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Effect of growth temperature on AlGaN-based UV-B laser diodes and characterization of emission properties
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AlGaN UV-B refractive index waveguide laser diodes: Optical characteristics and etching effects
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[1] S. Tanaka et al, Appl. Phys. Express 14, 094009 (2021).
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Fig. 1 Schematic sample structure
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Analysis of in-gap states in polarization-doped p- type AlxGaixN layers on AIN
AWARET LAWAXET 2OM1)/ME BV FTA BE:, ik BKE

S K12, MR gt 12, Big £k 12
Grad. Sch. Sci. Tech., Meijo Univ.! Meijo Univ.2,

OS. Obatal, T. Takehisa!, T. Suzuki?, D. Imai?, T. Takeuchi', and T. Miyajima®
E-mail: *243428014@ccmailg.meijo-u.ac.jp, **idaichi@meijo-u.ac.jp
REESN LED R0 L — P —ICH W B D ALGaixN IR TlE, Mg I XV kS G 7 7 &7 &
RESRN T2 ARWIEFLIRE SR T FE MBI T 2B D —o2 & STV 5D, EF. ZOFTHR
L LT F—E U 7 ER SN TOW L0 RMMEINNAARE E S0 R— 7 m Al #
% AkGarxN JRAE Tk, IEFLAERIZRTT 2 Mg R—v > 7O F N iﬁwﬂﬁéhﬂ\ , AR Z
DR & LC, MAHERE O 8 AR S N ZET % Mg 234 o
B3 2500, Mg ISR L7e A~ Mg &N PRI T
WD R g ALK p B2 ALGarxN D @il K 0 B 2N
¥ Ry v TWEMOFHIIINEE N mWEEZ BN D, T TH -~
[, T O/ KR T I - SRR ICRE T eroonenem @)
1 #Em{ESALGa; NOPDSZX X% L
REZ2 EEMR 7] 73 JEVE(PDS IE)IC L U ol R—E > 7 p B Al,GaixN

. A\N lemp\ate

Mg doped (w/ annealed)
Undoped (w/ annealed)

o Mg doped (w/o annealed)
Undoped (w/o annealed)

[
o
©

PDS signal (arb.units)
=
S

[N
(=)

o
w,-{(

10'F s AN mpide
DAL K % v TR A, HE o
HEFEHE MOCVD {£12 L Y AlN/sapphire 7> 7" L— b EIZFE g’ " /,,/,/'w‘-’/‘;;‘ /]
& U 7= A AlGarxN & (x= 0.35- 0.9, E/E 60 nm)BICTHh 5, g
FEizd -7 Hall iliEFH Mg F—7 AlossGagesN 2% 7 FEIX K 102 - - J

TA Ty FUTICEVBRE LR, BEOBK, N2 RF v SRR Proten eneray €)
B2 #RH&1L L 7= RAERALGa; NOPDSZ <% b L

IZxF3 % Mg RF—E > 7([Mg] =5.2X 10 cm3) B L OVEMHEAL T =— L O B2 M L 7=, X 1122
NHOREE BRI AIN 7> 7 L— kD PDS 27 kM LZRd, 45eV (D v — 27 13430k T
BHIENTHhAHZ ED, FHIAINT 7 L—NMIHKTIHDOEBEZBND, I T, 45 eV
THUEL L7 PDS ZAX7 MV E K 2 1IZRT, BLE 475 eV LD HSm R X —fTIEART b
TERICIABZEWABII S TR Y . 2 OFEROE B AR AlkGaixN BIZ %3 % PDS 13
FThdEEZXLND, ZOMHEBIZEWT PDS EHIXEMALT =— itk Vb L, Mg F—¢
YZCEVERLTNDS, EoT, ZOTFAX—FEICEIT S PDS E5OELIE, Mg K—7
Ry F U TRV ECTT 7P ENRRBEN.OT =— M XD ZGIZHIET D6 D L&
2 bhd, S&IE. ZHbH D PDS (55 ORIFLHE T-ERRHE & OB OV TIRIT Z 1 6D %
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Device performance with sharp heterojunction interface applied in AlGaN-based UV-B LDs
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AlGaN % UV-B L—H#—HF A+ —FIZEHFHBFIAVIBL A FRRETO Al FIERE
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The effect of the Al composition gradient layer at the interface between the electron blocking layer

and the guide layer on the carrier injection efficiency in AlGaN-based UV-B laser diodes
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STEM {412 L AuiE, 1B L 7= LD % ¥ =/ ~—IZ1X EBL & A REIZHK 2~29 nm O AlFHLAE
BBAERIN TN, ZRLO% T =/ —% LDIEL, 2 AMb Y, ZTOERK L ALK
EREREARTYE % Figure 2 127 vy b L7, F72, FRICEYI2Lb—va v TREL-Z n
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AlGaN % UV-BLD 28115 n HEBER 7 =——I/ILOF R 4514
Effects and characterization of low-temperature annealing of n-electrodes in AlGaN-based UV-B LDs
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YRR - BT, P=EK P L
°R. Watanabe !, Y. Imoto !, R. Yamada', T. Saito!, S. Maruyama', R. Miyake', S. Karino', Y. Sasaki',
S. Iwayama', H. Miyake?, T. Takeuchi!, S. Kamiyama', M. Iwaya!
Meijo Univ'!, Mie Univ?
E-mail: 210443085@ccalumni.meijo-u.ac.jp

AKIFGE T N—7"TlX, AlGaN F% UV-B L —H#—% A F— R (LD) O EtEaebizmiF 72y s
EHEDTND. ZDO—E L LT, MOVPE IZ X % fd A RIRE % 850°C £ TIRIE(LT 5 2 & TRk
IRNT ARG OGRS FTRE & 72V, ¥ U THEAZNERBE KT Hm 2/ L7z, LavL, AlGaN
FMEFCIE, n BEMRO A — I v 7 HEAEAIZ 800~900°CHEE D LLERHYEIR TO T =— /L33
&N, AIFZED LD TH 900°CT 3 HMDT =— il k> TA— 2 v 7 E WAL L TWND. K
WETIE, nBEBRT =— L OKIE/LE L OZ O LD HEE~D I OV TG LSRR 2R T

ARFI T, CL-ICP =y F v 7 AN Tn i AlGaN B E T v F 7 Ly = v— EiZ,
V/AUTI/Au #1ED TLM /¥ — U ZBE L, D7 =— VT 1V FrEafHm L7z, S 51T,
B 72 7 = — VA YRR U= A R UV-B LD &, 5E3KRD 900°C « 3 43 7 =— L4k CERY
L7- LD ZHi L, ZOMERE~OFEZRGE LT-

Fig. 112, 900°C - 3 738 LN 700°CCT7 =— /LI 2 2k S & 72 TLM B D -V Rtk 277
900°C * 3 3 D7 =— )V CIXRIF 24— v 7 #R G b -—T7, 700C -3 53 D7 =— /L TlEy
gy hR—HTho7z. LL, 7=—/AKM% 20700 E (2047, 3047, 4047) (SHERT S
ZETHA—I v EMPE LN, TLIMBIEIZ L2 2 7 b ERIRBRHE I, 20 537 =— /LI
28 BV 8x107* Qem? 3G H AL, Z OfEIE 900°C « 3 /0D 7 =— VDA LIFIERZETH - 7=,
ZHZEKY, n BROT =— B WT, T=—VERERELS T2 2 TAH— I vV EMIERN
AIRECH D Z EMH LN/ o7z, Fig.2 12, BR57 =— V&MU TER L7 LD O=R - /L
A BRENF D 1-V-L FitE 2 x4, KIRT7 =—/1 (700°C + 20 4y) %Jifi L= LD TiX, An—7%%0
SGE PSR SV, E, BIFEEIXZERE CTho7o. Y HIL, MBSy E RO
RARAEMEZ -T2 v U TIHEADRORHEFE R, 72 5 NS STEM JIERE R & Dbl 28 U T,
BONTZRRICOWTHERT D.

R ARWFFE O —ERI%, BHFE - B A (22H00304), NEDO JSEAFFE DHEIC K » THEMi S hi-.

b |
900°C:3 min {J700°C - 20 mih 30 40
*30 min
i 25 3
*40 min
0.5 — 1 30 g
'E— =20 =
o 5] =
— |nonalloy 700°C - 3/min 1S 1 20 E‘
S v ' =
202 01 o 0.1 o2 < 10 It
g 5 1 10 £
-0.5 700°C-20 min /R0 Pulse =
0 : : 0
P 0 500 1000 1500 2000
Voltage [V] Current [mA]
Fig. 1 IV characteristics of TLM Fig. 2 I-V-L characteristics of UV-B LDs
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220-230 nm EIXLH AlGaN EFHFPBEICHE (TS5 RAEDREKREYE

Temperature dependence of polarization degree in AlGaN-based MQWs
with emission wavelengths of around 220-230 nm
WOKEE - BIpkRE !, SILEHE?, BH S, BRIV TRAT U
ABE, Feen !, FEER, CEARE2, AFR, BEMLC

M. Ajmal Khan’, £HJEA 4, FLBH 4, FILUFHE S, (LA
Yamaguchi Univ.!, NIT, Tokuyama Coll.2, RIKEN?, Nippon Tungsten Co., Ltd.*
K. Tani', S. Ochiai', Y. Muragaki', ©H. Murotani2, S. Kurai', N. Okada',
M. Ajmal Khan?, M. Muta*, Y. Iwaisako*, H. Hirayama3, and Y. Yamada'

E-mail: murotani@tokuyama.ac.jp

AlGaN R & HIEE T, K TE, BETHCADE, WEEROEEIZI V., & Al #kE
WICB W TIE - H BN KRR ANED D 72012, Ny R EORIEEEN BT 52 L
DHER S TWA[], 2 E TIZF & 1L, 220 nm 45, 240 nm #735 X OV 260 nm %“@%‘ﬁ‘ﬁ‘é AlGaN

B H ISR\ TNY RO ICEE OB BERAFIE 2 35 L C & 72[2], A, N R
IR T ¢ BRSEAMESS 72 220-230 nm 7 THE TS AlGaN & %#FT%L ZEBWTRIE
BEPEDIRERAFIE 2 FEMM L. 2 ORI EARTEIEIC OV TRgt Lt@f%&iﬂ“éo

BECHANZZEHE, c @Y7 74 7HEK EIC AlNJE —— ————
K n-AlGaN JE % T L, A& R A MR MREEC @h=225nm || ER=2300am
> TR SNz 4 JAH O AlLGa.N/ALGa,N a?#)ﬂ'% —Ellc
WCTHDH, HEEIL3 nm, FEEEEEIL 1 nm THY .,
e BERIENE 6 nm OFEEERE TGS TV D, FEbE—2
W E 2349 225 nm (Sample 225: x = 0.86, y = 0.94) DKL & K
230 nm (Sample 230: x = 0.82, y = 0.94) DL & H =, 2
¥ RUR O RIARAFEDORIE X, SRR & i L,
S 2> & PL O 2R 3 DB E TI1T o 72,

X112 10K ;’rsotU“ 295 K T® (a)Sample 225 B L
(b)Sample 230 (2351 % PL ZA%7 N L OARIARIFNE %2 R . T
T, W o uitﬂ' IBWTY e $H3fﬁﬁlﬁ(E||c)@ PL & A3 ¢ Wavelength (nm)
HPRIE(ELO) LV b iEW 2 &35, X212 PL 2~ Fig.l. Polarization dependence of PL
7 Mwﬂﬁﬁ‘éﬁkf P72 538 L 7= (a)Sample 225 B LY jfl‘é’tﬁ at ;40 i‘;d 295 tlﬁ taken from
(b)Sample 230 (245 1F B RIELE p = (L-I/(L1+h) D T FEAR A7 waleengths o? absout (a:;/ 1225 nan::lZSI((l))r)l
PR3, (WYEEEIE, Sample 225 IZB W T 10K Tp=- 230 1m.

0.76. 295K T p=-0.40, Sample 230 (BT I0K Tp=

PL Intensity (arb.units)

295K 295 K

049, 295K Tp=-0.17 L S biie, W oRE (@)~225 nm
(2R T b IRIEE OFEHE IR E BRI LT o ore 00

DT ENZIND, AR, RE LRI E R O 05t /
FY VT HLWIRE T ORMOEMICED D EE R

- e 8.¥

BB, EFORRIEF ¥ U7 HHVIERRT OGS 2 A Aenn=LLmeV
NI~ G ARITHE D EARE bf_%;f:/‘/[ﬂ PN % (Ib);b~230nlm : :
YT A T OFRERTH U | s R EFL(ch) /N = T b 4]
R & BV IESL(hh) /S ROx L —[HFE L, Sample 225 “osl sga s Y
T 11 meV. Sample 230 T 6 meV & ffEH bz, =D ‘ i\ Ach-nn=6 meV /
Z &1, Sample 225 OIRFEE O#axHEAY Sample 230 X 1 l p~-0.49 p~-0.17 ]
REWZ L EFFHLAR, 0 100 200 300

AHEFE O 1% JSPS AL £ JP20K04585 5 L OF Temperature(k)
JP23K03948 DB & 52 1 TIT bz, Fig.2. Temperature dependences of

© 2025% ISRYEES

[1] R. Banal et al., Phys. Rev. B 79, 121308(R) (2009). [2] HiEFfth,
70 [BS B PS B PUERIES 17p-B401-11. [3] K. Kojima et
al., Phys. Status Solidi C 5, 3038 (2008).
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polarization degree taken from AlGaN
MQWs with emission wavelengths of
about (a) 225 nm and (b) 230 nm.
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M UV-B L —F— & A F— FIBIT 2 XFHERDBE L 70 v X TROKEL
Selection of substrate for vertical UV-B laser diode and optimization of process steps
OMIWE % AHEHE |, FAEA |, WHBER |, WHEDE |, ZEMAR, JLEK !, FHEE!
AR BARE, TREH !, EILE !, ZEH N2
AR -HEHIZBEX - T
Y. Sasaki', Y. Imoto', R. Yamada', T. Saito!, R. Miyake!, S. Maruyam!, S. Karino!
S. Iwayama', M. Iwaya'!, S. Kamiyama!, T. Takeuchi', H. Miyake?
IMeijo University, 2Mie University
Email: 200443036@ccmailg.meijo-u.ac.jp

KIFFE 7 N—T1%, 7 7 A T HWR BB L7z AIN B — EIZ AlGaN % 3 IRothE S5 2
LT, KTREFI L7z AlGaN ETO UV-B L—H—% 1 A4 — K (LD) D=/ /L ABREZRKZ) LT
W5, ETo, RAIEIOSHWEFE T, IEN - DK Z O EBGHBEE IS X 5668 UV-B LD @
FBIR OV ABRENC RS L2 Z A L. UL, sRfl7R 7 0 A TRESC R 7 SCRFIEAR D138
ER Y, ZL OFEPFEINTND. ARETIE, b O 7 1t 2 TR AR OEIR
(BT SRR R 2 ET 5.

ARFERTIE, IFFEROBRIUCOWTEmT 2. K7 L—7TER L T\ 5 AlGaN LD #iE(T,
HEMEOH D nJ@E LIRS, N2 T5~6umBEDORETHD. TD=8, ZFRFFERN
WLl ZOXFERIE, V— -0 7 —m AR T D 2 EARD BN D, RIFIETIE,
ZOEIRIHASD X, 2 FEO RN A MRGE L2, —DIl3 ks SiC BT, &5 —2iEhMm
AIN BERSEEMR T 5. BifGEL SIC BERITBSFHMERH Y, I 7= 2R LT WRLE RN H 5 —
T T, LD U= — LG T DERIC AlGaN OB & SiC DZ NI R WS,  BAT 720 )Y
RS WE WO BRER B D. —F, Zhlifh AINITHRD AIN ZBEf L7 BT, BEBRMI
RN, R EOH I THENSCT WD, T4 A NRARELRDAEERH DL EEX D
N5, KERTIE, Zhb2 >OFRREZE AW TER L7ZHR LD A7 LD o417 72

YERLL 7= LD ORIV ABKEY CREAf L 7= J-V-L $#E% Fig. 1 12”33, fEFRE LT, SiC K,
AIN FE# & BICRIRA MR L=, 72, F— v o =00 LZICH 0067, HROIEH> RN
R LD (ZHERCRUEBRBEE MRV ME A R SNz, 512, Fig 2123 77—k SEM 4%
AT, WA HWT Y BAFREGH DB S TS Z AR s, 72721, 17 —n
ADFEALIC L » THRIEEIREEOZb 2 EEMICIAT 52 Z LIXTE o7z, £z, BfEETE
DIENZZDTT A ARHEDIENRR, IFRFEROENT &5 7 7 X TROEWVIZ OV T,
“HERT D TETHD.

HIRE - AR O—H0, BHIFE - % A(No. 22H00304), NEDO SCEAF7E DB X 0 i L7=.

35 horizontal (Max : 48 mWw)

RT, Pulse -~ .
,*SiC (vertical) horizontal
0o e
25 ; active layer 2
s 15
520 E Ljm
£ 3E
E 15 =
2 = Vertical (SiC)
! 25 p—. - .
10 4 3
s A ]
0 0
0 20 40 60
Current [kA/cm?]
Fig. 1 J-V-L curves Figs.2 Cross-sectional SEM images of mirror facets
© 2025% [FHMEFR 12-093
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AlGaN/AIN EBIEFEZH TS0 BERAFTEE—_SHRERET /N1 X

Polarization-Field-Induced SHG Device with AIGaN/AIN Strained-Layer Superlattice
BABEL !, BReKOTRIREY %L HABRL® =FKXRTL* O4)Il 2 "2, Shahzeb Malik'" 2,
E EFT° Fk R "2 BF 512 KH BA2 =€ FA4 LAHF EH2 /FlL E= 12
Osaka Univ.!, Kyoto Univ.2, Mie Univ.3, °T. Tanikawal, S. Malik!, K. Shojiki?, M. Ito?,
R. Momosaki!, H. Honda?, H. Miyake®, M. Uemukai!, R. Katayama?

E-mail: tanikawa.tomoyuki.eei.eng@osaka-u.ac.jp

AIN TSI T 2B IME & iR IERIEEZ A L, 8V maii g 4E (SHG) 7
NA ZZHNWND Z EMTE D, FxlI 2 E TS AIN PRS2 O 7= SRR AR IR &5
NA AZRE L, R 229 nm OS5 SHG % FERE L T X 7o[1], AMFIETIL, WG A A
B SHG 7 /3 ADQRHIZIANT T, AlGaN & AIN Ot & 0 AL D0 MmER %
FIH U7z SHG 7735 A Z 7o IZH2 %2 - /R L, R 230 nm @ SHG Z FREL 7D THE T 2,

W 460 nm O AL TMoo £ — K &35 230 nm @ SH 3 TMp, & — R2MIAHEAT 58 & 270
nm, B 1.2 pm OF ¥ F/VEPHIIZH L, TMe T— RO FROEDONEIC AIGaN/AIN E#S -

(SLS) #FlE T 2 &, Fig. 1 IZRT K D IZHHRER Evq 2372700 | Wk SOisHE & RIRRIC F22hAY
72 IR DI F R ZE R S L. R RERPHIG T 5,

& 270 nm OEPEENIC AIGaN/AIN SLS % {1Efl4 5729 :\%Ny&7:~w@&ﬁﬁﬂﬁ
SAHECE (MOVPE) B2 0F Lcfid B ARl Tc, ARy 2O 7T =— /WiRE O i klc
xTy777x%m%ﬁ#5ﬁ%Ev&wﬁﬁﬁﬁﬁg8Mm0)MNﬁﬁﬁam\%@i:
AlogsGao.12N/AIN (2.1 nm/4.0 nm) SLS 35 L OYEE 115 nm @ AIN JE%2 MOVPE [{E S ®AZ & C
PR R OV HERF S, Tkle~T v Fri 2 £ 13 Ao SLS 23§ 67z (Fig. 2),

Fig. 1 O ZE b OF ¥ VBB AR L, BEAE 7 = 5 MNP L—3 % H T SHG %
BRAAT o To, AW R 460 nm  TM St 2 E IR mRE S L2 & 2 A, &K 230 nm @ SH ¥
NS (Fig. 3), SHIEFREIIEARN ST —0 " RICHAI L, “ROEREIFEBRICES L
DTHDHI & xfER LI,

MHEE  ARFFEILEMFE TP22H01970, JP22K 14612, JP23H01879, JST FOREST JPMJFR2031, NEDO 4
B OBREZ T b DT,
[1] H. Honda et al., Appl. Phys. Express 16, 062006 (2023).

Fundamental wavelength (nm)

; 430 460 490
12pm SO 210 '
< > @
§I AN 1 2
Q AlGaN/AIN SLS ¥Ep,, e
N AN 1 £0°
£
Sapphire 5
Z0.0 :
| 215 230 245
SH wavelength (nm)
Fig. 1. Schematic of AlIGaN/AIN SLS Fig. 2. HAADF-STEM imageFig. 3. Spectra of fundamental and
230 nm SHG waveguide. of AIGaN/AIN SLS. second harmonic (SH) waves.
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BINATOEEERIAEET S 226 nm far-UVC LED OFFih=+ER £
Improving the luminous efficiency of 226 nm far-UVC LEDs
with a double heterostructure as the light-emitting layer
ZEABRL', ZEX¥TEUS—), ZERTERE",
BRABET ¢, lRAEEE®, R4V L—BAS
OFitt BA ', Rk M, ht XV W BES MG —EL LB EESL =€ AV
Mie Univ. "7, Osaka Univ.*”, Stanley Electric Co.°
R. Akaike'?, H. Yasunagaz’3, T. Nakamura'?, S. Ichikawa®’, K. Kojima4, M. Tsuchiyaﬁ, H. Miyake"2

E-mail: akaike@elec.mie-u.ac.jp

B 230nm LA N O farr-UVC I ABRICHEEZ 525 Z L 72 M « 7 4 LV ADOARIEMEL A AT
HETH Y. AlGaN % far-UVC LED D EZNRIENED TN D, SRR IHREQE)DEFKE D
1 DTHHEMEADFCIENZEHT D&, EF7 1 v ZJEEBL)E FONY T JEOREER
[1]15° 20 A D% E &7 H A (MQW) D A[2] 72 £l L W CIE #3H kL, far-UVC LED @ EQE 23
M EL7zEofERH D, Fald, MQW HiE Tl < FELREIRO K E WEH 10 nm) & 7 /1~
T afEEDOH) ORI XL Y, HE 230 nm @ far-UVC LED @ EQE [f] L& #i5 L C & 72[3], AHf
72 TlE. W 226 nm @ far-UVC LED (22T DH R & MQW K& & D Lili 217 - 7=,

c 7 7 AT R EIZEIE 600 nm @ AIN % RF A%y ZIEIZ L HEFE S & TRl 7 =— v
Zhi9Z £ 12X > T AIN 7> 7 L— h(FFA Sp-AIN[4) Z/ERL L 7=, e\ CHIEA B SRR
2LV, nl AlgssGag1aN, 20QWs(#N U 7 3 nm, H7 2 nm)dH 5 VM 100 nm O HLJE AlGaN Ft

J&. AIN-EBL. graded AlGaN, p ! GaN %% £ 10°
S 72, Fig. 112, In RO on-wafer THIE L 72
far-UVC LED @ v'— 7 i & ©°— 27 EQE DRt
Zd, WE232nm,226nm & 12 DHAERE LED
DIE 9 7% EQE 23 < . FrIZHE K 226 nm LED T

on wafer
with In electrode EU-I

Peak EQE (%)
>

13261 ThHD, ZOREFIE, SILENSe & Hu 7= [ O DH ]
vIalb—3 gt CIE [ EOFEERRKE N
. K 20aQws
LEZ 5D, 02 . =L
220 225 230 235
[1]1M. Jo et al., Appl. Phys. Lett. 120, 211105 (2022). Peak wavelength (nm)

[2] H. Kobayashi et al., Appl. Phys. Lett. 122,101103 (2023).  Fig. 1 Relationship between peak wavelength
and peak EQE of MQW-based and DH-

[3] K. Uesugi et al., Appl. Phys. Express 17, 042008 (2024).
based far-UVC LEDs.

[4] H. Miyake et al., J. Cryst. Growth 456, 155 (2016).
[FEE] ABFZE D —EIXEFE(22H01970), JST-SICORP (JPMJSC22C1), NEDO [fiifk#E S FEHIC
T 728 =3 L F—F O RS - LR RE T 0 7T L), TERIC K 238 e iR %
3] (21502153-0), FEEMFZEOHARIZ L VT,

© 2025%F [CRAYEER 12-096 15.4
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1B GaN EFHF Z AL = Far-UVC LED D&kt & EH
Design and fabrication of Far-UVC LEDs based on ultrathin GaN quantum wells
RABE - I OfIR Bw, EE EFXF MF % L &
Kyoto Univ. °Atsuhisa Izumi, Kanako Shejiki, Mitsuru Funato, Yoichi Kawakami
E-mail: izumi.atsuhisa.38x@st.kyoto-u.ac.jp, *kawakami@kuee.kyoto-u.ac.jp

o] % 240 nm RO Far-UVC JEid, AMRICEETHY 2RO VANV AZ R ELTE 52
EMBEITFERZHEDTND [1]. ZORFEE LT, BEICLI LS, /MMUT, @85y
TX 5 TAIGaN &2 LED XL TH DM, BLR T, FMBEF2IE(EQE) D ~1% &K\ Z & 23]
Lo TN D, ZOMBEZARRT 27202718 L ~L THV GaN &1 H 5 (QW) OFIHA
RESNTND 23] LAL, LED &FHIBT 2R/ MMARBIITEL RSN TE LT, MAT,
i GaN QW Z BUED EALY) L EIRT A ADF T2 D gk R 1L T o 2 A He R SRR IE
(MOVPE) 2 & W {ERL L 7=f134RD CIRE TH D [4]. AFE TIX, #i#E GaN QW % D Far-
UVCLED (ZDWT, T3 A 2 b= 2 lnicixGt &, eIV 2 MOVPE ik iZ o0
THET 5.

(BB LOWER] 2 L—3 2 VIQIE SILENSe 2 flne, K 1IEv 2 a2 b—va VIclnk
i a T, 2 CIIRRC ALGar.N fEEEE O ALK x (27 EH L, Z4% 1.00, 0.95, 0.90. 0.85 &
L7z & & O GaN/ALGar.N QW DFLIR & £ Z~DEIEAMF(CIE)ZFHH L=, Dk
Rz 210Rd . WEERE 2 AlpoGap N & L7= & &, Far-UVC fEECTHLE S oD, CIE % AIN i
BEDIE D 23%77 5 76%~ L BIRNZm ETE D RN H L Z L2l L7z, ZORGHIESE
fii% GaN/ AlooGaoIN QW % & - 7= LED(EMEIEIEX 1 &1FF[F U)& MOVPE I TilfEL 72, X3
(XZR EL A2 ML Th Y, HEROFOLAWR 245 mm IZBIIS . 4%, SbR2EEE
LD 7= DGO R L Z XD, YAE, ¥ al—3 a3 & MOVPE lEDOFFMEZRET 5.
[1] D. Welch et al., Sci. Rep. 8, 2752 (2018). [2] C. Liu et al., Appl. Phys. Lett. 112, 011101 (2018). [3] J.
Nicholls et al., Appl. Phys. Lett. 123, 051105 (2023). [4] H. Kobayashi et al., Adv. Opt. Mater. 7, 1900860

(2019).
o001 oo 400 Energy (eV) Energy (eV)
1 05.5 5.4 5.3 5.2 56 4.8 4.0 3.2

p-gradedAIGa,N . T T T T TTrrrrvrr 1 1 T 7T T T

v 1-04) 20 nm I _
| 76 % x=0.85 =
Last barrier AIN 5 e 0.8 g o 5
nm o I ° x=0.90 a8
1ML GaN <06} %=0.95 ®
Barrier Al Ga, N & I E 2>
—— T 04f 8r
10 QWs w 239 8
Co2f o £
1ML GaN 0.25nm | x= d
Barrierﬂ!ﬂﬂﬂ 5nm 0 ! ' ! 0 L 1 L
300 nm 225 230 235 240 245 200 250 300 350 400
n-AlogGag N Wavelength (nm) Wavelength (nm)
X All layers are coherent to AIN
I vialb—vay K2 v 3Ial—vavicky [ 3: #&fF L7z LED @
i@ LED & K7z CIE & SR DBtk FILEL A7 b
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Optics-free Gbps solar-blind communications by using highly-collimated
deep-ultraviolet micro-LED with Fresnel zone plate nano-structures
NICT, Lingjie Wei, Guo-Dong Hao, Manabu Taniguchi, and Shin-ichiro Inoue

E-mail: lj_wei@nict.go.jp, s_inoue@nict.go.jp

Deep-ultraviolet light-emitting diodes (DUV-LEDSs) with emission wavelengths ranging from 200 nm to
280 nm could potentially be used as light sources for solar-blind communications. Micro-LEDs offer the
advantages of small size, highly-uniform current distribution, and rapid heat dissipation. These features
give them low resistor-capacitor (RC) time constants and short carrier lifetimes due to their low capacitance
and ability to operate at high current densities. These advantages bring micro-LEDs much higher
bandwidth compared to conventional LEDs, which enable them to achieve high-speed communications due
to enhanced channel capacity. For practical communication applications, a transmitter with
highly-collimated DUV light source is preferred. High-purity quartz lenses are commonly adopted for DUV
beam collimation. However, these additional optical components cause high costs and heavy optical
burdens. Moreover, a large amount of light is wasted without being collimated due to the small effective
aperture of conventional optical lenses, which limits their applications in DUV communications. We have
previously demonstrated highly-collimated optics-free DUV micro-LEDs on both sapphire and aluminum
nitride (AIN) substrates with Fresnel zone plate (FZP) nano-structures [1, 2]. In this work, we demonstrate
an optics-free solar-blind communications using our highly-collimated DUV micro-LEDs. As a result, the
date rate was significantly enhanced compared to the conventional flat-surface DUV-LED, achieving
Gbps-class communication speed.

In the experiments, a micro-LED with a mesa size of 100 um was fabricated by standard LED fabrication
techniques on a wafer grown on a sapphire substrate. A nickel hard mask was formed on the surface of
sapphire substrate (light extraction surface) by high-precision electron-beam lithography and electron-beam
evaporation processes. The FZP nanostructures with a diameter of 2000 um were then fabricated by
inductively coupled plasma etching with a gas mixture of Cl./BCls/Ar. The fabricated DUV micro-LED
with FZPs was then used as a transmitter to construct a free space optical communication system with
DCO-OFDM (direct current optical orthogonal frequency-division multiplexing) protocol without any extra
optical components. As a result, a data rate reaching Gbps-class with a very low bit error rate was achieved
using the QAM (quadrature amplitude modulation) method. This is the first demonstration of optics-free
DUV-LED communications achieving Gbps-class data rate. More details will be presented at the

conference.

[1] L. Wei and S. Inoue, Phys. Status Solidi A 2024, 2400081 (2024).

[2] L. Wei, M. Taniguchi, G. D. Hao, and S. Inoue, J. Phys. D: Appl. Phys. 57, 045104 (2023).
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AlGaN-Based Deep-Ultraviolet LEDs Achieving 9.1% Wall-Plug
Efficiency by Enhanced Light Extraction Efficiency
NICT, Guo-Dong Hao, Manabu Taniguchi, and °Shin-ichiro Inoue
E-mail: s_inoue@nict.go.jp

AlGaN-based deep ultraviolet (DUV) light-emitting diodes (LEDs) have received
considerable attention for their eco-friendliness, compact size, low voltage, and long lifetime.
With the rapid increase in light output power,! DUV-LEDs are now applicable in various
applications, such as disinfection and sterilization, water and air purification, UV curing,
lithographic microfabrication, and solar-blind communications.?® However, achieving high
wall-plug efficiency (WPE) remains a challenge, with typical values below 5%. One of the
primary challenges is the low light extraction efficiency (LEE), which results from total
internal reflection at interfaces and significant light absorption by electrode and ohmic contact
layers on the p-side. In this talk, we present an approach to enhance the WPE of flip-chip

DUV-LEDs by improving the LEE while maintaining high electrical efficiency.

The AlGaN-based DUV-LED wafer used in this study was grown on (0001) sapphire
substrate by metal-organic chemical vapor deposition (MOCVD). The DUV-LED structure
consists of an AIN layer, an n-AlGaN layer, several AlxGaixN/Al,GaiyN multiple quantum
wells (MQWs), a p-AlGaN electron blocking layer, a p-AlGaN hole injection layer, and a
p-GaN ohmic contact layer. The micro-sized mesh-like p-electrode was fabricated on p-GaN
surface. The remaining p-GaN within the mesh openings was removed by ICP etching, and an
extra HfO> layer was deposited on the exposed p-AlGaN layer where the p-GaN had been
removed. Nanostructures were then fabricated on the HfO- layer. The light was extracted from
the sapphire substrate. The light output power of the DUV-LEDs was measured using a
calibrated integrating sphere during DC operation at room temperature without external heat
management.

The LEE was enhanced by a factor of approximately 1.7 times compared to conventional
DUV-LEDs with p-electrode covering the entire mesa. The driving voltage remained as low
as 5.0 V at 20 mA, with no obvious degradation. As a result, the WPE reached 9.1% and the
EQE was approximately 10.1% after encapsulation for DUV-LEDs emitting at 275 nm. These
results represent one of the highest reported WPE values to date. A more detailed analysis will
be provided during the conference presentation.
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Efficiency Analysis of 230 nm far-UVC LED either grown on Bulk AIN or
c-Sapphire as a Function of Quantum-well Numbers
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AlGaN-based 230 nm-band far-ultraviolet-C (far-UVC) light sources can safely be used as a germicidal
application in both manned as well as unmanned environments against any viruses and microbes including
SARS-CoV-2 and bacteria methicillin-resistant Staphylococcus aureus (MRSA) [1]. Previously, the 230 nm
far-UVC LED grown on c-sapphire with an emission power of 3 mW and the external quantum efficiency
(EQE) of 0.4% on the wafer was reported by our Lab, however, the multi quantum-well (MQWSs) was not
optimized in the context of relaxation ratios [2]. The low relaxation ratio underneath the MQWs is critical
for suppressing transverse magnetic (TM)-mode emission and promoting the transverse electric (TE)-mode
emission. Therefore, herein, we conducted a systemic analysis on optimizing QW numbers for 230 nm far-
UVC LED while considering various degrees of relaxation and threading dislocation density (TDD),
calculated by SiLENSe. The results show that with a relaxation of 35% and TDD of 1 X 10° cm™ assuming
to fabricate the LED on the c-sapphire substrate, the carrier injection efficiency (CIE) increases as the number
of QWs increases. In contrast, internal quantum efficiency (IQE) decreases due to a reduction in radiative
recombination rate (see Fig. 1(a) and
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