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Abstract: In this paper, an ion implantation process is used to form a high-resistance isolation re-
gion on the p-GaN layer of the InGaN/GaN quantum well blue LED structure. This method has been
used to realize the preparation of ultra-small size and high luminous efficiency Micro-LED arrays with
a minimum size of 4 wm. The electrical and optical properties of lateral structure Micro-LED arrays
prepared by fluoride ion implantation isolation process are systematically studied. Experimental re-
sults show that higher fluoride ion implantation energy can improve opticlal and electrical isolation
between Miro-LEDs. When the ion implantation energy is 60 keV, the Micro-LED array has the rel-
atively best photoelectric effect. And the 4 pm ultra-small size Micro-LED array prepared based on
this ion implantation energy has an optical power density of up to 200 W/cm”, demonstrating the appli-
cation potential of ion implantation technology in a new generation of Micro-LED based micro-display

chips.
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Fig.1 Schematic diagram of Micro-LED array structure(a)

and its cross-sectional structure(b)
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Fig.2  Surface morphology of 4 pm(a), 6 pm(b), 8 pm(c¢) and 10 wm(d) Micro-LED arrays on sample B.
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Fig.3 SIMS depth profile of F~, Mg* and In" ions in samples A, B and C. (a), (c)Relationship between the ion intensity

and the depth after the ordinate lg. (b), (d)Relationship between ion intensity and depth with a linear change in ordi-

nate.

3.3 BFEANRERXRIE CTLM Uik

R T A HE T AT SR RS b R R
s, 7ESE BCHT IR 3 FhOR TR BB 4 1Y 9B 1A
J& A BIFERESE A B FICOBYSRES TIEAX 5
2T —RHHAMFR N AR (140 pm) # CTLM

D e
107 —=—Without_F  —s—Sample_A
10"t —*=Sample_B  —v—Sample_C
10°F

S ob Cay RCS Co6

= 10t
10 (C3) Cc2 Cl
10°F .
10°¢ =
10T | | I I I

Cl €2 €3 4 €5 ¢cC6
Circle

B, HANE AR DN K 535128 180,200,220,240,
280,340 pm, ¥l CTLM ¥4 J8 & ITO/Cr/
Al/Ti/Au (200/10/100/50/100 nm) , CTLM i
#%id 25 Micro-LED B4 £ /1 1TO F14: & sk
Rl LA, K 4(a) RTE 3 AN EE

(b) 10°F
104
107
102F
10"
10°F
10°F
10°;
10F
10°%
1()5; I I I I
Without_F Sample_A Sample_B Sample_C
Sample

RSH

Rad (Q-007)

El4 (a)% CTLM 7E -1 V F B AR SR CTLM FR4H ; (b) iftSh A B F1 C I CTLM FRAFZEBCE i 77 B FEAE

Fig. 4
from the CTLM ring group on samples A, B and C.

(a) Resistance value of each CTLM ring at —1 V and the test CTLM ring group. (b) Sheet resistance value extracted



524

WOB, % ETE T HEARAY InGaN B 1) Micro-LED [£51) 219

FHEAZMT AR RS CTLM PRAEH R H &
(=1 V) XN A HPHAE, AT LA Y, Al — 40
CTLM Friy B BHAE 7E 7] — 5 4, L7 AR 52 CTLM
IRHIBE RS, 3k R W] FERLE I A ST, AT LA
TR B 10 A DX R o 25 2080 1 5 i 5 el B TG G
R, B 7 1 A B 2 X F il £ /N RS Micero-
LED g8 HAHEZE L, B 4(b) WM 4(a) T
TNEY 3 FhEABE R A CTLM g Fp 420 1Y
Jr BB BAE AT LAE H, WEESR A B9 CTLM 3£
2 R I D B e BELAE L AARE & B RITEE & C
PRI T S BH/N 7 ~ 8 DB, X TR
il A TR IR ACRE R AL, AR B ALK, T
DRI AP ML 2= R B ROR . B T A BB
40 keV HEANF] 60 keV F1 120 keV +60 keV Bf, J7
B r BHL (B 52 48 B 0, R A B B AR R B A
HARE S B MRS C B A X 5 B B
{ELAE [ — a0 LR R E R R,
3.4 Micro-LED B35 % 3R E

ARG RAEW] R A LED AME 5 A]
DIRAS 35 i B A B B R . BRI, A T B
J DRI B - A B S 1 45 Y Micro-LED 2§44 22 6] Y
SRR B AR B AR R A E 2 B F R (1 mA) 2
R A B T C EAY 10 wm Micro-LED 451,
T PR ET U (A2, PR A BEASCR A B, — B R 51
HBAEAE /NI FE (R I | (H AT 6 B LM i H 22
o MWEIRTLUE AR A BA —E B GREE
FEME (UL 5 (a) ) s HIEANE B 5 FF 5 B FIRE 5
C BAAEH B 0GR B a8 0R o e € Dt
BB ROR A (WL 5 () ) o Z BT LA B R OE
B g 1 22 S P R R O Y S R ARE TR 40
keV i, F B F 8156 2 A p-GaN ) 15 nm R JE
b, I H p-GaN WA BB F283E (WLE 3 (b)),
BT HEA X T B E FH M p-GaN X
WARSRAENS &AL B T K BRI 2k T
WE— TR B FHEAX T MQW JfiE 1T %
HEEG . METHEABRR 60 keV B, B T1HEA
X p-GaN JZ5E 2700 T %2+, 1M p-GaN 1™
RS FERE FIEAX T MQW X (1)
82 A BOE KRR D, Y8 FEASRMSEN
120 keV +60 keV FIRREE AR, 52 T AL T 4
WS M A FE p-GaN E W, T HE & EF T
MQW [X 8 7 235 n-GaN X I, BB i A X
TOTE MQW AR A B T ST R OLRE

G A S C BAA A SR rDb 2 b s R
FAN , WG T J-V g B mT DUE 2 RS C
AT 120 keV +60 keV 9 XLREH AT 7E MQW
FEhgI AT KRG, FEEEE FIHEANX NI
MOQW (1% 31 F DX A7 78 B K e H , 0T 07 1Y) 2 4
WEB (R Sh i1 RUOR 23 R RRRAR , DT B AR A i C
B RICSERE , PRIt AR C BA S OEhE
ERRPE, HAE G B IOAES C B B4R RO

S

K5 FESh A(a) B(b)FIC(e) 10 wm Micro-LED [4%1)
AR RO
Fig.5 Luminous effect of the 10 pm Micro-LED arrays of
sample A(a), B(b) and C(¢).

3.5 Micro-LED F&E3I J-V ik 5447

M FRER A BERR B RO i 2, TR e Ll —
HHFSE T RES: B FIRES: C s tEfE, B 6(a)
SRR (10 ) TSR] B 778 A BB il £ 1
Micro-LED FE3 1 J-V IIZE, £ -5 ~0 VG
AR S C AR Il HL & T AR A AR B a2 A
EEG C B MQW 9858 2R, BB 175 MQW
H ] AT B, 356 S di R 4l 0 — 2 Bt 1 2K
WP HARREI I 72 ~5 VI IE [ U
N, R85 B Al C | Micro-LED B30 04 J-V et



220 K it

¥R a2

FEE ABTE 0 ~2 V IEE G B 1Y 2= MR
4. B 6(b) &R B RBR R R TR 4,6,8,
10 wm A9 Micro-LED F451) J-V £k E . v LIE
th, Micro-LED 19 5 v it Y L 37k Bifi 25 15 3 R~ 1Y
PR/ INTIT AT 38810, 33 2 DR R 85 T A R v A
FEARR A543 , 3 g 473 25 Bl A i 14 RUST 1 D/
[l 2 E TR AT A i b B N T ES RS RV BN 0
225 IR AR LR, 10 I B - 1 Al 45 19 Micro-
LED [ %1 () I W0 AR 7E — & YU BN, [R5 &
6(a) ML, B 6 (b) H: L B 1 4 i RSF Y Micro-
LED S 7E 1 [a] B, 91 ] A 1Y) W P fE 34 i 4
Feih Co

—a— Sample A_10 pm
—e— Sample B_10 pm
—v— Sample C_10 pm

—~

=2

~
(=
[«
(=]

—=—Sample B_4 pm
—#—Sample B_6 pm
—4—Sample B_8 pm
—v=Sample B_10 pum

LRl mt R

Current density /(A -cm™)
=
IS

=
~
T T T T

VIV
B6 (a)REi A BF C F 10 wm Micro-LED F£%1; (b)
FEM B 1 4,6,8,10 wm Micro-LED [ 51 4 H 3% %5
JEEFI R o AR £k
Fig. 6  (a) Relationship between the current density and
voltage of the 10 pm Micro-LED array on samples
A, B and C. (b) Relationship between the current
density and voltage of the 4, 6, 8, 10 wm Micro-
LED arrays on sample B.

3.6 Micro-LED BE5 I &K 5 5

& 7(a) MRIH 60 keV B TVE A BE i & 1Y
AR Micro-LED B4 51 ) 56 2 45 o 0 3 45
W AL RP,4,6,8,10 wm Micro-LED #% 14 4
S i RS 0 R OB R B, o 4 pm
Micro-LED %% 1 [ 81 19 fic KOG T %5 & ( ~ 200

W/em?®) 8 F A 3 Fp RSF A8 14RBE 51, 4 Fif
RT3 19 5 T 32 285 B 433l 7 4 800,2 000,
1.200,900 A/cm® &hik 4N, [A] B KRG TR
B AR A AR 2 RS /N T 3G i A,
ENPSP S o B QA I EA A VAR O E YN
P Micro-LED PRSI HATHARMY M, & 7(b)
JREM B 1 4,6,8,10 pm PUFP RS Micro-LED 4
HIHAME TR0 (EQE ) 5 HL % 1 56 22, I
HRTLIE F, 10 wm Micro-LED 31 ) I {H EQE
PR 4% iz g5 e T OCHk [ 12 ] o ICP 1 2 ik
#1451 10 um Micro-LED AN 3| 2. 5% (1) 0§ {5
EQE, 74N, NEIHFAFTIF I, T FEAT
2451 Micro-LED FE41 1% EQE 32 2] 8% 14 R ~f
PR3 W) 58 A BH A8 3k 2 DR Ok o 8 - T A A o
Micro-LED #8431 Z 851 A T K s 473, I
HL AR A7 TR f AR A5 2 B A RO s/
M % T8 15 Micro-LED 31 (1) 65052 254
RS20 153 B i

(a) ?.Oxlozi .

& 8x10 ./ e,

£ 16x10° /

= 1.4x10°F '/-

=, L2x107 A

T 1.0x107 /‘.’,‘f Y

= s0x10T AL oy

§ 6.0x10" TE A —e—Sample B_4 pm

2 soxiob &5 Y —+—Sample B_6 pm
2.0x10" —v—Sample B_8 pm
0x —+=Sample B_10 pm

1 |
1x10° 2x10° 3x10° 4x10° 5x10° 6x10°

Current density/ (A-cm™)

(b)
4r ™, —s—Sample B_4 pm
4 —+—Sample B_6 pm
3l .’” A —v—Sample B_8 pm
§ t’%‘\ +—Sample B_10 pm
= 1 \v A
2 ol ee—
d b A .
X \ e
'\ \A \'\.\
G + | | | | |
0 1000 2000 3000 4000 5000 6000

Current density/ (A-cm™)

K7 (a)#ih B EAFSE Y Micro-LED FE31H9 565 %
WS E LN KR, (b) B B EARR A
Micro-LED P51 5 5305 SR LAY C R

Fig.7  (a) Relationship between the optical power density

and current density of the Micro-LED arrays of differ-

ent sizes on sample B. (b) Relationship between the

external quantum efficiency and current density of

the Micro-LED arrays of different sizes on sample B.



524 WO, S TR TIEARIE R InGaN 6] Micro-LED [431] 221

4 2 P I EREIR T B Xk, S 25O H R
J351,60 keV HLEETE A A Y Micro-LED [4:371 Jj HL
ASCRHEFHEAT S S HEAETIA LED  5%fik, KA 4 wm Micro-LED FES B 5 RO )%
GEATIUZ p-GaN B4R X, S8 il 1 /N RS 4 ) WPEEA 200 W/em® , I, B FiHEA T SK A
ZERAIP) Micro-LED 2l £, RHH 60 keV HARERIE JINRST Micro-LED S8 F il 2 S AT JE Uk, I HLX Fh
A Micro-LED FE5I R g HLAE T 120 keV +60 keV  fEGERT-IALGEAIN T 12505 4658 — A S0
MEEHFEA R ERE, RO E EARE FOL%FEE ikl b B Re i AF A,

& % X #.

[ 1] CHEN CJ,CHEN H C,LIAO J H, et al.. Fabrication and characterization of active-matrix 960 x 540 blue GaN-Based mi-
cro-LED display [J]. [EEE J. Quantum Electron. , 2019,55(2) :3300106-1-6.

[ 2 ] DAY J,LI J,LIE D Y,et al.. Il- nitride full-scale high-resolution microdisplays [ J]. Appl. Phys. Lett. , 2011,99(3) :
031116-1-3.

[3] HANHV,LIN HY,LIN C C,et al.. Resonant-enhanced full-color emission of quantum-dot-based micro LED display
technology [J]. Opt. Express, 2015 ,23(25) :32504-32515.

[ 4 ] CHONG W C,CHO W K,LIU Z J et al.. 1700 pixels per inch( PPI) passive-matrix micro-LED display powered by ASIC
[C]. Proceedings of 2014 IEEE Compound Semiconductor Integrated Circuit Symposium ,La Jolla, 2014 :1-4.

[ 5] WUTZ,SHER C W,LIN Y, et al.. Mini-LED and micro-LED ; promising candidates for the next generation display tech-
nology [J]. Appl. Sci. , 2018,8(9) :1557-1-17.

[ 6 ] MEISL,LIU X Y,ZHANG W L,et al.. High-bandwidth white-light system combining a micro-LED with perovskite quan-
tum dots for visible light communication [J]. ACS Appl. Mater. Interfaces, 2018,10(6) :5641-5643.

[ 7 ] WASISTO H S,PRADES J D,GULINK J,et al. . Beyond solid-state lighting ; miniaturization , hybrid integration ,and appli-
cations of GaN nano-and micro-LEDs [J]. Appl. Phys. Rev., 2019,6(4) :041315-1-40.

[ 8 ] HORNG R H,CHIEN H Y, TARNTAIR F G et al.. Fabrication and study on red light micro-LED displays [J]. IEEE J.
Electron Devices Soc. , 2018 ,6:1064-1069.

[ 9 ] HUANG Y G,TAN G J,GOU F W et al.. Prospects and challenges of mini-LED and micro-LED displays [ J]. J. Soc.
Inf. Disp. , 2019,27(7) :387-401.

[10] HUANG Y G,HSIANG E L,DENG M Y et al.. Mini-LED,micro-LED and OLED displays ; present status and future per-
spectives [ J]. Light Sci. Appl. , 2020,9(1) :105-1-16.

[11] DAAMI A,OLIVIER F,DUPRE L, et al.. 594 :Invited Paper:electro-optical size-dependence investigation in GaN micro-
LED devices [J]. SID Symp. Dig. Tech. Pap., 2018,49(1) :790-793.

[12] ZHU J,TAKAHASHI T,OHORI D,et al.. Near-complete elimination of size-dependent efficiency decrease in GaN micro-
light-emitting diodes [J]. Phys. Status Solidi A, 2019,216(22) :1900380-1-6.

[13] LIN H Y,SHER C W,HSIEH D H ez al.. Optical cross-talk reduction in a quantum-dot-based full-color micro-light-emit-
ting-diode display by a lithographic-fabricated photoresist mold [ J]. Photonics Res. , 2017,5(5) :411-416.

[14] HIGO A,KIBA T,TAMURA Y ,et al.. Light-emitting devices based on top-down fabricated GaAs quantum nanodisks [ J].
Sci. Rep. , 2015,5:9371-1-8.

[15] SAMUKAWA S. A neutral beam process for controlling surface defect generation and chemical reactions at the atomic layer
[J]. ECS J. Solid State Sci. Technol. , 2015,4(6) :N5089-N5094.

[16] WANG M J,CHEN K J. Improvement of the off-state breakdown voltage with fluorine ion implantation in AlGaN/GaN
HEMTs [J]. IEEE Trans. Electron Devices, 2011,58(2) :460-465.

[17] XU F,GAO C H,FAN Y M, et al.. Enhanced performance of vertical-structured InGaN micro-pixelated light-emitting-di-
ode array fabricated using an ion implantation process [J]. Opt. Leit. , 2019,44(18) :4562-4565.

[18] GUO W L,TAI J P,LIU J P,et al.. Process optimization of passive matrix GaN-based micro-LED arrays for display appli-
cations [J]. J. Electron. Mater. , 2019 ,48(8) :5195-5201.



222 K it 2 i 040 %

[19] %) 364, RAES FIEA T LM % LED [J]. fALs{z &, 2000,17(4) :21-22.
LIU H K. Using ion implantation process to manufacture planar LED [ J]. OME Inf. , 2000,17(4) :21-22. (in Chinese)

[20] LIN S X,MENG D,WEN C P,et al.. Analysis on the CTLM and LTLM applicability for GaN HEMTs structure alloyed
ohmic contact resistance evaluation [ C]. Proceedings of 2013 IEEE International Conference of Electron Devices and Solid-
state Circuits ,Hong Kong,China, 2013 .1-2.

[21] OLIVIER F,DAAMI A, LICITRA C,et al.. Shockley-Read-Hall and Auger non-radiative recombination in GaN based
LEDs:a size effect study [J]. Appl. Phys. Lett. , 2017,111(2) :022104.

TEHR(1996 - ), 5 WAL AN, B
W58 A 2018 4EF il db K23k 15
b, F N AR AL
KIWAEMIT,

E-mail ; ytan2019@ sinano. ac. cn

WEMT(1969 - ), F, HAMILLA, 1
& RS B, 2003 4F T b [E B B o
SARWEFE T AT W2, BN
PR R E KA TR,
E-mail ; bszhang2006@ sinano. ac. cn




