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[(16H3~18%TH) Light extraction of the LED can be increased by providing

a textured surface at one of the interfaces of the Ill-nitride heterostructure. The
texturing may be random or ordered. This is illustrated in Figures 13a—c. Figure 1
3a shows an inverted device employing a sapphire superstrate. The large refractive
index mismatch (n~0.6) between the sapphire superstrate and the Ill-nitride epitaxi
al layers results in a large portion of the light generated from the active region to
be totally—internally-reflected at the sapphire/Ill- nitride interface. This light is tr
apped and guided laterally along the device towards the sides of the die. However,
because of the many loss mechanisms present in the Ill-nitride epi layers and elec
trodes, most of the waveguided light is lost before escaping the device. In Figure 1
3b, the interface between the Ill-nitride heterostructure and the sapphire superstrat
e is textured in order to scatter light out of the Ill-nitride layers. This reduces th
e mean photon path—length within the heterostructure and reduces the effect of int
ernal absorption, thus improving light extraction. A similar effect can be achieved b
y texturing the bottom surface of the Ill-nitride heterstructure, or at one of the in
terfaces within the heterostructure. Multiple interfaces may be textured in combinati
on to further increase light extraction. ]

(R3] L EDOtHhiIE, MEEI~T oGO 1 DOREICB W TEET 7 AF ¥ &
T LICkVEINTE S, T/ AF YN, ARATHHA TS L, Zhid, K1 3(a)
MBI 3(eNIRENTWD KT 3(a)id, 7 74 7 BEEMNRZRM T 2 WHsLEE 2R3,
Y77 AT FEEREMEEY) =X X2 v g e OROBITEOREIENRKEVY (n 3
0.6) &, IEMEFEIED BIET DK OB 7 747 - MIRELY O Fiif TR HNHENIC
I ShDZ Liled, ZoXFHbAbN, WEITR > TR~ &4 OMEIZH > T
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FHEEND, Lol, MERHT L B ICHEET 5% OO DI, it
DIFE AL, EENORT DENEDND, K1 3(bNIRBWT, MMEEI~T afgiE s W
T AT FEEREOBMOFED, SAMBEEIE N OBELSED720ICT 7 AF ¥ INLE
ND, THIZXY, ~T iGN ORI R 25D L TERRID RN L, 37720
L, Sttt geE I D, FRRZ2DRIT, MRS ~T e EOER, XX, ~7 afiEn
DRED 1B NTT 7 AT ¥ MLT DI LICLVERTE D, <O MEIE, M o®E
IRHHRKEBE#EL CT 7 AT Y TS 5,)

[FI1G.13 (b)

\ N/
ROUGHENED
-«\N\QS¥\\\‘ \\» /f;:;;/ SAPPHIRE | SURFACE
f
SNV g
ey e P ey JTT1 =T

FIG.13(b)

() Hat
ERROOREIC UL, B 12248, EE(H~T affEsr 7747 E
JBEMR E OBIOREET 7 AF ¥ T LT, REMREAHENLEHILSED L
IZ&k->T, LEDONHHPINT S22 &, KO, 77 AF v INLiE, AHAITS
B TH XV AR ENTVD LTV ZDHOD, THEh, EHRICERL
ToME DTN 7 — R Z2RRIT D 2 LI S ATV L, R O M A
FFLODNOWELIIETIC Lo & m EEE2 2 8 2EE LT, EREEICE
Bl U 7o iR O 7 — A 2 IRET H 2 & bRtd STV Ru,
¥ H334A%H
(7) FodkiHIH
FBH2001—739 354Kk (F33) IZiF, KOTHILD D,
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Mo022] A1Gal nN/V77 A THREIHEEZF-E, BI6T 7 AF ¥ 2177
FTOHETH-oTh, ZETEIF U Y /UBEDRE S 2 RE 5 LotitdRNdEEsn
Do, K51, MA4CTHHALEZbDO LA THLNALIGa Il n N7 7 A THEIZT 7 A
F ¥ O RO EEZET I 7 L bDTHD, 77 AF ¥ EDIFTEA ]
Ga I nN/V77A 7R %, ZIICAHTL0E2 ORI L TE1 1° OFEERFAET
TUEMMET D, ZBETES XUy MEEDORES AR ST Z LI X IR ORI
NHDTr—RAZBNTIE22~27%Th D,

M0024)] AEHFICESSATIGa [ nNR—XLEDOESEE, M72B8BLoo
T %, AT v 76 2BV TSR HESN D, BRI 7 74T THELRTZ b DRE
FLV, RICAT 76 5BV, EROEEIZT 7 AF ¥ 32 bhd, 77 AF
SHIFHS LHEO S HLOWVTIUCL - TEBLTHRY, - F, hbVICERE YTy b
XFRIA = F U THIRIZE D R —=2 T LTHRV, |

Mo028] A1GalnN~_—2LED3 2%, F&WHE&REES 4 %) L CRIELZ
THHFRFE L TEBILEER, LEDIZRZERRBEOND D IZEWRAREFFORA X T4 XE
AATOREBHRTFETHILHHERD, ZOREL EDIZRWTIE, REGIIEWEkZEL
TSNS, ]

() #eat

ERROoTHEIC UL, B3 3AMITIE, A1Ga I nN/V7 747 RiETH
SEREE, I bbb, 77 AF v 2T A1Ga I nNX—ZXLEDIZ, J
RN G FEIND Z L, RO, BRO EEICOTL T 7 AF viE, Eizd o=
Y EXIERIAZy F U THMCLD ARG —= 7 LTHERWZ EBGEHEis LT
LTV DbDOD, b Eh, ERICEER LICEOMEIZT — N 2&T 5 2 &
TRCHE STV L, RS O E I A R L DD e OBGEL SRS X S
NEmESEDLTEEBE LT, ERERREISER L2 Allm o7 — S A2 RkiET
5T EbRHE STV,
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7 H1 31T
(7) FedigE
[High Output Power InGaN Ultraviolet Light-Emitting Diodes Fabricated on Pat
terned Substrates Using Metalorganic Vapor Phase Epitaxy| Jpn. J. Appl. Phys. Vo
1. 40(2001) pp. L583-1.585 (Part 2, No. 6B, 15 June 2001) (H 1 3) 2%, BT
DFLHEA D D GROCE, FR, 1 4RMIRIE, FamoelEIZL 5,.),

(L583HEHKI~101TH) Ultraviolet(UV) light-emitting diodes(LEDs) with an InGaN
multi-quantum-well(MQW) structure were fabricated on a patterned sapphire substrate(PSS) usin
g a single growth process of metalorganic vapor phase epitaxy. )

(R0 A S BEHHREIEE VWO H—RETr 22 AW, "F—fb3nich 7 7 A4 T H
B (PSS) B2l nGaNZEETFHF (MQW) HEELHAT L2500 (UV) L4 A A
—F (LED) #JEpLT,)

(L58 3HEAMM3~547H) Epitaxial layers of UV-LED devices were grown on a pattern

ed sapphire substrate(PSS) by the MOVPE technique under atmospheric pressure using a single
growth process. |

(R k7 rte2z v, RRETFICBWTMOV PE (AeRXHKkRE) Hifr
kY, "=k Ehizth 7 7 A T7HEKR (PSS) EICUV—LEDT A ADZEX X
YVE R SET)

[(L583HEAMM1 3~1447H) the widths of the ridges and grooves and the depth of

grooves were 3um,3um and 1.5 um, respectively. |

(R3] W oobg, MESOE, MOMEOERSIZENZEN, 3um, 3umKkDO1.5umT
bHoTe,)

[((L584H/AM1 6~2147H) The flip-chip LEDs were placed on lead frames, and the
n molded by epoxy resin. The molded LEDs were measured at RT. Standard mounted LEDs, w

hich were rrown on a conventional sapphire substrate(CSS), were also fabricated and evaluated
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(CSS-UV-LED, sample B).]

(GR) 7V v FF o7 LEDAR UV —R7L—A BIZHE L%, RS ORIEIC L0 RIFL
Too TBRC LIRS A A —F (LED) =il (RT) T L7, 1EROY 7 74 7 Mk (C
SS) higkESH, #EENIC~Y Y FLELED BERIL, §HMiiL7z (CSS—UV—-LE
D, #>7/NB),)

r

n-iype THAUTIAW T A electrode
ptype PUAG/TIPY Au/TVAu elecirods

mmjf 5-GaN:Mg (100 1m)

p-AlayGaayN:Mg (50 o)
'-\--‘_--

\ Ax InGaN/GaN MOW
N 0-Aly ;G N:Si (50 nm)
n-GaN:8i {6 pm)
| GaN buffer (27 nm)
—ed e (0001) Pattzrned Sapphire

fig. 1. Schemuwic disgram of the UV-LED fabricated on the PSS,

(GR) K1, PSS EMERENTZUV —LEDOBIIKX)

Table 1. Comparison of the LEPS-UV-LED ({sample A) and the

C8S-UV-LED (sample B).
Sampie A Sample B
Subsirate PSS CSs
{ K}O}supphiﬁ-
(1205
Dislocation density 15 Wem™ 4 100em™
Die bonding Flip chip Standard
Operating volage at forward 34y 34V
current 20 mA.
Cutput power £, 1S6HmW ~3.5mwW
(B 20mA)
External goantum efficiency e 2494 ~ 5 4%
{fw 20mA)
Voltage at reverse bias current of 178V AV
00 nA
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(3 (#1. LEPS—UV—-LED (#>7VA) £CSS—UV-LED (47

JVB) DL

H T ILA Y+ 7 )L B
FHobx PSS CSS
(1100) 4,
(1120) oo
BRI R 1. 5X108cm 2 4X108¢cm 2
HART 4T 7y TIFoT FEAERY
2 0 m AJIE ST 7] B it B 3. 4V 3. 4V
DENEET
H7IP o 15. 6 mW ~3. 5mW
(2 0 mAWK)
T ETNE, e 2 4% ~5. 4%
(2 0 mAWK)
100 pu AirSA 7 AEEF 17. 8V 11. 5V
DEE
)
() FET

EROOFEHEHIC ZAUE, B 1 3FITmICIE, M OmE 3 um, MEOME 3 um,
MEROES 1.5 pmDOMMER T2V 7 7 A4 THER EIFERLAZGaNZALED
X, ROV 77 A THEWREAWZLED XV b, ifBENNSL, B LU
HETDRNELRDZENTHEINTVDL LIFNZDH00, 26T, HERIC
FERL L To s ORI 7 — 32580 5 2 S IFRial ST L, B R O
PEZMER Lot OBELSUIEITIC L 2 A E2m ESELH 2 L A2BEL T, EhE
MR U 7o dh il O 7 — A R ET 5 Z SIS ATV,

o B3 4FTH
(7) FodiHIH
[High Output Power InGaN Ultraviolet Light-Emitting Diodes Fabricated on

Patterned Substrates Using Metalorganic Vapor Phase Epitaxy] phys. stat. sol. (a) 188,
No.1, 121-125(2001) (13 4) 2i%, ROFEHEDH D GRIE, Fik, H 3 44
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R, FrimOElE),

(12 1H%E1~397H) Ultraviolet(UV) light-emitting diodes(LEDs) with an InGaN mult
i—quantum-well(MQW) structure were fabricated on a patterned sapphire substrate(PSS) using a
single growth process of metalorganic vapor phase epitaxy. |

(R0 A S BEAHREIEE VWY H—RETr 22 AW, ¥ —fb3nich 7 7 A4 T H
B A(PSS) B2l nGaNZEETFHF (MQW) HEELHAT L2500 (UV) L4 A A
— N (LED) #pL7,)

[(122H9~1 11T7H) Epitaxial layers of UV-LED devices were grown on a patterned s

apphire substrate(PSS) by the MOVPE technique using a single growth process, without a mask
or any interruption. |

(GR3) Bk 7 rt 2z v, <227 6 —4loFl b RuVIREET, MOV PE (A&
SHRRIE) BAfic kY, R2—Absnty 77 A4 7HMR (PSS) EICUV-LEDT A
AADTEL X ¥ VEE KR SET)

(122H14~154T7H) The dimensions of the structure were as follows: the widths of

the ridges and grooves and the depth of grooves were 3 m,3um and 1.5 4 m, respectively. ]
(R BEEOHEFLL T O LB Tholz : I OmE, MEOE, K OMWETORES X%
NZFH, 3um, 3umKkOrl. 5umThHo7=,)
[(122H27~351TH) The flip-chip LEDs were placed on lead frames, and then caps

ulated by epoxy resin. Four types of LEDs were fabricated and measured at RT. Sample A was

fabricated on the PSS with parallel grooves along the <(1100) (1120) ,\) direction,

sapphire (

Sample B was fabricated on the PSS with parallel grooves along the (1120) ( (1100)

sapphire
aN) direction, sample C was a standard mounted (p—side up) LED with a transparent p—type ele
ctrode fabricated on the same wafer as sample A, and sample D was standard mounted LED wi

th a transparent p—type electrode, which was grown on a conventional sapphire substrate(CSS),

as listed in Tablel. ]
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(GR30) 7V v FF vy FLEDA U — R7 L—&A LICHE L%, =R X UBETH 7Rk
L7z, =iRT, 4MEOLEDMEKIN, FHllanz, R1ICER#EINTWDHERY, o
TVALE (1100) B 7 7 A 7 ( (1120) G a N)) FHOFATREEZHTHP S S REICER S,
P T BIE (11200 7 7 A 7 ((1100) G a N)FHOVATRIEEZH T HP S S RICTER S 4,
PN CiE, YT NVALERL YA RIIBR S V2 EZR O p BEMEZH TS5 (p 2 ED)
BERMLEDTHY, Y7 ADIE, ROV 77 A T7HMR (CSS) RICEESHE, D
WZ~v ML, pMERAEMAZATLHILED ThoT,)

:

p-type electrode e p-GaN:Mg (100 nm)

TTe— | = 4x InGaN/GaN MQW
s n-Alg G2 sN:Si (50 nm)
~——— n-GaN:8i (6 pm)
Pl V™ f V3 — GaN bufer (27 nm)
/_./ (0001) patterned sapphire
-

r Fig. 1. Schematic diagram of the UV-LED fabricated on the PSS |

(R3] M1, PSS EMERENZZUV — L EDOHEIKX)

Table 1
Characterization of LEPS-UV-LED and CSS-UV-LED
sample A sample B sample C sample D
substrate PSS PSS PSS CSS
(1100>Sapphire <1120)sapphire <1100>sapphire
{1120} Gan (1100)Gan (1120) Gan
dislocation density 1.5x 103 em™2 %) 1.5 x 108 cm=2 4 x 10% cm™?
die bonding flip chip flip chip standard standard
output power . 15.6 mW ~15 mW ~9 mW ~3.5mW
(at 20mA)
external quantum 24% ~23% ~13.8% ~5.4%
efficiency
* Concentrated on the ridge region. |
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(R3] #1
LEPS—UV—LED&CSS—UV—LEDODOKH

YT IVA Y7 B Yo7 C Y7 D
HMi PSS PSS PSS CSS
(11007 47,4s (1120) 4,47 (1100) 45,47
(1120) cun (1110) oo (1120) oo
I E 1. 5X108 *) 1. 5X108 4%xX108
cm 2 cm 2 cm 2
AARy TV TFoT A A FEHER FEHER
TAUT
H ) 15. 6mW ~15mW ~9mW ~3. 5mW
(2 0mAR)
AR B3R 2 4% ~23% ~13. 8% ~5. 4%

* ORI )

() Hat
EREOOREC ZuE, B3 4ATITIcE, 7 7 A TERISME O 3 1om,
M OmE 3 uwm, HEBOES 1.5 u mOMY 2T/ L EDIX, 1EkOY 7 747
EHRZEHWZLED LV b, BEENNS L, HAKRUIMNBER RN 8D
TEDVHEHENTWND TN 2bD0, £HEh, EHRIZER L ihioMimic
TN BT A LIFFHE ST e L, B ORI E Z HERE L Dok oL
ELIEHTIC L 2 N EZ R ESE 252 & 2BE LT, ERRE IS L 7z Sl
DT — " ZRET D Z LTI S TNRY,
2 H 3501 T
(7) FofE
EBABO1 /41225 5A% (F35m1) 120, ROGTHELAH D GRITUZ
DEBE),

p=({|§
%

iR
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FERFHIBEICER L C, BEFICIRA SN 2mEIE, BTl fFfraesid L9
ETHRHONEEZHLNICT H00BPIKICE EE 0, R EZ, Y¥EFICH
R SNAEDRREICHMNADRH RSN TOIIERY, ZhIC X » TYHEES O E
RSHEENFRESINS O TRV, Lnd e A, EFROOMEAFAKIC & &
F52 LT, TOERENEHENTH D,

Lo T, ERRDOFEHDHNG, RIS N MEO T — S8 1 2
0° ~140° OFPMHICHD &I FFEDHERDBA/RINTND LTV R R0,

VA Pk i)

Y7 7 A THRZBNWT, BHAIRRMEASZ = 2575 2 8T, Ga NRFE
ROFERMELLEL (Thbb, NHEFIELZN LSE), ZERFZ AT
flcExs (Thbb, MIETHERLM EIED) L0 HilFs, BBt -
T2 EBRWDDHITRY DEELL RV,

F 1 3TITH R 3 4 THTICIX, 7 7 A 7 HERICHAIB 2% — 23T 5
LT, GaNRYPERDOENEEL /NS TELZE, T2, fHabEEK
BETELZLEFRBLINTWD DD, ZESZANTIGEITE 52 &IdEEHE S
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PLbA~Hiz L, 774 T7ER IR LG a NRYSERRE X A 4 —
RIZBEWT, FEREOREMEZ MR Lo tOWELUIEEITIC L o )2 W E &
HHZEEBEL, EREEE LIS MmOT — %2 120° #8140°
UTFETHZ L, F1IEAICEERVLRBIERL, £, Z20os40onThon
FSCHR M OE BRI R WD LRI S T2 L,

L7ehio T B 1IN T, AIFHI 1 OFER 2 1RO E T2 2 LT,
WBEHITL > TAELSITHEBI LB D LTV R0,

) £L&

UEDEBYTHLIND, TOROFIIOWTHET5ETHARL, AFFEH 1
25, H 1 FBNCH 2 38 L <IXAIEIN SUIE B 28 L CTUEREDRE ST
MET L2 ENTE LT, Fio, ARIEFFHI 1 QR E FHEIC IO RE
FIHA I UTZARERI 2 ~ 4728, B 1B AFENT SO E i 2 8 H LT
EEDEDHIBBE GO TR EbHBNTH S,

LoT, Bul$m 31, BN, B 1BINIESOTREIEI 1 OdERM%
HETERWUE, BUSFEHE 1 XR2ICOoWTHRHNTAIETHRL, ZhlZESn
THRREZWMVET Z LIETER,

GO
BLEOWHETH Y, BHHH 3 ICHIM AR DD, ZOROBRIEFHICOL
THIT 2 ETHA<, FEORRITEE AR,

FoT, REDHEREZFENTLHZLLELT, EXDLBYHIRT D,
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