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Abstract: Ultraviolet communication has extensive applications in laser radar, tactical communication, internal
security communication in aerospace plane and on-chip integrated optical communication. Both of the bandwidth and
light output power of the traditional deep ultraviolet communication LED were low, and the manufacturing process
was complex, which limited their widespread application in long-distance, high-speed communication, and on-chip
integrated optical communication fields. Experiments have shown that the increasing of the light emitting area of sin-
gle device can improve the light output power, but the device capacitance has a negative effect on the bandwidth.
Therefore, an important research direction for ultraviolet communication LEDs in the future is to improve the band-
width and the optical power density of the devices simultaneously. UVC Micro-LEDs with higher light extraction effi-

ciency, lower time constant, shorter carrier lifetime, faster modulated rate and higher current density than traditional
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LED have been widely favored by the scientific and industrial communities. This paper summarizes the UV LED, es-

pecially UVC Micro-LEDs related research progress, and their applications in optical communication and integration

on a chip interconnection. It is found that deepening study on the preparation and performance improvement of UVC

Micro-LEDs and their arrays will be one of the best solutions for improving the performance of free space and on-chip

integrated ultraviolet communication systems in the future.

Key words: ultraviolet optical wireless communication; Micro-LEDs; modulated rate; on-chip integrated optical

communication; light extraction efficiency
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Fig. 1 (a)Typical structure of a conventional LED for UV communication. (b) Typical configurations for UVC communication.

(¢)Experimental setup for measuring communication performance and the UVC LED. (d) Communication system model.
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Tab. 1 Performance of conventional LEDs for UVOWC
Fhy o P /mm Iy fmW ¥ 58 /MHz A ] Pt % % kbps R % /m SCHk
2006 274 4.5(10 1) 4-PPM — 2.4 NLOS 11 [16]
2009 270 50 kW (F451)) — 10" 100 11.460kF)  [17]
2010 T 7 (L) PPM <0.01% 115.2 10 [18]
2011 270 0. 32(H5) 00K 7.0469%107* 115.2 4.5 [19]
LOS
2012 43(36 ) 00K 107 2.4 — [20]
— DLOS
LOS 27.5
2014 265 1~10 00K 107 500 [21]
DLOS 11(30%)
30 — <0.01 - NLOS 24 [22]
2015
20(36 ) 4-PPM 10 115.2 DLOS 30 [23]
2014 275 0. 58 (1) 4-PPM — — LOS 4 [24]
2.8x107™ LOS
2017 294 190 pW(7 V) 29 OFDM 71(Mbps) — [25]
2.4x107 DLOS
2018 280 3~5(mW/em* 52 %) 153 4-PPM 2. 08(Ghps) LOS 1.5 [26]
B 2.4(Ghps) 0% : [27]
2020 278 — — DLOS 5
DMT 1.09(Gbps)  DLOS — [28]

2020 4F, 00T A1 BA ff J #§ ] 278 nm UVC
LED, 3% JH #f % 5 DMT(ProbabilistacaHy shaped
discrete multione, DMT) ¥ il J5 3% 43 M 4£ 1 m 1 5
m [ B B R 9 T LOS WL B 5, 3 % 4 5

2.4 Gbps fl1 2.0 Gbps, J& H A7 3C ik 4 71 F £ 4+
LED 19 f5¢ i 38 {5 R o 1% A BRI SR 0 S 2 e B
AR TE 1x2 SIMO H 5 LOS 55 1% | (£9°) I A% iy ik
FIJRKTF 0.26 Gbps(0°HF K 1. 09 Gbps) o BUE T
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Fl2  (a) GLAJRIE Y 154 % 55 P K 4 262 nm (1 Micro-LEDs (19 #ME 254 5 (b) HI T 63 15 19 FF 51 18 115 () OOK I 1 T 14
800 Mbps i fi T 4% MR ] 5 (d) HLA AR R (Micropixel) B9 J-V 15 LOP-J il £k, 4 € HEAE 1768 AJem® T B HLEUR L
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Fig.2 (a)GLA reported the expitaxial structure of Micro-LED. (b)Optical communication LED array. (¢) Communication exper-
iment under the OOK modulation of 800 Mbps get eye diagram. (d)J-V and LOP-J curve of micropixel and its illustration
is the EL spectral in 1 768 A/cm’. (e)UVB device structure for the wavelength division multiplexing experiment:“. (£)-3

(3]

dB bandwidth as a function of the injected current density. (g)Light photography of the individual Micro-LED"*".
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FE K R B O E fF R, R, B R E
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5%, IR B2 L a0 5 A T BRI R G AT T
I IR E

2020 4, % B BN 2 1 T 0 /N Mesa R <) Xt
UVC Micro-LED 1 & i 3l £ ik 3] EQE f5 K H i
() FEL O %85 B RN -3 B 95 AR S LMY SE e JF e A
T X B R Y EALE . B ST R B, B 1R
MW RAT 150 pum il /N B 20 pm, =3 dB 7 58
0.25 GHzZ #H n# 0. 55 GHz, &/ 3 210 R
SR M 5 H T 20 BE A B A S R R
AW AL EAE R, A - R R S S R
A, F 3 EQE & 4 droop RN B FIr X N 4
TEA R BRI, xR K, TR
RE Y TE 7R RO (9 & AR T, BT LED By & 3 K
23 Bl A RN R U BG i & A 2088 Bl LED R
M 80 wm 4 /NF] 20 wm , 3X AT I 8GN .
BE & 5> LED RS 20 wm 34 i1 £ 200 wm, LOP
FIIEME AN 0. 1 mW S %] 1. 6 mW , 2 B i 7 K T
ANFMET 540 LED By W {E ' Dy F8 Fil R~ 2Z ] 47
TE IF [n] JE B

B J5 , FE R 2 S 40K 2 Floyd I BA iR IE T Al-
GaN 3 Micro-LED [ %1 1) ) - #4455 Mesa )R Sf
ZIEM R, EPRATREF)ZIURE AR ERK
ALO 1By PN HL B 8 462 , JF 0 I XUZ BB 4
AR B Micro-LED AR 2 BHE L& GRS . Fifi
& Micro-LED KT B8/, [ HE T AL B T,
SO R IR D 5 B TR PR I B R Y H A
FE R SEEL T B OR M MEAE SE . L ANAE 10. 2 KA/
em’ N, Mesa 248 5 wm 18 % 09 5% & 5 14 291 W/
em’, /& 90 pwm #RF A0 30 1% . SCHR TP s 4R 2, b 5
Micro-LED FE 51 48 & ROT i/, B MR R 1 4
REL S8 25 a0 /0N, HBCRA I B G 5 5 {H X T B 2848 R
M5 wm (8BRS OR G, B — Dl U ME R RSP 2
LT BH A YA B E R, B2 TR
FE A 5T AR B Micro-LED FESI 45 2 R~ o/ | B
) 8 A H 0N R AT R Bl 43 v BEL B /)N | 7 [
BT HL BT A N b o' B8 ERORCR R A, H O

5 Ak %% (Wall-plug efficiency, WPE) # K, [H
I, BEAEAE 3 Mesa RSP AE S ~ 10 wm 38 F ™
% TAE B A 4k S0 5% AN [A] 08 TL AR 45 44 02 75 23 X6t
A 1 S B R 7 A R

H AR 25 Jb K 2% Kojima 8 5 1 1 5 5 A 4 i
(9 4B 57 7 AS 6] 51 2 i A1GaN 1 Bf Mirco-LED
& T %0 (Internal quantum efficiency, IQE)*H%
Si AN FE A HLE . BF5E R BT, LED B4 98 3 %52 RC
N R Q8 NN NP - A T Rl = s i 2 A R =
0. 3° 487 A A AT IS B9 Micro-LED Fe 1°4B 037 £ X 1R
YR 1QE 3R, i A T/ o X2 K R /NGB AL # 1Y
W AR AR K i BT VT 2K R B R Y
Ga Tl A2, T A LU A0 S 38 i X S f iR 42, A
AR AWM E A . XA LED A DLA B 1
wm RS 2 2% Micro-LED 6K 1 . K 72
(4 A7 A6 B A T O 196 Rl 25 R0 eE BHL 2800 OF 2 T T
e

2021 4, Floyd WF5¢ 1 43 Sl I ALOS/AL S 5
A 0 B R k0 BE (1 9 Rl T2 % Micro-LED FY
JCIR BRI W . — 5T, LRI 5 A RUA
J2 0 & A B 5T R B AHI BE () Micro-LED L &
L BE B Micro-LED B T & A9 LEE il &4 il] B
ar 1Y LEE B Mesa RO M 90 pom /N3 5 pum 12
R R, 3K A R AR R I A B A (<20
pwm) , 5 Z 1Y 18 #% (Transverse magnetic, TM) i 1k
6 & S R AE B > 5 A A [ B4R s =2 T B AR
o 5 — 7 I, 45 ) 0 RE T F AN AR L 35 ALOS/AL
J2 ) 25 A H L AR R A BE (1 2 4 A BE 11 B S R
K A FF o 38 BUE A 25 F ok, B0 o 4 T
EQEHEE T T WPE™' . Z W 52 %F Micro-LED [4%1
4 P BB SR L AT 5 R R T X MR R M
W 1) v () D16 2 AR 3 HEAT R G

Hh [ B 2 R R 2 0l s A BN il 32 R G ik
£ 4 280 nm (1Y Micro-LED WF 5% T A [a] ] BE £ J XoF
JCEEBCZ W BRI, /N BE £ (33°) 0% %
SO 22 A TR DX R S I O B 00 R ) A A
JSF o B AL 4G G TM G F 3 A IS 9 51
S, S MR BE 5 LEE 203% B L . B A BR
22 4y 7 FLAS B S5 a8l H Y M RE fR AE 257 ~ 3579
B, B, 1% A AR IE T 275 nm AlGaN J& 550
Micro-LED i) )t B 55 M g ROSF AR M o Bl o B>
1 RF BN | T L 38  EQE /0N R 38 i , %
3 I R BH AT L IE T Mesa B A2 D B9 -2 K77,



1854 K D/ o5 44 2
(a)
ojejoj0
ojeojoje
ojojoje
BEEE
PAP-0101 PAP-0202 PAP-0404 PAP-0808
(b)
(e) )
— &
“ a00f gr "am
= 1.2 9 9 9
b Qo ol
9 20101 |10 @0101
= LOP(mW) %10'_ 00202 | y ©0202
3 0.8 £ fb v 0404 | & v0404
‘T 200[ Q ° =
g 2 | e 01020 %41} 21020
N 0.4 Qo
S) o 10°F Sy
3 o .
0L 1 1 1 ' ' ' 1 L L 10’2 L L L L L L
50 100 150 0 300 600 900 1200 1500 0 300 600 900 1200 1500
Mesa size/pm Current density/(A-cm™) Current density/(A-cm™)
(d) (e)
10'F V=54V @
- Vep=7.2V
?‘; V=39V
£
% -5k 250mA R | S T ae” T T
£ ’ 230 mA = FEC
- - =)
g —_— I~
I 0 ¢
z —p
380 MHz I LIS OFDM
-15 L L (| 1 (- 1075 C e 1 1 1 1 1
10 100 1000 0 200 400 600 800 1000 1200
Frequency/MHz Data rate/Mbps
B3 (a) bRt R 4RIE AR 3 R 25,50,100,200 wm (9 wLED B 1 5t =% 5385 (b) U Rt 78 K H it % 1 #Y

Fig. 3

DB/ BRAS G ZR 1 R I P BE B o [R] I I )
BE & AR R RTW/AN A [R) i & L R L EL &
SR MR I N 33X 5 R0 N i $ He
P RE RGN A G, S0 Pk o el GO L 2088 AT
&Ko TERWWEET B /NE Micro-LED H A LA
W22 3] 2 0 5 (FW HM ) PR B4 A 5 25007 17 7 A= 1] dd

EL AR IE s (o) Bl R A LOP RIS BE i RO AR K DU AR ES F i LOP I W PE f) Hi, it 2 B8 A1 5 (d) Hi i 210,230,
250 m A B} AR AR DGR I 5E 5 () FEA RIS IR HIREE R 5 HLA5 3 (Bit ervor tate, BER) 5 AR A C R
(a) Optical microscopic images of WLED arrays with pixel sizes of 25, 50, 100, 200 pm reported by PKU. (b) The mi-

cro-EL mapping images at high current densities for four chips. (¢) LOP and corresponding LOP density of the stand-

alone-mesa device with various mesa sizes and the current density dependence of LOP and WPE for the four chips. (d)

Frequency-dependent modulation bandwidth at currents of 210, 230, 250 mA. (e) BER wversus data rate at different sig-

nal modulation depth™*.
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2022 4, db 5t K 2% OB i AT BA A T 25 wm
Mesa R [ Micro-LED SZ 8L T 400 W/em® i 5% FE
IFZH L 16x16 Y RES , WF5E 1 AH ] A 6 T B (AN [+
18R RS wLED B 51 (1 #8047 M Bl Mesa RUS] Bi
N AR AR o B S A B B Mesa JRUST 3 i gk /)N
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EI S Mesa AU LR /N RS
Mesa W 25t 3%, SR BMMR R 9 2 5 7 PR &1
PR i Stark 25007 98 55 AL IHG 7 AR ) 12 A H R 2%
JETT, B Mesa ROSF B/, B 9 1 i B8 4
Ko MBEERST KT 25 pm B, 50555 A 4
RONEEE Sy WY A TR O O 3 R A Mesa RSN T
25 pm™,

(] 45, v R 25 B 2 S A BIF 50 i 8 [) 98¢ AT BA
B T E LMWK N 275 nm [ AlGaN & Micro-
LED P %1 (9 4 5 Bl &5 7F Mesa ROSF 9254k . BF 5T
S B, A (R RE L T A K R [R] A i R A 12
4i LED 75 {46 L , Micro-LED B4 51 1) 3 % 5 I &
SRR P ST A X NS Y s TR A
BICPA Ph 3 5| 7R A AR AR

[F) 41, F [ 7 s o g R 8 g ol AT B o
TN A % B T 20 bk (Inductively coupled plasma,
ICP) AR & A2 b B b T 254 1 2 S A

269 nm ) Micro-LED . #ff 55 % B , 1 ICP ZI 1l 5
JH DY 3L & S A 2 (Tetramethylammonium hydrox-
ide, TMAH) ¥ U3 4 Ak 3K A8 52 00 BE 451 045, W] LA
$& THim 9 52 5 80 A TR THA R IQE. R ]
ICP I TMAH 76 FF 9 75 12 08 25 7 000 BE 4 ' T8 £l 499
KRB AR AL BE A7) 3 R 2 O BE O™

[/ 47, &2 H K2 A CH BAF5E T Micro-
LED #) EQE 2 3 AL o & BT A &, LED g R T
ek 1) Dt R AN 49 0 11 o, % T 0 ) 79 0L 1 SR
bt EE AR S AR LR TS 7E>200
pm [ KRS LED RV AT Bl L 3 %% 8 35
T JE AR 300 A 149 50 B AR IS 4 TR 3 e 1 AR
TR EEN . SRV LT REALED,
B/ RSF B Micro-LED A3 45 AN &) (Y f i 7 &
AV IO R 6 32 PR RE L % DG 8R 1y 32 T+ A7
SCHEAEJI™. B HTHE 1Y I % 5 Micro-LED Jz H:
WS Y B OGP RE B S TR 2,

£2 BIREMIRE LS Micro-LED 5 F& 51 19 B -5t M6
Tab.2 The reported photo-electric performance of deep UV Micro-LEDs or arrays

B&xr Wk FES T/ I K LOP/ Wi GiEgs o

AE Ay \ . N Sk
pm nm H pwm e MHz

2010 27 262 15 15%566 0. 196(3 400 A/em® BLJ5 ) — 438(70 A/em®) [3]

20 280 — 40003 fB1) — 550 [34]

5020 5 280 324 6 360 18.507 6(10. 2 kA/em?) 1.5% — [35]

100 285 205 70 000 — 184(7.5V) [11]

20 280 FAL 314 0.125 6(2 kA/em®) 1% — [36]

2021 20 275 LR 314 0.270 04 1.2% — [38]

5 275 324 6 360 0.636(50 kA/cm®) 2.0% — [37]

25 280 16x16 129 032 83.5(230 mA) 4.7%(WPE) 380(250 mA) [33]

60 275 4x4 153 000 >19. 125(75 A/em®) 4% 380(10 A/em?) [41]

o 40 281.7 8 8x1 369 0.48 — 960(6 mA) [4]

20 269 L 400 0.057 6(100 A/cm®) 3.45% — [42]

8 273 5 64 0.064(12 kA/em®) 1.0% — [43]

100 276.8 10 000 0. 854(50 mA) — 452.53(500 A/em?) [44]

55 H R AR LED Gt A L, Bl 1R 3R
(I /N , Micro-LED [ 31 i) WPE F1 LEE B & 3 i,
P T R AT 14 Jrg 08 v FL I 4 B R BE 45 4 5 R
AR 58 51 2 A0 EQE AU HE AN B B . AR 4 A
REL™S R, gt 0 5510 LR o) 't R A7 R ) B Y
SR ZM, IE A A Mesa ] 7 <20 wm. A LLiE
Tk AR B BRI AR Ak A b R R T
BT AR TR R0R . R BALE Oy i
FER AL AR, 3G K H 3t %% B 1 ™ A g AT 5
PR Micro-LED B9 & S KL B B 4, vl DL
1o ik R BRI B . RAF Micro-LED A7 7 Jay i 1

JE AR A M A [ B 3 %% R B A B A% 48 LED
HLR S PERE , Micro-LED B A5 fE %% . H #i Micro-
LED Wil £ T2 AR AN T8 3 , X620 B AR Fa A%
SRR AR A RE R AL 28 AP IE R T K
R, W 5T N BT T I 3 R B .
3.2 ££45h Micro-LED B8 {5 14 8E

H m A T 8 {5 89 Micro-LED 19 1% & i 3¢ /&
4.667 Gbps 1 38 TR 3 " F 17 m (1) A 28
JIE

2022 4, b5 K 2% B i A B I 45 19 25 pm
8 2 Micro-LED B4 51 J& H i T 58 406 15 19 5
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$£3 MK A Micro-LED il {5 M8 5 4
Tab.3 Communication performance of the Micro-LEDs for UVOWC

Ffy MEEATTE/MHz B /m VA vk VR A /nm JEUR A K K /Ghps SCHk
00K 0.8
2019 438 0.3(LOS) 262 Micro-LED [ %1 [3]
OFDM 1.1
2020 153 >1.5(LOS) — 285 B Micro-LED 20 M), 1(EHM) [11]
0.5 16-QAM-OFDM # 5 Micro-LED 2
452.53 o 276. 8 [44]
3 T A H AR (100 pm) 0.82
2021
0.3 4.667
600 OFDM 285 Micro-LED [#:31] [47]
5 >4
00K Micro-LED [% %) 0.557
380 0.7 279 [33]
OFDM (25 wm) 0.97
2022 — 17 — 280 Micro-LED 4 %) >4 [48]
300 os OFDM(BAE ) 373.4(UVA) .316.5 Micro-LED 3. 13(fXLUVC) | (4]
. b
- (UVB).281.7(UVC) 2145 B3 10. 32( 4 & o %)
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LI A A T LG N R Al I B A AR O L R
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FHAT W65 e ARl 4R B A 0 BEA T IR A5 I S5 56
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B 45 #4) 1) InGaN #F 8k il ¥& 7 45 450 nm 3% K 7T 0L
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BRSO o i X R IR X BR AR ZE S5 JS L LED
(4 EL 5 PD (14 0 i 2 18] (4 0% 3% 1 & W m 17 4.5
£, PD 1 % B L L B 7 A B R g, SR T
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B P AR EE 51 A By T 50 7R E P e LA sk
B, v Bl OB AE ¥ 2 2R E . JF 5, A ok
LED & 5§ Lk 3= 2 9 2 15 J7 ) 1% 3% (% 5% H (Trans-
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PR O HE A 5 AR R AR M, MLz
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LED 5 G —BEMRELNER L. ZRGHAE
A 1 LED #il#5 1.2, 3¢ Ha o FlH 2 & 7 B 25
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Fig.4 (a)Fabrication processes of the monolithically integrated devices. (b) Normalized EL spectrum of SI-LED operated at 20

mA and fitted absorption spectrum of the on-chip S1-PD. (¢) Transmitted signal loaded on S1-LED and received signal

captured by S1-PD. (d) Rise and decay time constant curves fitted with the experimental data obtained form S1-PD. (e)

Eye diagrams for on-chip light communication measured at 1 MHz ™

2022 4, B8] % A BN 7E — R AlGaN £ & T
B & T bl 2 il A T AR LA 274 nm K LED |
JE Uk T 5 B g =R R A 0 R . S
filt B T AH W 2 & 7 BF 45 #4919 LED 5 B 3K 3) PD
f W & TR B o R B R DL TE 4R G Y AL B 2R A
PD, 1% & W iR I8 A9 A 3K 3 PD 76 B 13l {5 SE 56
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Tab.4 Communication performance of the PIC
i h B i 58/ HiEy=] LED i/ LED A/ it
RYH M MHz pm nm R Mbps

2014 WL LED .GaN £ £ 3(KR%y) 250 365 295 wm X255 pm — [61]
2018 P T AOL RIS 484 LED (i 5 — 100 286. 4 R=170 pm([&JE LED) 50 [56]
2020 SiJE 484 Micro-LED(2) \PD . i & — 2 000 280 100 pmx100 wm N [58]
2021 Micro-LED(3) .PD — 20 360 30 pmx100 pm _ [59]
LED 3% % .PD 173 600 450 400 pmx120 wm - [51]

2022 W EJHF R 6-K 0 5 40 LED () % 1 600 270 196 um® [54]
24k Micro-LED ,PD 497.58  10°C H =S 1A]) 277 R=40 um([HJE LED) 1600 [60]
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