PRI

3.3 STFUEE X Ni/Ag/Ti/Au R4
oA

TERHAT AR ZR BE R R ) X GaN A4 | 34T
In#k 8 2 1) 4 VAR AE p-GaN K [H B GaN [
TELRE SR A Fe AR I X Ni/ Ag/Ti/ Au HL AR PE g (1)
S, 3 A R ORI R I Ni/Ag/Ti/Au
e () 1-V7 il 28 R0 BL 2 firh Fi B % (P 6) gk AT L o
Ml %0, =3 FAR S I R R R 1, Ll
it L PH 22 3.4 x 1072 Q-em?. RS VUG E G,
RS2 fih 14 REAS 21— 2 B 2. MR N E IR
TEA 120 °CHY, I-V #I£R 1 AR I W38 K, B bl i
AV R U422 o A SR B L R BR AR ik, E AN 280 3R K
& UL N, Ni/Ag/Ti/Au 5 p-GaN [ bt 4 fit B B 2
P22 6.4 x 1073 Q-cm?. HYTHLREH 120 °CHZE

140 °CH}, I-V i ZeRPR AR K, Pl fd v FH %R
FEET7.7x 1073 Q-cm?.
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Fig. 6. (color online) Test results of Ni/Ag/Ti/Au
contacts at different deposition temperatures: (a) I-V

characteristics; (b) specific contact resistivities.

ANFEVTRVRE R I Ni/Ag/Ti/Au H% 0 5 5
KUK 7N, MUOTBE S N E BT & 280 °C
I, 450 nm A 1) SR AR /N, A 86.6% HE K
2 87.3%. 1M 4 UTAR I B 4k 8 T v £ 100 #1120 °C
W, S PERE TR B B, AR 4
£89.1% M190.1%. {HJZ, HUTRRE4 LT m &2
140 °C, KT 2N BERESR. b al &, X e
LR G S MR RE T 5, 120 °C & BE B TR
.

95
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§ 85
i L
“& —80°C
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75
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K /nm
7 (MTIEE) ARG E T Ni/Ag/Ti/Au BT
R
Fig. 7. (color online) Reflectivity of Ni/Ag/Ti/Au con-

tacts at different deposition temperatures.
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TR DA B SIe 45 BRAT A T 2 P v AR A
IPCRR I AT DR AR F b 5 p-GalN (1 BE 42 figh HL BH
HIFPE R SO L IR T O 2 e it
Ga J& 7 [ AR IR, £ p-GaN K1 i TE B Ga
AL, Ga BALJE T3 1R HRIG, K T p-GaN R
THI (25 7R BE, AR T BRI BE e fi A B 2 08 78
AgJF 7 75 8% B Ni/p-GaN K [ f L 5, & 2442
e PUAR IR 2 T LA 2 Ag iR 48 56y 3R T A A 1)
A L G RT Ag I BORRRE I (111) J7 A2
K PO P T Ag B BT R, B TR A
SR, oL R TR BE 2 8 N1/ Ag W AEDUAR Y [F]
I 22 IR TR K I R, 156 Ni, Ag FA dohr RO 4
K, RIEAAFHNE. R PR B R, I Ak
5 p-GaN HUHAR IR, AT FEAK i 2 1 g 122291,

AR LA_ESB0 45 2R Ko, AL I AR 45 4
AN R #5256 A IAE 1 52 # 1 1 B 454 LED
IS REMAH LED #E47 H.

350

(2)

—A— ZpAbiy LED
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Fig. 8. (color online) Test results of LEDs before and

after optimization: (a) I-V characteristics; (b) light

output power as a function of current.
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PEF 7595 Ni/Ag/Ti/Au (1/200/100/100 nm) HLH%,
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B WOLRIES . u-GaN ZI i, R, Z88En i

WD IR 58 TR B 45 H LED MHE. K&t
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AN R B GG S AT 2 A, LR -V i 2R AN
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I TAF R AN i Ok D 2. &g ik,
7£ 350 mA VENH T, LED T 8 & i 3415
3.16 V [5%22.95 V, 46D 23 E B 358.8 mW
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F)37.5%.

4 #
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IS T] S ORI S Ni/Ag/Ti/ Au B AR F) HEL 22 0
JeEEVERE RS . BT SRR, Hn Ag 1)
A LA Ni/Ag/Ti/Au AR 2, 400 °CL 4
HUE 3 min IR KA TR 45 3 B AR Y B i
HIBHZ 3.6 x 1073 Q- cm?, T miR R L i K e
FRIR K 2 A A AR ) S S R T R AR, I HANR TP
G Bl 2 i v BEL 6. 3@ 2 B2 o H AR ) AR, B2 T A
BRI S5t 238, I R T T8 BEE I 1) RR . >R
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Abstract

The specific contact resistivity and reflectivity of Ni/Ag/Ti/Au contact with p-GaN are studied. It is found that
the thickness of Ag, anneal time and deposition temperature have a great effect on the performance of Ni/Ag/Ti/Au
electrode. Its optical reflectivity is measured by reflectivity spectrophotometer, and its specific contact resistivity is
calculated by circular transmission line model. It is observed that the contact reflectivity values of Ni (1 nm)/Ag/Ti
(100 nm)/Au (100 nm), when the thickness values of Ag are 25 nm and 50 nm, are low: their values are 68.5% and 82.1%
at 450 nm, respectively, and they start to increase with increasing the Ag thickness, then reach their saturated values
when Ag thickness is beyond 200 nm. When the anneal time changes from 1 min to 10 min in oxygen atmosphere, the
specific contact resistivity decreases at 300 °C, decreases further and then increases at 400-600 °C. After annealing at
temperatures at 300 °C and 400 °C in oxygen atmosphere, the contact reflectivity value of Ni/Ag/Ti/Au remains almost
unchanged, even when anneal time increases from 1 min to 10 min. However, The contact reflectivity of Ni/Ag/Ti/Au
decreases significantly after annealing at a temperature higher than 400 °C and it becomes smaller with longer annealing
time. After 400 °C annealing in oxygen atmosphere for 3 min, the specific contact resistivity reaches 3.6 x 1072 Q-cm?.
Additionally, the deposition temperature of Ni/Ag is investigated. It is noticed that the specific contact resistivity
decreases and the reflectivity increases with increasing the deposition temperature from room temperature to 120 °C.
The reflectivity rises to 90.1% at 450 nm and the specific contact resistivity reaches 6.4x 10~2 Q-cm? for the Ni/Ag/Ti/Au
electrode at a deposition temperature of 120 °C. However, the effects of improving the electrical and optical characteristics
weaken when deposition temperature changes from 120 °C to 140 °C. With a overall consideration, Ni (1 nm)/Ag
(200 nm)/Ti (100 nm)/Au (100 nm) is made at a deposition temperature of 120 °C, and then anneals at 400 °C for
3 min in oxygen atmosphere to achieve the optimized electrode. The vertical light emitting diode with this Ni/Ag/Ti/Au
electrode is fabricated. Its working voltage is 2.95 V and the light output power is 387.1 mW at 350 mA. The electro-

optical conversion efficiency reaches 37.5%.

Keywords: p-GaN, ohmic contact, reflectivity
PACS: 73.40.Ns, 78.20.—e, 67.25.bh, 68.35.Ja DOI: 10.7498/aps.64.127304
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