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TRBAR S IE B SR FERIEOR,
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P, 2B HIESE (virtual reality, VR). H45%
LS (augmented reality, AR), 35 B4t 24 =
ANRAEFRAA . E— Dok, m+E1R
BRFEARE T IS 26E (cathode ray tube,

CRT) /R, WAER (liquid crystal display, LCD).
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H 20 22 90 4ER P AL AL 5Ot LED & W]
DIk U, A KRR LED BonC ol fie. S
) LED @R PR R R4 (RGB) =
LED 454, BT ERR RS EOR, i8R
#EiEE] 20 mm (pixel pitch 20 mm, P20) Z=45. Ff
o RGN ROK R R, BRI LR R
[EFE 3 mm (P3) W /nFEC &R L. #F—2
H, AR SFIAF] 100 um 247, Tolk EARZ N
mini-LED, £ Z A #5145 0.2 mm (P.2) 24,
mini-LED RSP HEAA R H AT LED & A = HoR
IR R . 7285 A RSFHT OLED o] L i is il T, =%
& G RE RN AT SE A D T mini-LED &R TE R
AL, Wk LED (micro-LED) JUJ#E— 3008 A
ROT 4982 50 pm AR, 1T micro-LED it i R
SHAN B R A RGBSR, ER R TS
LCD. OLED AHLAESE R | o3 HF . YT LU RS | fig
6 F 245 W) 7 AR RAVER e M Ay T LA TR
AL,

Micro-LED FHASK IR T 1992 4E 1Y€ [E DL/R
SIS OGRS AR B, 2000 4F Jin 25 4B I
% T HTF MEFAYH micro-LED, 2001 4E Jiang
2 B RS T T SRS A RS 12 pm 10 x 10
[ 31 (1 185 5% micro-LED; 2004 4F Jeon 5% 6 & T
WA RGN 20 pm 64 x 64 FEFIRTESD (ultraviolet,
UV) micro-LED; 2013 4 Liu 55 [ 38 7.5 R

SPoA 50 um, ER 9 B3R A 360 ppi £ Ah F
RGB micro-LED, HAFFRA7E 2014 4FRIE T .05
RSFHR 15 pm. B 53 B 1700 ppi #Y #O6
micro-LEDB; 2015 4F Han %5 10 3238 TR UV
R i ASOR SE I e i i O R 2 1R 2 T
&R RS 35 pm A 4 % RGB micro-LED;
2017 4F Templier 4 M 18 T 3 FaERTR A0 A
REZ5°8 2 pm B9 # 9% micro-LED; 2020 4F Bai
S5 2 R TR G 20 bk i 2 ) AR 30 S A
#E B i RS 3.6 um A 2§ 5% micro-LED.
Micro-LED 7R # R AEAR Wb ml 5 & &, % 120
2001 4F £ 2020 4F 6 A micro-LED 7E /8 i JH |
TR AT 5T e

1E micro-LED & s H 7, RE ., RS0
WS T micro-LED /R 5t RJIETE 2012 4F
HUHEH T 55 #f (1 3F = 25.4 mm) §Y micro-
LED /85 “Crystal LED Display”, 2018 4F X #E
H T 780 BT P LAY “CLEDIS” 16 K ) micro-
LED B/R 5t =B AE 2018 4EHEH T 146 &~ 1Y
“The Wall”micro-LED .75 ¢, BN WA A /DA
AVFE micro-LED /R H EHBES AR, 2019 4E 7 A
TECHE T 324 9551 8 K ) micro-LED WR#,
10 F AL A4 H T 236 925F 8 K Y “Smart
Wall” micro-LED . 7% 5#, 11 H F| W 78 4 T
135 ¥&51 8 K fJ“The Great Space” micro-LED i
R FERER 5 G HARZBHIF IR, 5 G BR S
VR, AR Fl 8 K i = i 000 55 W os BRI 25 6%
#H—HESH micro-LED 1% 8.

#£ 1 20012020 4F micro-LED BR&BitE R

Table 1. Some results of micro-LED display from 2001 to 2020.
Year | Substrate Pixel size/um Pixel pitch/um Array Wavelength Group Reference
2001 | Sapphire 12 50 10 x 10 Blue Jiang H X, et al. [5]
2004 | Sapphire 20 30 64 x 64 Uuv Dawson M D, et al. [6]
2011 | Sapphire 12 15 640 x 480 Green/Blue Jiang H X, et al. [13]
2013 | Sapphire 50 70 60 x 60 RGB/UV LiuZ J, et al. [7]
2014 | Sapphire 15 ~20 256 x 192 Blue Lau K M, et al. 8]
2014 Si 45 100 10 x 10 Blue Dawson M D, et al. [14]
2015 | Sapphire 35 40 128 x 128 RGB Kuo H C, et al. [10]
2017 Si 2 3 — Blue Templier F, et al. [11]
2017 | Sapphire 5 10 873 x 500 Green/Blue Templier F, et al. [15]
2019 Si — 40 64 x 36 Blue Lau K M, et al. [16]
2019 | Sapphire 3 x 10 — — RGB Kuo H C, et al. [17]
2020 | Sapphire 3.6 5.6 — Green Wang T, et al. [12]
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Rifi % 0 B ROSF 32> 2] 50 pm DL R, micro-
LED il % 1) £ A PRIxE R 5t 2 B >k . Micro-
LED MAMEA K, FER 7 | BRFGE SR | 5
JEAIE B R RS R SR . BN IME i
PR PR B FHFELEHIAE 1 nm DIN, R
TE 1 A/em? DL 2 AR R R 1 N BT R0%.
1T micro-LED J&5 A AR ] JUF — BN T AMERS
JRBYIEERE, BRI F43 37 1 RGBS R ALl fg 5 5
JC, FE H 45 AR 2E 25 B micro-LED it F AR T
RN EIATIRS, 31X T i A H To P R IR B R
MR 2 K5 micro-LED it A B9 /ME R # £ AR
PIAEOG, R i A LA R B A Zs A e A L
5200 . Micro-LED its A W) B = 75 7% ) 8 2 H Aij i
7 I FH R G IR) 8, R[] AR SE 1 R RS LED o
A, BOH T B8R 8 micro-LED 3k i 80 £33k 24K
AREZ TR, I E RO B F i
iy & X LA /2 micro-LED ith A ) B & B 755K
Micro-LED it F (845 I 1 52 [ A [T I Bk R, 1%
g 1) A I 7 2 X DA R Bk RO HO 8 e R Y
micro-LED s i HEATA SR, F HoA7 227 8.
7R FEM ) micro-LED s A H B B sl #5138, B
ARMEXT H AT 18 52 508 4. 7E micro-LED 13K 5]
D5, BTSSR B RS T 2R Al T AR
D] Y 22 57, A B9 WIS A4S (thin film tran-
sistor, TFT) 3KahAE M EANMAPEFK (comple-
mentary metal oxide semiconductor, CMOS) 3K
Bl B AN A B AR R i el

Micro-LED Wi 7s MIEA: 4B —4F, K
HA%5E LED | {871 LA R 5 il it B 4Tk 1) ) 34
Fit, Hi/R#E micro-LED R /7 [ YGRS 3T
AR — LR 5T 5 X4 micro-LED 75 B F FP A7 e
IR A3 TR AR 2 (18261 2020 4F Wong %5 24 [1]
Jii T micro-LED 7 7 AT UL 38 15 S5k 14 i 5¢
PERE, 8 T micro-LED W RUSFRION 25 I FH
KM —LEPk SR Zhou 55 ) RGEMEHBIAAN T micro-
LED /R 7E4 %A J7 i GBI R, N2 AR
AT micro-LED 2% (4 /R B & R AT 177 585
Liu 26 245 78T S8 RYE micro-LED s H
w0 S O, TS T 2 T & AU A micro-
LED /R BERTE AR KB KRR 7. 31X 2L S 25 %
micro-LED WJEAFR T i BA BRI B, Rl
A TP A IR R LG, (B2 HRTR A S
HEXT micro-LED 7R MAMIE RIS i — RS0

[F) R Ak 4 T PO AR . A SO micero-LED {7 L
FH E T G A% 0 Tn) BU0E 4T 4 1A A3 H, SR T
micro-LED AMEA AL i T2 W47 1, SMEAL
R T LG R 1 ] L AT L S RN K X A
SRR, TS T2 M 2R A RR . B af
FERIARGIN 4 AR S5 22 (), - HTie T RE ey
FRASR I & S

2 Micro-LED #f ¥} & 4 2E A& K

Micro-LED #ME R i A 5 i 23 B4R 2
REOCR . 5 KR SER LED o8 A 4 F, micro-LED
A BRI B A HL 37 5 M R 34 &) P A5 ] i
FEEH. BT micro-LED (& RSHFE 50 um LLF,
IO FH T 7R I A TR L U 25 B, IR ph R T e
B ARG S A AR IU N B I Hol T RSN
A5 [l — AN F F OB Z 8 Y 2 35 0 5 2 B e 1
kY& SN g 2, PRI T micro-LED T 2 5 {IK Bk
B2 BE B AME J, B SlAb X SE R fA 45 74 . Micro-
LED A5 X i A 372 R BOR 128 7 R R
e, RN R R0, B AR 2 15 i i %
JE ARG R I A B A R, A H T R
FH, PR S RO A IR X A Ak L 3. AR
F RS, micro-LED 43606 LA R ME, H.
micro-LED {8 357 M B2 52 el 7 19 (%
WERE RS 4 micro-LED B J% K 4 5] PR H
AR,

2.1  ERPEFEH

24 micro-LED N F F B B, XF 07 i) TAE i
T PR, INFRT A ABC R R 22 P b % i
FaXF micro-LED $eM 52 5 2R 152 27
2
T Ay 5:2 +Cn®’ e
Horh g AERS S G RCR, h TRIEE SR
SN ARRRS G O, X TR R A
M5 Shockley-Read-Hall (SRH) & & 2581, 7]
H Z B A XS SRH 54 AR A S B 5
FH BRI NRGTE A, RB O 5, n
BT WL (R AR E T, BRI
n BN, B ORI AR S HEAS T L2200, i
FHCA XL SRH &2 45 FIR 0 2 45 Sk 2 5
JH R MRV S 25 R g B R R,
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Micro-LED i A i B i R 5 45 1 1 AR 2 L
R TR LED ith i, X f#45 micro-LED it
e WA 2 p R e, IF H RS (R & 72
HRJRN AR A 55 2 FK (inductively coupled plasma,
ICP) ZIi 25705 OB B S s bt 47, PRI ot 6
FH AN ICP 21k S B A M BE S 15 2> (15
micro-LED [ Iffs %5 55 /™ 5 (1) 3% T 5k F& [0) L. 17
micro-LED ith i R MG BN IR RN Z 4 1L
B - F, 25 BUR PR G e TR, ITIE 75
W R TR

MALEZE ROk, 4 micro-LED 1E K HL i %
FERREAFMET, WETRCR KRR ST LED B,
X FE AT micro-LED B S5 . P
FNZ AR BGN A6 125300, i 6 /)N B 3t 28 B 1) A SR
T, micro-LED A tb FA RS LED &N & T
ORI T R, EEFEKAET micro-LED & A7 8™
ARG, Horh A dE R A A ICP %
T SR P BB 45 [50—341,

4 micro-LED W H T /s i, X5 W ) TAER
T BERCAG, BRI T AN R TR0E, FFEARK
AR TG SO AR A, — I T LR
e fg 078539 Y fl A Ab B BO—12) FHiGR K 181421
Sy 1R A R T B 5 BU AR SR AR A % micro-
LED W F80CR A 5E M. 53— J7 T8 AT LAk FH Jo i
P ZI T AR TOP Z0 it (491 B335 2R 8 1) 1l
X, GaN Ay Z 1 02 2012 4F Tian 5 B
1B T35 3 HGE K R BRI A — e TR 2%
it ] B 1%y 221 b 453 405 X micro-LED FY 52 i), 42 5
micro-LED FEIRH % E T BN FA0%. 2018 4F
Wong %5 BT 4 T M 10 pm £ 100 pm B—F 51
JSFANTR] ) % 5% micro-LED, 4351 2% F R+ )2 Ul
1 (atomic-layer deposition, ALD) Fll%5 & {41
SEALEES ARV (plasma-enhanced chemical vapor
deposition, PECVD) FF 77 2U7E micro-LED ith i
MEETTER Si0, JZ BEATHfL, JFRH] ICP %%
MR (HF) B0 Z1 ik s ah 7y A EE TR
1) SiOy - FLIM 4 Jm e fil. WniEl 1(a). (b) Fiw,
ForhoxS LU dh LED-1 A 22 ] B% i fk AL 3, LED-
2 2850 ALD MBEEE AL ATk 20 ph - fLAL 3, LED-
3 23k PECVD il BE £ £k F1 8 15 Z1 iob I L Ak 2,
LED-4 281 ALD ] B¥ G A F030 1k 221 i T FLAL B,
ZEISRUIRH ALD il BE4G 10 A 2 20 o FL Y
A% micro-LED | BE#E 47 4 BEASUR fe . X0

F RS R 20 pm ) micro-LED, ] BE & 28 4l fk 4b
PR FLIEH 7M T 30% (external quantum effic-
iency, EQE) & 24%, £t i+ 2 TR 7 2%
e B AL AL B S G (H EQE 353 33%. 2019 4F1%
W5 A T 5k KOH % % micro-LED il
BESATAL AL, Z )5 Rl T ALD PURH Si0, #H47
MEESA, 3 RERE RS T HNA R R AR ThT B 3 2
ARG 5 P,

2019 4F Zhu 45 W HRIE TR H b ok A ik
Z| (neutral beam etching, NBE) f 77 % BE 054 4L
Mokt S 2 B 7, ] 1(c) . (d) 4350 ICP Zil il
NBE %t 4h B8 5 5] () micro-LED EQE Fifi i i %5
FEARAL B IR IE, HH IR 1(d) RTATH NBE Zijd b 38
AY micro-LED Y EQE %A bfi& R 46 /8m T B,
E 1 A/em? B /N HL I E AT 45 RS micro-
LED EQE H2E7E 10% LI, I H/NISH micro-
LED EQE H 5, iX K] NBE ZI| 1l A 2% ik 5 1
) BE 1 220 ph 453 495 . 2020 4F Bai 55 12 5% ] TG 75 4
GaN HA7T TEEZIh Y B i A RE Efle T
R 3.6 pm ¥ micro-LED, 1% 5 2GR R
KA K n-GaN J2 1 Si0, J2, ZJ5 X} Si0, J2 i
T2 20 b H AL, Pt e DX A A 8 J7 AR
LR A K n-GaN 2 & FPFE I p-GaN 2,
ZH A B PN TR EXT GaN #E47 3k 20, M
TR F) 22 ik A A SR 3k e O 1 ) A A B
A% micro-LED #LtsHY EQE 29353 6%, J& HAij4
3¢ micro-LED #f:ts EQE ik mifE, HN 3 FRCeR
H 28%, KOCFEEERTEE L 107 ¢d/m?.

% AN T micro-LED R ~f — /N F 50 pm,
TE[R]—AME R 1ot Fr 22 18] 0 57 48 %% BE e 1k v T
I AR AR A O R S ) e L I
T 2352 micro-LED it i Pk fig, X4 FECA[FLE
i Z A OGP RE 22 55 ok, PRI micro-LED i
FH T 75 i 55 S AR A A5 % A E L R
GaN o AT [F] BT/ M E AT LAAS 3 e b AR o 2 g b
FEF, B GaN #f & — oS 7E 5 B RL Fadid =4k
YYSAHSME (hydride vapor phase epitaxy, HVPE)
A RAGE| M HVPE AR A i LR 2R R
P GaN #fJiE. B4 GaN FEER 7 FoME
175 2, H R B 5 B A GE R AR A (o
ALOs) . i (Si) AR LEE (SiC) #HESE. ML
BTAME GaN (07 55 %5 B, B R 5 A 22 w2 4
A MESME (epitaxally lateral overgrowth, ELO)
BORFEIEAATIREARSE.
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B 1 (a) RAASE 002 G AL AN Z0 i IF AL 5 259 micro-LED HUEURGEL; (b) 4r5l45d ALD 1 PECVD 4ifb A FHY 20 pm x 20 pm
1 micro-LED 7E A /] HL i %5 B2 4248 T (06 Zh R 57, (c) Z5 ICP % T 28 £ 9 RS [ ]S micro-LED B EQE 5 v i 25 JE 1
KR (d) 3t NBE Zi ik T 25l % 19 A7) R 5T micro-LED i EQE 5 L 7 25 B 1) 56 & 149)

Fig. 1. (a) Electroluminescence images of the micro-LEDs with different sidewall passivation and etch methods at 1 A/cm?; (b) light

output power characteristics of ALD and PECVD passivation methods at different current density for 20 pm x 20 pm micro-
LEDsP7: (¢) EQE as a function of current density of micro-LEDs with different sizes fabricated by the ICP process; (d) EQE as a

function of current density of micro-LEDs with different sizes fabricated by the NBE process!*3).

R TT LUK S S GaN AR K HR it g 25 BE 1)
R, AR IE GaN By =48 B AR AR K5 78 Ry 1)
) 4k K T GaN Y7 48 5% B . 78 52
A 44 micro-LED [ 28 vp 2 4 R A
GaNPOSL 1 AINFO 25 7E A S 3 9 22 v )2
A AlGaN/AIN 28 it J2 111447 AIN/GaN #8 5 #%
ZEh 2 8 B B i A (step-graded) Al,Ga,
N8 AE 1649 Jb i 2 R AR AT o SR 5
OAIFFE N L PO FERERTIE FoR T AIN A ALZH
53 AlGaN Z1E RS )2, SMESE] TR 8 pm,
FIDEH TS GaN, FEHAHEHEREET 1.6 x
108 cm 2, [A]IS R FHIX A8 2 7 A5 31 T e KR
FEA 10.2 pm HIGHL GaN. 2019 4F: Feng 55 [
38 T 7E Si(100) #4 K _F2R A Si0, 2 1 A 55

WfE N 2T 58] T &P GaN fiik, B
AR RRINE 2 s, HREMR T A58
£ GaN B9 B AL A /M SE ML, A micro-LED
45 GaN HOGH BE S Si LA AR AT T S6A.
] S0 2E 5 FH A B Si0,. SIN, %5,
A4 JE I W Ti i AL/Ti A 4 %5 RRE AT LUAE A )
[i] S E o5 A T AR ASE 05-9%. #E GaN A K rpid
TR RS O 48 1) b 2835, AR H X (AR 4
A, XA 7RS4 KK GaN fiik s
B AREH TR R R R EE
SEVER, PEAE A I R R AR S HE AR T A R G R
FR) ' 20 25 0 B 5657 2017 4F Xu 45 b6 ]38 T 16
FARE LK GaN i 72 i A B2 0 £7 8807,
I A 380 T ZE AR I 4 oK S5 A VR S JE S T LAl 15
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B 2 7EEAG A B S A B /Si0, 2% vh )2 BY Si(100) b 43 5l A K i GaN BB /R I (a) 7E Si(100) b B 4 K
GaN/AIN, R ALY e Wi FpAS [8] B B9 6 18 i ; (b)Si(100) BRI 2544 ; (c)NH; TilAb B S 565 10 44 880 (d) A 880 LAY AIN B
¥l (e) 76 AIN B2 B A K AY 4R GaN; (f) 72 BA B A B/ Si0, 28 2 A9 Si(100) 46 IS b 2B 4 B9 Bk GaN 158 152

Fig. 2. Schematic diagram of the epitaxy of single-crystalline GaN film on Si(100) without and with single-crystalline-graphene/SiO,

interlayers: (a) GaN/AIN directly grown on Si(100), Nitrides nucleate on neighboring terraces with two orientations; (b) surface

construction of Si(100); (c) transferred graphene after NHj pretreatment; (d) AIN nucleation islands on graphene; (e) GaN strips on

the AIN nucleation layer; (f) single-domain GaN film on Si(100) substrate with single-crystalline-graphene/SiO, interlayers®.

BN S —2F. 2019 4F Chung %5 P8 7E As 5
Z=1 n &Y Si(100) fHJES S B0 S 1 7 s 7 —
JZ 100 nm W& JRE (W), ZJa8 A SEIFZIH
P22 A S 0 1) S SE (R HE RS, 52K ZnO 9K BEAE
)z, B E AMERR B AR BT Y GaN, AT
Hl 45 TOWF T FE SN 10 pm (9 micro-LED, X #h 7
e TE BB AR, 8 T micro-LED 5
Si JEH B — R LA ALY ] AE

F T ) SME R RS ME T 2 A T, AR
S ARG, T A . BUEARRT IR 51 A AT
DLikE G R AME, [RE REE R FE 2 1Y) AR BT 2 A
FEHEHECE (light extraction efficiency, LEE)P?60,
#HIR B EDE BB 52 GaN B H0 04, 7F
BAZ 5 G B By, F A OL A S G I AL 38,
AN ELHE ) 1283 28 21, GaN o 45 % B 15 21 %
R 104,171 B AR AT I B DR AR | ) BB RS #R 2
XFAIMIE (1) o it 3 A I, 8 AR R AR iR
A FROK g EAA B S 1) EQE & 71 02 A 552
T BRI A i, WK FRER | 44K ER G Z
A 304 bt R 2E SEAR AT 2 AR S P SR
173 165:66] SR AN T BRI 7 il 88 T 9KRIEDEAL IR 5
AFJJEE (nanopatterned sapphire substrate, NPSS),
IS E NPSS i A GaN i & & 4y
[B] R HRRAR, AE K1) GalN s B 1 BE S A R
sih ¥, 7 4554 BE AR S 1.8 x 108 cm 2, 2 HHLRE
FEFEAKE] 0.1 nm PLF.

2.2 RLIHIES

c A KM GaN f71E H & At (spontaneous
polarization) H 37, [FIBFAJEIX InGaN 5 GaN fY
ra A% R AL 2 S EUE AL (piezoelectric polariza-
tion) Hi37. WAL HL 3 I AF TR AR A IR IX Y e &
AR, LS O PR AR S (] LS, 4R
S5 JLRT B, T4 micro-LED 13
TR, R TR A, i A L
WA IR 2 7 A A AL 3 B8 s €0, 22 (67681, SR T i/
AR B R I, S A i PR AR
HS, AJ LI GaN A IR T4t 6981,
B R PEE GaN MPEHAF TR ¢ TH GaNE2—50),

AR XA BT T A AR PR B A IR
PR InGaN /GaN & B figri JE IR 109-71) 5
F KA AlGaN[5=7] AlInNB 1 InNB! i A JZ 55
D7k AT ARV BT, Ok 98/ 1 Ak L 3% %) micro-
LED P& FRCRRI 2. SR FA B AR KRB
ENTLLEE R InGaN iy In 4143, A K Z )2 In 4
SAANEY InGaN B, ITIE BCREHT IR 28 45 1Y
InGaN/GaN &t F B, & 3(a) fr 75 . 2011 4F
Zhao 55 99 R G b IE T HEA T AR S B 1 1 B
TEHE S LED ORI mEH. X T 2O0biK
49520 —525 nm HY=)Z385 In,Ga,  N/In,Ga, N/
In,Ga, N i F B, H B 58 5 525 8808 o T
510 InGaN/GaN &= TP & T 1.38—3.72 f%,
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In,Ga;_.N
a b) 1000
(@) In.Ga;_.N In,Gai—zN In,Ga;_,N InyGal,le In,Ga;_,N (b) I Ing2iGagroN Apeak ~ 520 ~ 525 nm
L r'd
| R s ~ < [ GaN = GaN Area =510 pm X 510 pm
£ 800
B= r Room temp EL
GaN GaN GaN GaN GaN GaN s [ Ec
EC/I\J/ {li/ {L‘\r]/ ”_QE 600 53»layer staggered QW
> L
o F 3-layer staggered
z L
)\l/ /J\/ 2 400 [ B, M InGaN LED
=]
/\'/ iy [ Ing2sGag.72N
E, E, E, S 200F X
r Conventional InGaN LED
0 ||||||||||||||| | I S S S S A S B T | I S S S S A S B T

(1) Conventional
In.Ga; .N QW

(2) Two-layer staggered (3) Three-layer staggered
In,Ga;_,N/In,Ga; N QW 1In,Ga;_,N/In,Ga;_,N 0 20 40 60 80

In,Ga;_,N QW .
/I, Gai—,N Q Current density/A-cm—2

3 (a) WA InGa;, N-GaN &t F Bk . W 2 58 # 1Y In,Ga, N/In,Ga, N it F B fl = 2 3¢ % (9 In,Ga; ,N/In,Ga; N/In,
Ga, N i FHFYRZE; (b) 32T 5 M InGaN & F BRI =2 32 8519 InGaN it ¥ B9 LED £ 4 520—525 nm i YOG4
L2 5 HOR B BE IR R, A 181 =2 22 A5 Y InGaN dit - BiF (9 RE i 78 5 e 1)

Fig. 3. (a)Schematics of the conventional In,Ga; ,N-GaN quantum well (QW), two-layer staggered In,Gal, ,N/In,Ga; N QW and

three-layer staggered In,Ga, ,N/In,Ga, ,N/In, Ga; N QW structures; (b)light output power vs current density for conventional In-
GaN QW and three-layer staggered InGaN QW LEDs at A~520-525 nm, with the band lineups schematic of three-layer staggered

InGaN QW19

XA LED %650 DR E T 2.0—3.5 £ M,
il 3(b) Fras. AlGaN ffi AJZ 0] LLJREE & 1Bk
AE W 45 4, BH 1 InGaN H In [6] 4b 3 #, [F) B
AlGaN JZIFEAERT LU InGaN/GaN [H] i) i
T HAFTF GaN #2224 K IR S, X EeH A
F T 52 2O TR B A R T 2014 4F
Hwang 45 [ {38 TR AlGaN i AJZH) AlGaN/
InGaN/GaN i B & 6K 629 nm B, %)
1 EQE 4 2.9%, tHHEFH M E InGaN /GaN & ¥
B B e, X RG] A AlGaN 1 AJZ 7T Li$2
1 LED TEZLGAF R PR B N 1 & 6808, A F
F micro-LED B4 %4k. 2016 4F Kimura 25 76 %
BT 1E B 2 InGaN/GaN & T B il A S
1 nm BRIE AL 414310 AlGaN 2, HE T B bE
G = R A T =R 8 | 3 IR A N 2 =
T A B n] AR H T AR AlGaN JZ & TBF,
TH Aly3Gag N & FBEHESE TG AZ— M
23 R B R R, ELGE HG AT RN /N E O A 5 R
2 A/m? T 23 R BE 4R S S S, AN R T
W TR AR, I AlGaN 2 #)H AT
A F) T 5 micro-LED 7E/NEFRFA T BN & F
R . AlInN 1 InN 46 A 2 [F] FE fE 2% it InGaN/
GaN ML LY, 38 5 80 TR T 2 A 80R,
T+ micro-LED & RCE, HAELDEERK KT
LA b TR 546 A2 108 B InGaN /GaN & F-Bf
RUFE T (g 18081,

KHPEWAE GaN B 4C ¢ il GaN BB A 2
Ul /N AL L3, FEAK micro-LED 7 5 X ) 2 1B
il 7 ¥ 5 2L N (quantum confined stark effect,
QCSE), Jai/IN 24 e 3 A fh s i (B K R i %, 91 L
AE B 3% GaN #& LED 9 droop % N B2, 25 4%
GaN A b T H e A AE R P GaN B B & 2
In fEJ) BT8R DS AR RO R 5, PRI
T micro-LED 1Y 4 % 4 /5 A — 5 P # B9.
2015 4F Bai 55 B HGE 7T (11-22) 2ERME GaN
14 LED 7] LS B D S €7 31 35 B 603X — B S I B i)
JCR S, H 2 AR A I WA A 1) i % AH L
Tt GaN /N, A A 22 i T GaN %k
LED # droop ZW . 2019 4F Li &5 85 £F 2 Ji~F &
AL A4 EAME (11-22) 2Bt GaN, il &
TRSF 20 pm F] 100 pm 1 — R 5N G612 )
P micro-LED, R4 EQE 7t 2% %47, i+ H
AT ¢ [ GaN iy micro-LED, {H7E W& 200 .
droop Z50N Al HEL 2 i 25 7 EAH L T ¢ i GaN
micro-LED B EAME#HY 2020 4 Huang-Chen 45 50
T 4 g ] B ALK 52 R IE b AR P A M 1 oy
(20-21) /Y GaN, J-fE B & F ARG & T 2%
RCB 2 micro-LED, W& 5 Brs, Hg(E
EQE BE % 34 2| Xf N 19 ¢ [ GaN micro-LED A9
60% 7K V-, LU R/DN 1 A/em? 728 4L 3|
200 A/cm? B, (20-21) 4% GaN micro-LED Ui§
KA WEL A 3.2 nm, XA ¢ i GaN micro-
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LED (14 %% 35 #] 13.6 nm, % 75 W 5% F 2 W 1k GaN HAYCH, (Il 5 0 58 U2 5 85 BEXE LA
GaN ¥4 HF| T-#2 5 micro-LED /8 1Y € %A 1 G TN SN IR s i R E BN W OB A I 28 5
B2 PE GaN R FE M AL RN, A HF e i GaN I F c i GaN 7 ¥ S M % . a2

s @ () © e @ (© 0
=2 A/em Thin AlGaN Gox 1, Thn AlGaN = /e Thin AlGaN Thin i\IGnN
I aN b. L v .
GaN b3 (al) GaN b. (b1) (c1) GaN b (d1) GaN b. (e1) (1)
% | Conduction band i | Conduction band
g
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(S I, ] RN 1 G i ol O, U ol e s 1. = = LS == =
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N = --__..,Hgl_c FL (a2) i (b2) tre——— (c2) |- —.__ HoleF.L. (d2)
1% o, S e ... . -
& L
M | Valence band Valence band
6th well 7th well Last well 6th well 7th well Last well L6th well 7th well Last wel 6th well 7th well Last well h well 7th well Last well 6th well 7th well Last wel
= 19 © 19
‘E 100%™y Electron (a3 4 Elecuun b3) [ Electron Hold (03) IE 10 1 Electron d3) 1 Elemon Elucuon
8 1 Hole 1 1 3 1 Hole 1
B 1017l ; 1 g 1017 . l
(=]
4 Q
© 100 t A - S ot ]
—_ |
M"’ 1.0x10% (ad) (bd) (c4) E‘g . @] [ ) [ (f4)
‘E 0.5%10% b Rad.| | Rad.| | Rad E 1.0x10%7 | Rad.| } Rad.| | Rad.
< £ 0.5%x1077 1 3
L SRH non-rad. SRH non-rad. SRH non-rad. g - SRH non-rad. SRH non-rad. I SRH non-rad.
<
S 0 . " " i L L 0 .
= 0 10 20 0 10 20 0 10 20 0 10 20 0 10 20 0 10 20
Relative position/nm Relative position/nm Relative position/nm Relative position/nm Relative position/nm Relative position/nm

K4 &K ALGa, NHIRAZWE FHFRRW R BN FoAMESGEE (o) & FUH ALASERRE y = 0; (b) & F B
Mﬁﬁwmmﬁy—m5UE?W*Mﬁﬁ@%%ﬁy:MN@E?W¢Mﬁﬁwwmﬁy—0U$¥W¢Mﬁ%§%
FE y = 0.15; () BT BT AVA M EERRE y = 0.3; (a)—(c) R (d)—(f) Y TAE L 32 BE 43 88 24 2 A/em? Fl 30 A /em?7l
Fig. 4. Band diagrams, the corresponding carrier distribution, and the recombination rate of multi-quantum well (MQW) struc-
tures with thin Al,Ga, N interlayers. (a) and (d) show those of the MQWs whose AIN mole fractions were set to y = 0; (b) and (e)
show those of the MQWSs whose AIN mole fractions were set to y = 0.15; (¢) and (f) show those of the MQWSs whose AIN mole frac-
tions were set to y = 0.30. The operation current densities in (a)—(c) and (d)—(f) were set to 2 A/cm? and 30 A/cm?, respectivelyl™.
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g Q
=] '0‘. g
'_9: 80 F Q"u E 465 B 465 ¢
K - £l
& 60f e00a oo:-os Q.. B 400} | 460
= "Q'“-a- ....... 4‘ i;' 'q‘
s & T o
o 40 > @
= P e c-plane(simulation) 8 qﬂ, a
E @ c-plane 2 455 4 455} @
E 20} e Semipolar(simulation) 20900 2232202009900
2 @ Semipolar
0 N M " 450 b o
0 50 100 150 200 0 50 100150200 0 50 100150200
Current density/A-cm—2 Current density/A-cm~2

5 (a) TEEDEALEE £ A R IE L A KB E WM GaN R ZE; (b) 58 o B 458 0 S5 4 7 BB A6 38 5 A 4R B AR K Y (20-21)
GaN # T £ 49 15 i T 2 MBS B A5 (c) o T 12K A% P T8 micro-LED I — fk EQE 19 52 56 %038 F 07 20t 285 (d) 25 W 3 %6 7
1—200 A /cm? 5l N 2RI ¢ T AT AR 4 T micro-LED A W (i i 4 B

Fig. 5. (a)Schematic diagram of the semipolar GaN grown on a patterned sapphire substrate; (b) cross-sectional scanning electron
microscope (SEM) image of (20-21) GaN grown on a patterned sapphire substrate by orientation-controlled epitaxy; (c) experiment-
al data and simulation curves for normalized external quantum efficiency of c-plane and semipolar micro-LEDs; (d)peak

wavelengths of c-plane and semipolar micro-LEDs in range 1 to 200 A/cm? current density!*.
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T EET o @ GaN K 7w If B H P A
K G, xS Tt GaN ARk, =% R A0 Bk
Ao — H S P AR T, S2m AOGTERE. HET
T 3 2 o JEH AR TN ) A1 25 T B AT LUK AL 5
JEREARE] 10° cm T2, [A] IR HEDR 2 4 2 B 4 ol
£ 10% cm 2 4% B0 g — 20 SR FIBCIe) 458 ] A1 S
(orientation controlling epitaxy, OCE) %5 J7 1 g
% JL T 7 Bk 3 % 2 4 19192 (B 2R B PE GaN B R
SF AR AR A B A L TR] Ao 38 2 e 4 FH A K
V. MHESERIIRE GaN RARBCE M GaN 177
ABA IS R, PR H A IR b = AR A R IR
R ME GaN A RO IE.

2.3  EKHEH

ST RORSED UL R T2 A% &, GaN 4
S AR A SRR AN WTE RS I 1) & . 4of i R
R, AME R B R 3 5 P BOE LLAE . T micro-
LED .t i & S A — U B0 6,25 25 0 R
R, 6 BRI LED SME R K AR .
Micro-LED 439643 6 AR =5, BRI AR ZE F 74 35
K IGEIMRT T2 bR A B2 . A RIIE R Ak
R, micro-LED S5 i K AR bR 25— T 24/
F 1 nm. InGaN/GaN LED &3 K5 InGaN
H In 20 43 EAEAE G, 1 InGaN H19 In 2043t A=
Fab R B R/ VI AE RO B TR, IR AR
U AR R T S e /1 b 5 A (U R A R S S
YL
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6 A Micro-LED A6 KAESNE A _E #9531
Fig. 6. Typical distribution of emission wavelengths on

wafer of micro-LED.
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iKF] 13 nm. i T 5 R IKE GaN [HIfFAFE i
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P T A AR AR AL A2 N A, T AME A TG
5 GaN Z Rl A2, T REAR AN E Fr it %2, A
FIFRFFIR B 38501, 2013 4F Liu 55 P9 4R 38 T
7E 6 YT RIEAL Si A AR AE K AIN R B4
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ER AINRAZ, 24K GaN 2450, &5
B 30 nm 1Y AIN i A 26 Rl TR R K5
P, HF R A AME F IC RS HE K AR e bR ifE 22 2y
4 1.52 nm. 2013 4E Nishikawa %5 101 3238 7 8
TE AR J9 8 HEF Y Si(111) #JiE AR K AlGaN/
AIN Z2h 2, Z 5K 2 um B2 STk (4
H5 x 10% cm®) f n A GaN 2, FAKm TR
g5k, B R R T BJREEZR 5.2 pm RS H.
BISpvE RAFAAME f, FORDGIEE Iy 445.2 nm,
OGP AR AR 1 Ar E 22 8 2.53 nm. 2019 4
Nishikawa % 7 $Z 38 T 38 3 76 A8 K 2% vh 2 5 48
ZAEAZE, BAEAE KRR TR R A Z 1A
KR HIN AR, 76 HAA N 8 JE~FY Si(111) 4
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Fig. 7. (a) The pseudo-color image of photoluminescence
mapping of the 200 mm GaN-on-Si LED epiwafer; (b) stat-
istics on the number of chips with different emission

wavelengths”7.
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PERE2E K. AREARAME AL H 35 R, 22 o2
BOR A m) SMEF AN AR IEF AR SFEHR S T
B9, SR micro-LED Xf T/ 865 % B . W 1l
YL R BRI L 5 VARG — A 5T

TERAL A 5T, TR R Ak
3 By i BRI B 5 8800 2% B I micro-
LED Wi 208, HH AR5 | B 5 F8 8500 23
S R BOR . O TR, X GaN
HYA IR IX AT AR DL A B a0 A R0 J7 ik, an
SR R B A A IR B ok R B T BIF R T AR Bl
KH AlGaN, AlInN 57 InN 4 AJ24E072:. HHT
F KR AlGaN 4846 A2 H 21l /£ micro-LED
B R TR, JRIRZET AlGaN 2546 AJZ AL AERS
PEE RS R A RCE, MW Refe s a0t FE KK
LED W55, A B T micro-LED 4% k. R
Bk GaN HFATECRERS MR E gkt i
[, RN AR T 58, B H FTE TRtk
GaN i micro-LED 1y EQE i 5 5, JF H &
Bl e GaN Rl AR XE LA Z.

TEPAR A PEIT I, X T micro-LED {2 7R )i
FHARUE, AME R (R B 5 P2 R B oK
BRA S T BoRROR, B2 R
IO BN R R A AP, BRI AR K
TR AR AR B 8 S 1. A AR B 34 51
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FERIT MOCVD # 4%, X E41 MOCVD
A PR TR AR R micro-LED 73R, N R 38 8 14
BTG AR A AL, Sl R ST AT SR 4
BTl PR S S M i 2R X TR 8 )
(R, ANIE Fr AT LRSS AH O A8 1 DRI A K
Bf A 25 T R 238, R VA R A IR BE | AN A
N JZ RGBT R AE.

3 Micro-LED % F L%

H T micro-LED Jt% i RSFHE 50 pm LA, i
AINFHEFL LED G R 0B RSE I, o e 4
(s i T 2E R R | B e R R AR 55
75 1 42— R 5 5 AR MES. Micro-LED T s
IR B RCRAY RGB =264 LED, i H AT InGaN/
GaN LED 7E£LEAM T AR KAR, AlGalnP
PUIT R LI LED it i AEROKR RS FRCR A &
LA JE R I A 5 2R A i i v S R
PER B micro-LED ik Fy PRt HL R e 7 31| 9K 5
AR I, RS R T ZSRERT K H R AN
JE, R — MRS | iR EAS B s i B
Bk, MRIEA " R BT EXT B f) micro-LED
A PEAT DR R ARSI, DUE A SRS B L A IR
S, HATE R EEUR S EUR SR T
X micro-LED F 5 K6 I 1) 75 SR A8 P Ak, [RIE
Y FHFEREW T L micro-LED F 24600 38 77 1.

3.1 E£XBER

# micro-LED F7E s BBl e fl, T2
fit Pt RGB = & 19 0] 81, H Hi InGaN/GaN
LED A] DAAE W' AN 4501655 i Be S B s 80Ok, T
XFF In 7 0 I 2000 B A ERCRARAIG, PRI
£15¢ LED —ffdi 1] AlGaInP PUIC MR 34t
It InGaN LED il £ PR X % J5 P 3 228 ik 3 %
A QCSE Ui 67681 In i A1 S BCAY 237 7 = 1)
Al 102 o ) A 2R LA EE AR InGaN A
T S SO v BB % B ). O ff R micro-
LED SRR, FERIfRRTEA: 1) RGB
=3 LED HHE:4HE1:; 2) | UV/Blue LED %
KAm T 3) Wit — SRR R A5 Y, INgOK AR
LED, si& WA FIEAR G LED Jf- i3 2028 L
KAMEATR] In 4153 0 & F BF & 6. B 8 7 RGB
HEFNIEA UV /Blue LED 30k 7 s s 7R B 4]

(@)

2,
T

G: InGaN green LED
B: InGaN blue LED

(b)

MQWs(UV/Blue) MQWs(UV/Blue)
n-GaN n-GaN n-GaN
Buffer Buffer Buffer
Substrate

B 8 (a)4rir RGBHE:; (b) UV/Blue LED # & & F
RN

Fig. 8. (a) Assembling RGB individual LEDs; (b) exciting
quantum dots by UV/Blue LED.
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WMLkt LED T ARG, 4 T A R
75 um Jf 7l 7E 450 —540 nm 3% K 35 B & 61
mini-LED; 2018 4= HAMF 5% 41 18 1 3% X A4 K (selec-
tive area growth, SAG) £ A¥f T InGaN 19 %
2ot LED 2 BT, FK- PR T AlGalnP 1)
£15% LED, Mififfil 4 T RGB =Flts i HA% 5 3
A 150, 150 pm A1 250(FM%)—150 pm(PAR) B4
FAA mini-LED, 40 9 frzs 007,

i I ZE A A A R K 1Y LED &GO B
T R B A Bt e A L Y AT AR B —
1) InGaN/GaN # £+ 528 RGB &6, M523
AL, % TC T MO i B Lo 5
micro-LED itk Fr 2025 1 RGB 122, &l i 75 R
VIE ) 2584 W 56 micro-LED it A M4 k78
B AR ELR SEELERO LG & 53, 25
TR R BRI T 28 SR S AMOGIRT R Bt
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Blue LED structure

Green LED wafer

p-contact(common)
n-contact(blue)

n-contact(green)

SAG mask pattern

SAG mask removal  Pattern of blue/green LEDs

Red LED wafer

n-GaAs p-GaP

n-contact p-contact

Wafer bonding GaAs substrate removal

* n(R): Pd/Ge/Au, p(R): AuBe/Au Blue/

o

%l 9 RCB LED (¥ & id fi s & K

integration(InGaN LED)|

Pattern of red LEDs SU-8 removal

o
R
gAL

Red adhesive bonding
integration(AlGalnO LED
monolithic ,-=====-= -

Sapphire substrate

(a) B FTEFEE DX AR A 4 DL ASROE G LED; (b) 4l IR & 4 ALE LED 5

(c) T An kM U UL AR AR TET 6], RGB LED LG | 808 ZDEA FADEHEN (LB ) AU 7R 19 2 4Rl & 72 107
Fig. 9. Schematic of the fabrication process of the hybrid RGB LEDs: (a) The fabrication process of the blue/green dual-color LEDs

using selective area growth; (b) the process for the formation of the red pixels using adhesive bonding; (c) top and cross-sectional

views of the final device, microscopic images of the hybrid RGB LEDs in (top to bottom) blue, green, red and white color modes!'7.

SR LT IR UL, B AR &
JF HaE S it TR, (B 5 AM IR AR B
=, HAR B SRR . H Al E H it 590k
¥ A4 HIAE A LED, (H2 68 2 RIS 7 g i
HE MR R RT3k, Pt FH 2] micro-
LED A7 — & W, M+ S Tk R, ik
HRETE . R SGIEAE, W LA O S R
KNI R GRS D08 PR I B i 0 FH A
micro-LED _FA# AL G 1) 5 ek bR A — &
AP, 2008 4 Gong % 109 3 i 45 7 micro-LED
W% CdSe/ZnS T+ s SEBL T GG LLG I 3 4
g, ¥R T BT S AE micro-LED 2% (4 R h
(AR, AEDREAS ) B e B e [ A BR L R 2R S Ay it
TR BOE R HE. 2015 4F Lee %5 1100 3@ i %
7t micro-LED & CdSe/ZnS & ¥ 5 K410t &
FAG RIS SCTHZ A ZnO KPR S S T 206
FIRCE. [AAFE Han 48 101 3@ 1 SR MTENH A RGB
SRR ) T AR B AE 285 micro-LED I,
LB PAS I Z BRI RS R, &R T
WA RSN 35 pm, 128 x 128 F£ 41 4% RGB

micro-LED, 41| 10(a) Ffi7R.

R T 5 TR R A0 28 B R UK 1 B 23 5 )
micro-LED /R38R, 255 1 il A5 B (0, 2 [a) A 5. 5
YU, WEFE B AT LUTE IS Uk 1 I D' 20 e A
H Tl SR S B A IR B A OR $ v T
SR E R 17, 2017 4F Lin %5 11 3% ] £ 4k
micro-LED #{ & & F 5155 RGB =%, &8l
SR ERB AT S 18T R RIR S L, [
G T AR A5 3R (B OG22 BB 3R, D't 2 IS 2
&1 10(b) iz, 2019 4B R T R IR AL e
JE/NF 2 pm B FAEEE (super-inkjet, SLJ) Ef il
HFARER) T WA H RGB micro-LEDI,
BT AIRESCRE 10(c) R, BT SRR H
R, (HRXT T LA AR R Y 5 s B 2 D
K micro-LED 3 149 ' 2 B RO UL, B 5 i
RORRAT SR S 5 A58 T micro-LED 8K [A]
f. 2018 4F Lin % 12 il Chang 4513 5| AT &8
K Ag UKL 7 ¥R R 3G 3 CdSe/ZnS & ¥ miHY
FARROR, TEi T ORI U Z R Ag B0 [w] i
R BT AOGRCE 10% Db, RO
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-3 ads
a ’
@) 8 p-GaN

—
—1 A —
——

n pads | 5
e

[T T
O
O
O O
O
O
T

100 pm

(e)

10
1.65 pm ﬂl 0 2 4
- -

6 0
1.65 pmy 8 10 pm

10 (a) HE T8 T S AR O R micro-LED Y 4 i 2 19 (b) Jo 20 A B 590t % B 08 R, RS 8 35 pm < 35 pm,
[E] .24 7 40 pm, DL 220 AL ) 0T 431 46 S0 b A B8 RIS, RN 8 B2 O 11,46 pm Y () 20 Y Bl B8 e T S5 1) e A et 3
ER 4 AR FEBE RS - AT i T EOR A B 22 (I R 2 T e /N5 ) DA R DURR A k- A B9 R ) Sl Al s BT 45 1)

Fig. 10. (a)The process flow of the full-color emission of quantum-dot-based micro-LED display!'¥; (b) optical microscopy image of

b
photoresist square windows with the pixel size of 35 pm X 35 pm, where the pitch is about 40 pm. And the laser scanner micro-
scope image of the photoresist square wall, where the height of the wall is 11.46 um[U; (c) fluorescence microscopy image of pat-
terns printed by red quantum dots on a glass by using the latest SIJ printing system (the inset depicts minimum linewidth) and

atomic force microscopy (AFM) image of deposited quantum dots!'7.

M 7 o AR BB . 2019 4F Wang %5 14 3 14 4
PRSI A 2R S T B R R Ag 9K kL
() 2 T, AT B — 25 B i B 05 R R RUR 20%
LIk,

—BERRIR I ZE M, NG KAE LED S5 [F AT LA
RS2 805 B B micro-LED 4%46. T4
KAt LED il 1] 24 38 /N F-35-38 RS9 LED, 7] LA

BB TR I 7, A SO AR GaN {37 45 %
I/ N AL, 8 LED & 6% 00
Bl 11 (a)—(f) B, 38 i 4oRpt B AR T LAk
ARGRAE Y In i, TR BB, SCBLAE ]
FERYELE FAME ) RGB =M (i 40k 4% LED
[4:%1) 1116 2018 4F Yamano Fl Kishino"'7 418 1 i
AR EIEZ | Tk 2 ik RN XA KA TF B

198501-13


http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

¥ 1B ¥ Acta Phys. Sin.

Vol. 69, No. 19 (2020) 198501

p-InGaN: 50 nm

o p-GaN: 600 nm
InGaN/GaN MQW
(5 pairs)+SL(75 pairs)

[ 11 SEM 5 I 15 il He-Cd #1043 UK 19 AN W) HL 42 InGaN/GaN 44 K K 1 & 5% € 14 :

#—n-GaN: 600 nm
! AIN: 25 nm

Nanopillar
template

(a) 143 nm; (b) 159 nm; (c) 175 nm;

(d) 196 nm; (e) 237 nm; (f) 270 nm!''%); AIN/Si 44 K4 _E 1 InGaN 44 >k #: LED: (g) InGaN 44K+ LED 78 & Bl ; (h) 44 K i+

LED (% SEM ¥ ; (i) 492K H: LED /9 SEM & i [ (117)

Fig. 11. Bird’ s-eye-view SEM and emission images excited by He —Cd laser from InGaN/GaN nanocolumns: (a) 143 nm;
(b) 159 nm;(c) 175 nm; (d) 196 nm; (e) 237 nm; (f) 270 nm!''%; InGaN nanocolumn LEDs on the AIN/Si nanotemplate: (g) schem-
atic of the InGaN nanocolumn LEDs; (h)top-view SEM image of the obtained nanocolumn LEDs; (i) bird’s-eye-view SEM image of

the obtained nanocolumn LEDs/!!7.

AIN/Si I il % T HAR N 220 nm . KOG 2
M 504 nm ) 15 &6 40k AR LED, WA 11(g)—
(i) Wiz, FF4E 7R ol DLE a7 [ — 7 R il 4%
FETE 80—300 nm 7 Fl AN KAE LED K528 mic-
ro-LED W& # A Bn. 5 Fh—Leniboy R v] LI

I RIEAR P InGaN/GaN LED, Wghk#

SFIEIE NI L Z a1 PFAE -2 gk
1 o e AR {;|L%Vﬁll\1ﬁ1§fTHLhiHTﬂ In4H
Sy B ESER T 2oR$E ] LED & 1A R
6. X NG T B AR K O ﬁ[ﬂz’&i/«,ﬂ
ME AR A i KOG R I, PIGFE i ] B —
PRIXE.

3.2 E=E®

7 micro-LED its i il 5 58 1ie , 77 2o
B 2 B R 3 B9 35 AR . Micro-LED s A R e
50 um LA F, —¥K micro-LED its i ¥ 8 15 R 4L
WINPT TR, RGN AR
FFERTT . XA BE%0 1920 x 1080 4 =il
SR, N T EHIREE S NUT, RERGEART
99.9999%. H B 1454 B H A ME LU 2 Qs i) R
RELR HIL T ZE—FP R i35, SCERIE I
Y HER R B B R B R . B 45 Ff micro-
LED #i R ptth, B EfER T ZdE a5

B, FEAPUBUR 0L MO R Bk | kA
BEPRITR NG VA S A A A TUBORE 0
FOERTES 2.
3.2.1  IEFEE (Pick and place)

X T HTUBCRE TR — MR FH A5 AN [ 28 R
H 718 micro-LED it i MBSk |, 2 518
TDRE LS Bh i 3k ) B micro-LED ith i 8l £
X 07 B IR 50y R B AR A7, P A TR A T
micro-LED ith BRI AR . FRad # b ek
MIVE I DA TEFEAE Ty | Wi R 55 AN TR BF
FERRALTER A MR DT 2 FRR R T R my & W
LA

FEE Y X-celeprint 23 7] 55 B 18 £ R FH 5
B[R 3E 47 5% ¥, ok 3 8 3 PR ED A 5 micro-
LED b Jr Z [Al A Ae 7 KNk X #4745 X
FUCE . A 12 FoR, TERE A B 2
micro-LED ith i 5 B /3 2, 75 28X I ISk 7
AC PR, A4 08 F RS 5 S S i R A3 s R &R
BEAR . R R W a4 S (polydimethy-
Isiloxane, PDMS) #BHE R i) sibk EARE, Jd it
Pl s ENAE 5 micro-LED ofh i 2Z [R] AU G fEAE )
HEE T RS 5 IR 23 B, P e 42 o e Bk
W AR B MOGEAR T A HERR O B X PR ENE AR
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(a)

Populated stamp

Native wafer with
dense micro-devices

Stiff

Elastomer Y

Compliant

Receiving substrate with
dispersed micro-devices

@

Bl 12 (a) B A% ENAE DA 5 S 1R 2 10 0 B0 BRI PR B 315 (b)) Mo 2 T ) SRt 21 e A% B R MO A L5 () A% BT Y 8
W R B (d) AR 100 mm x50 mm (K582 RS BR R 46 ] g 54t ENARE 2 T8 1Y v 7 Al Bl 5 ] 4 (200

Fig. 12. (a) Transfer stamp retrieves an array of micro-devices from a native wafer with densely packed micro-devices; (b) transfer

the dispersed micro-devices onto the receiving substrate; (c) a transfer stamp is illustrated in cross section; (d) a photograph of a

transfer stamp with a 100 mm x 50 mm active area, the inset shows an electron micrograph of the surface relief on the elastomer

stampl130.

B FAE 2006 4F 1 Meitl %5 122 48 ). 2009 4F Park
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A 70 pm x 35 pm [ LED & F 51, KRG
2 99.99%, H %1 )y micro-LED RO ik F|
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Moz 5, 3o A R e PP A L AR I L T i
AR TR PR A5 7 R 51 55T, #F micro-LED
O8I 30X T4 i A S M T 58 IR B . S
Bk [134] R EEAE micro-LED (5 H i34 51 308 A
R R AR AR 200 micro-LED 35 i A RE 4,
A 388 HRL B HLJERER BB 7 AR 1 7 % micro-LED Jgh i
HEATW B, 2 05 T Y BR 1 08 micro-LED it i
9 €IS 78" T

3.2.2  #MEF #H & (Laser lift-off)

H[E Optovate A . H AR JE A B0 H
PrEHE T HOGRIE I B 58 52 55158 SR
SRS 7 kA T X micro-LED it 5 4T
AR, EBEOEK: micro-LED it B WA JEE 3¢ B
JERCE fE B R L. SR R 2 1Y micro-
LED it i K & 7E Il L 00 ik B, i I 5 9ME00
A HPEIMNEIESTE micro-LED it i GaN/#5E
AR RS L, SE A AR B GaN IR SRt RE
B IFZ P, 145 micro-LED 5 A ME K B
FIES . 25 FEE L BOCR G I R A IS s 54
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Carrier

High power nanosecond UV /Q-switched IR

Laser p, E.
absorbed

within
~100 nm |~3-4eV

hv=3.5—6.2 evg

pulsed laser (A ~200—350 nm; Dose>600 mJ/cm?)

& 13 BOLRE T 2R B EALER /15 54 FE I B9 REaT (5] 159
Fig. 13. Schematic of the laser lift-off process along with the band diagram of the GaN/sapphire interfacel!%".
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Abstract

The continuous miniaturization and integration of pixelated devices have become a main trend in the field
of display. Micro light-emitting diode (micro-LED) display is composed of an array of LEDs that are sub-50-
micrometers in length. It has huge advantages in brightness, resolution, contrast, power consumption, lifetime,
response speed and reliability compared with liquid crystal display (LCD) and organic LED (OLED) display.
Consequently, micro-LED display is regarded as the next-generation display technology with high potential
applications, such as virtual reality (VR), augmented reality (AR), mobile phones, tablet computers, high-
definition TVs and wearable devices. Currently, the combination of commercial 5G communication technology
with VR/AR display, ultra high definition video technologies will further prompt the development of micro-
LED display industry. However, some basic scientific and technological problems in micro-LED display remain
to be resolved. As the chip size shrinks to below 50 pm, some problems that are not serious for large-sized LEDs
appear for micro-LEDs. These problems include crystalline defects, wavelength uniformity, full-color emmision,
massively tranferring and testing, etc. In the past two decades, various solutions to those problems have been
proposed, which have greatly promoted the progress of micro-LED display. In this paper, an overview of micro-
LED display since 2000 is given firstly, which includes the main research results and application achievements.
Secondly the issues involved in the wafer epitaxy and chip process of micro-LEDs and possible solutions are
discussed based on the display application in detail. The surface state induced by the dangling bonds and dry
etching damages are concerned for the nonradiative recombination at a low injection level. The remedies are
provided for those surface states, such as atomic-layer deposition and neutral beam etching. Some methods to
reduce the threading dislocation and suppress the polarization field are summarized for micro-LED epitaxial
growth. Moreover, the GaN-based LEDs on Si (100) substrate are also introduced for the future integration of
micro-LEDs into the Si-based integrated circuits. As to the wavelength uniformity, the MOCVD equipment and

growth technology including the laser treatment are discussed. In the chip processing part, the full-color display,

* Project supported by the National Key Research and Development Program, China (Grant No. 2016YFB0400602), the
National Natural Science Foundation of China (Grant No. 61674005), the Science and Technology Major Project of
Guangdong Province, China (Grant No. 2016B010111001), and the Science and Technology Planning Project of Henan
Province, China (Grant No. 161100210200).

1 Corresponding author. E-mail: zzchen@pku.edu.cn

198501-23


mailto:zzchen@pku.edu.cn
mailto:zzchen@pku.edu.cn
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

#) 32 % 3R Acta Phys. Sin. Vol. 69, No. 19 (2020) 198501

mass transfer and effective inspection technology are discussed. Assembling RGB individual LEDs, quantum dot
phosphor material and nanocoloumn LEDs are different routes for full-color display. Their trends in the future
are provided. The pick and place, laser lift-off technologies, are strengthened in the massively transferring for
micro-LEDs. In the massively and rapidly inspection technologies, the photoluminscence combined with Raman
scattering, the electroluminescence combined with digital camera are discussed. Finally, the summary and

outlook in these issues are also provided.

Keywords: micro light-emitting diodes, display, epitaxy, chip process, inspection

PACS: 85.60.Jb, 42.79.Kr, 78.55.Cr DOI: 10.7498/aps.69.20200742

198501-24


http://doi.org/10.7498/aps.69.20200742
http://doi.org/10.7498/aps.69.20200742
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

