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Impact of the competition mechanism between surface recombination and
light extraction efficiency on Micro-LED device performance
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(1. School of Physical Science and Technology,Xiamen University, Xiamen 361005, China;
2. Xiamen Future Display Technology Research Institute, Xiamen 361102, China)

Abstract : [Objective] Based on the size effect induced by surface recombination, this study investigates the relationship among the
size, shape,and light efficiency of Micro-LLED devices. [ Methods] Using SimulLED software, we design devices with different sizes and
shapes,so that the correlation between surface recombination ratio and the perimeter-to-area ratio can be explored,and the influence
of device shape on Micro-LLED performance can be analyzed. [ Results] The surface recombination rate exhibits a linear proportionality
with the perimeter-to-area ratio. The device shape affects the external quantum efficiency (EQE) through both surface recombination
ratio and light extraction efficiency (LEE). Among these three chip shapes studied, circular chips demonstrate the highest internal
quantum efficiency (IQE) , while regular hexagonal chips achieve the highest EQE. In contrast, square chips exhibit the poorest
performance in both IQE and EQE,as well as optical powers. Additionally,achieving peak IQE requires progressively higher current
densities with diminishing device size, primarily driven by intensified surface recombination. [ Conclusion] When device size is
constrained , optimizing the shape can reduce surface recombination ratios and improve light extraction efficiencies, thereby enhancing
overall light efficiencies.
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Fig. 1 Three-dimensional structure of the square chip
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Fig. 2 Perimeter-to-area ratio and corresponding surface recombination velocity (a) and Internal quantum

efficiency (b) for chips with different sizes™
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surface recombination current in the total current (b)



55 4 ] X

5 RME A S5V BGEEERTL A ALHIXT Micro-LED Y63 5 M + 685 -

E 3 R TAF RS SR R EE GBS
SHL AL 2 LU B 2 A R R AR A . WA & B, X
T RSFH 300X 300 pm® WS B FEAE IR E T
F LAY & LRI G X R R E A KRR
B BRI AT L Z S AR

Bl 25 R R A/, 2T A A I o b
. R AR T RSE S 5 X5 pm? IS R
F AT & H T 10096, 16 BH L 46 K 2801
W TR BB . Ak, AR S A % 2
A LR BRI T 4R s i B HL A 22 5. B
AT 5 5 Bt 5 0 RS I 4 /0, 211 52 6 Hi O 5 X A
TR F 00N, A T R B A O R X
— PN A AR B e K (T R R
FEwpEZ g m. DL BB G MHLEE L f# B T Micro-LED
A B RS AR AL
2.2 BRI Micro-LED T4 RE B
2.2.1 ®REIQEWXFR

ABC BERUE AT AR RS LED i MQW £k
TENAE A2 MR R G 3 18 T SRH
RN E A R E A FEREE A SR % T Micro-
LED MM, R E G R8N TR A # b b i fE2iib
B AAfESE ABC BIRUR R FL N A0 #r. o T AE B 45
AT R RGT 2 07 7 1 45 Fp & A WL AR ST 5

55 ur]

] Wang 255842 H Bt ABC AR, Ho A0 8nF .
_ BN?
Fe=aranNn vt rone X Far D
Erq = Exq X Eig» (2

H, Eq 1 Erq 73 50 IQE. 4h & T % % (external
quantum efficiency, EQE) , N Hif F#kE ., A.B.C 4>
S SRH FE58 S 52 & R 46 5 2 6 R B s 2
BERBCANEREE G ZEEa HHRIRIEARE, Ex

(a)

60 T —=—Squ. 400 um?
—e—Circ. 400 um?
—s—Hex. 400 pm?

401

1QE/%

20

10
Current density/(A-cm™))
1 1 1 1

0.1 1 10 100 1000
Current density/(A-cm™)

K4 3 FRIEIES

N LEE.

PL 20X 20 pm? W IEAR 1 S it i AU [R)
(400 pm®) By BB & F R IE S i 0 R Cor 1
“Cire. "Hl“Hex, "#/R8). 456 R & A 3R X Lo gy
PESEAT 05 B 25 RN 4 iR, D B R, 5B
AR LG RO FIE S IE S e B IQE 43 4k
BT 3. 80 2. 400, iX— 2 5 FEIAN TR R A K
TR B LI 2 T B A5 i A7 A 25 52

B 4(b) B T3X 3 Mol B i e i & A f it o5 B
HLIE A L., o] LA 1 I R i e i f e o i s »
T BT O 0 He e i, X — 25 SRAR G- R 1 3 Fhuts
FUE(H 1IQE F776 25 5 0 DAL sbah, 24 i 2 1 i ik
100 A/em’ B, FR A G HLTAY 7 LG 0 25 BRI OT a0
T X —FR W T 4 P KRR ER B 3

&L FEAIREEA, ﬁtﬂf?bﬂﬁ&ﬁ%@ﬁﬁ%ﬁﬁ;
aﬂﬁﬂ’f@%ﬂﬁc A5 HOE B BB ) R e AR AR R PR

R, Boussadi & Tﬁﬁﬁﬂﬁq:’j’a H BT 20k
FHSC A EE B 25 5| 2 200 F %, 5 3500 B X3k 1
S FRAL T 0 X 3. [H L, A TR Y Th R B AR T
R RAE 80 260 A% IX 8l SRy il BE 451 47 X7, BRIV SC
PEENAY IR, Wy XA 8 L, AR STl T 00 v X
PR et 81 il i1 A0 S Dy 3R 5% B o A A O (1 5). 7
ol il AR R HU FL A 10 A/em®, B 3 A
O UEAE TQE X A HL % . “IRIX 71 5 L
ZTA DK S 0 P 1 4 P Ry 254 4 1 b O
T30 B oy A i L b i 1 o 19 55 0 300 5% IX 3 [
FEFRR“IRIX”,

N5 AT LIE H L BT X 0 o R % i S B
TR A A R A B i 2%, T R Bk
D RABRY 45, 290,46, 1960 LA ) 46. 4%, BEHH 3 2Hts
F R RE 32 1) Y 20 pel 451 3 Bl 8 ™ o, R BT R

0.6

10 203074050
Current density/(A-cm™2)
YA

Lo

03}

|
—=—Squ. 400 pm* |
0.0 |—=—Circ. 400 pum?
" |—=—Hex. 400 pm?
0.1 1 10 100 1000

Current density/(A-cm™)

ORI IQE() IR TH & A LIRS B R AT HE (b)

Fig. 4 IQE (a) and proportion of surface recombination current to total current (b) for the three chips with different shapes



* 686 -

TR 24 CHARFRE RO

2025 4F

B LA AN B o DX ) — o S 7S 5 I T
T AF HA AT 2. 3 —L BRI R L 1

A3 R R AT ALY 37, 719632, 68% Fl 34. 39%. iX
BRE . NZS 85070 1 FA BE R R L BT 00 R 2 21 1) 21 ik

RGP B FUEANE R R SR BRI m AR /b, 3 2 S 80 i il
@ 70 . (b) »g : . © 70
& — Squ.400 pm’f & —— Circ. 400 um? :E ——Hex. 400 pm?* dEm_iss}?anpowg;
« rati <« Mot « rati eNSI cmT
: | S | @oaer  URERE B | @A US|
5 16 E/ 161 < 16r fi
g g Q g
=] o o
512 5 1of : 5 12t
z z z
H H Z
) ) )
—~ 8 PR B B | 1 1 — 8 1 1 1 1 1 = 8 1 1 1 1 1
0 2 4 6 8 10 0 2 4 6 8 10 0 2 4 6 & 10

Horizontal relative position/um

Horizontal relative position/um

Horizontal relative position/um

B 5 = R 6T 39 B 430 AR FR O B BGR A 5 1 B 3R 4T 18 19 6T 2589 B 4311 s 2 B
Fig. 5 Light power density distribution of the three types of chips (from the symmetric center to the nearest boundary) ,

the insets show a schematic diagram of the light power density distribution on a 2D plane

NRGEARFEA T RAF 2B 2 b A 6] LA 4
TR I A 58 55 52 G R B DX B 19 25 1) o3 A1 o 1 K H
IQE Y2 A HL A AS BT 5 8 3k AR 00 T 0K Ay R
(100 pum®F 25 pm®) KILARET I R SR 8 Hh 45 R

BB 1, [P RS A IR IQE L8 25K 2.

3 ARG SIS B IR IX” i L

The proportion of “bad area” for three sets of

%1
Tab. 1

chips of different sizes and shapes

R/ %

400 pm® 100 pm? 25 pm’
Vb 37.71 45. 93 49. 70
[2piA 32. 68 40. 18 44. 07
WERIIE 34. 39 42.12 45.98

# 2 3HRFRFTHBRE R EE IQE
Tab. 2 The peak IQE for three sets of chips of different

sizes and shapes

. IQE/%
FEAR : :
400 pm® 100 pm? 25 pm?
ViBlZ 57.56 44. 92 32.05
[Z)IA 59. 66 47.03 33. 84
WERIE 58. 85 46. 21 33.17

HIZ% 1 n] 0, B R TR0 3 Bl R AR
AR IR IX” o HAR 22 2 4 K BV Ik s 52 401X el e
d B EE BN, 534k i o A xR 1 53R 2 A%

P, AT LB o ER 2, 7E 3 MR R0 Roeh o DB 8
A IQE fieim. X —IG A Tz RS R iR X
It o LA B I, DA R rh 5 |k Y 2% 1T AR A 0 R AT, il
o RGTE— 25080/, “ IR X7 B o8 1) Lo 4 52 8 L 7
G FECT IQE MRFE: T R, LA (L LA 50
S RSN A )
2.2.2 ®RRE LEEWXZR

G (2 AT G FAR 880 EQE H IQE F1
LEE IL[myess i LEE 2 LED St th 2R &
BLERBR  FR LED aivf b & iy G ok oth i e
o3k I AT S A G 2E RN S B 2 RS 1k 3 ) SR
E’J)‘ﬁ%tmﬂf”l P A 3 AR )

WIS F 1 LEE, iHR45 R WKl 6 .

28t —=—Squ.
—e—Circ.
——Hex.
X
S 24
m
=
20+
0 100 200 300 400
Chip area/pum?

6 3 HARRERST SRS LEE
6 LEE for three sets of chips of different sizes and shapes

SRR TS AR AT, RS s/ LEE

Fig.



5 4 1]

AR AT « 0 24515 R BUSCRTE AL X Micro-LED JYEALH) #2117 687 -

YA P, X 5 Hofth 2% 5 Bt 5% 45 SR — S Rt
IEAIE N 0 LEE $R2¢ 0 T HAR B AR, X 2 N
SRIEZSTIE 0 £ BE RO AR A Bl G4 T8 i #857 dtb A
R AT Il R B 0 R % X, AR B Ty
TERIRTE B R 54

2.2.3 BRREEQEMXZH

MR R LA REE A, 22 T 3 A R R BBk
SR EQE AR BRI, W 7 FioR. SCER 4 R R 0,
T = FPAS R TR (400,100 FT 25 pm?®) B9 7 H L IE S
MG R IE(E EQE W24 T BE M7 B 454, 3L
B A E(E EQE AR BRI F . 78 400 pm?
AR RS TR R B 245 74 B9 16 (6 EQE 40 %1t 5
FELsFR 20, 3% 6. 1%. 0 (2) a0, X — itk
IQE 1 LEE Ry,

—J5 T JEAR A R A B2 MR IR X o L 1T 3 ok 3 T
B IQE; 73— 7 1, L AR 23 5 Y63 1 23 (8] 43
A1, VEMTRZ N LEE. JE IR 1 8 B 3, “ 3R X7 | E ),
1QE = 5 177 LEE WIAEBIEREEE T 0 IE7SER fes.

AN, B TR AR B W EQE ¥ B ts 7 18 AR
WINTG T B B4R, 100 pm? A1 25 pm® 1E S B 85
I EQE AH#L T 400 pm’® 43 BIFEAK T 8. 75 % Fl
22. 64 %. X FPIELEM IR I, /NS T R E R
Aol RMARR 52 AR 2R, S8 IQE M EQE
L[] R, DI 2 25 fh 3 2 R .

EQE/%

PR vl L4 aaaaan L
0.1 1 10 100
Current density/(A-cm™)

Bl 7 3 HAFERST BIBRE A1 EQE
Fig. 7 EQE for three sets of chips of different sizes and shapes

3 & it

A 5E 38 1 PAF B A T 53R T Micro-LED

() RS0 5 R AR A Z R SE R BFoE 45 R,
PG A AR A 0 R 14 JE K TR B A A1 1 .
IS, AN TR IR 900 R A6 < IR X7 b B T A7 25 5+
HATEIBEE B, BB R B IR X7 4 /N i
T F BRI o e ok, PRt o] DAHED, X FIE £
PIETEARIS i 5, G 2 IR L )N, 36
I 52 A AR I AR S . AT TQE 24 BT &, ek, 1
ANITE N R B T AR LT 2544 . 76 LEE J5 ik T
JrIERIETE N R

ZEE VL AT AE AL Micro-LED 385 Fr 8310,
WNIRER A AU R AN LEE 3 WA AL 9 3t
A5, AT 5 R AR A 9 EQE Fl G 1 fig. TR
B, IEZS IR TR B v B e e e vk pe, Btk
FEUR tnb 7R U ELAT B Ny I 5.

Sk

[1] SHEEN M,KO Y,KIM D U, et al. Highly efficient blue
InGaN nanoscale light-emitting diodes[]]. Nature, 2022,
608(7921) :56-61.

(2] VBHEN, BRAR A A S5 T 10 o iy I 3R R0
EHME L A OGBS AR SRR [T ], W B~ 4, 2020, 69
(19) :198501.

[3] GUOWL,TAI] P,LIU J P,et al. Process optimization
of passive matrix GaN-based micro-LLED arrays for display
applications[ ] |. Journal of Electronic Materials, 2019, 48
(8):5195-5201.

[4] FUY F,SUN J,DU Z F, et al. Monolithic integrated
device of GaN micro-LED with graphene transparent
electrode and graphene active-matrix driving transistor
[J]. Materials,2019,12(3) ;428.

[5] HSIAOF H,MIAO W C,LEE T Y, et al. Advancing
high-performance visible light communication with long-
wavelength InGaN-based micro-LEDs [ J . Scientific
Reports,2024,14(1) :7018.

[6] CHEN] Y,DING H,SHENG X. Advanced manufacturing of
microscale light-emitting diodes and their use in displays and
biomedicine[ J . Journal of Information Display, 2023, 25
(:1-12.

[7] ARMSTRONG A M, BRYANT B N, CRAWFORD M
H, et al. Defect-reduction mechanism for improving
radiative efficiency in InGaN/GaN light-emitting diodes
using InGaN underlayers[ ] . Journal of Applied Physics,
2015,117(13) :4501.

[8] BOUSSADI Y,ROCHAT N,BARNES ] P,et al. Investi-
gation of sidewall damage induced by reactive ion etching

on AlGalnP MESA for micro-LLED application] ] ]. Journal



+ 688 -

TR 24 CHARFRE RO

2025 4F

[9]

[10]

[11]

[12]

[13]

[14]

[16]

[17]

[18]

[19]

[20]

of Luminescence,2021,234(11):7937.
QIU R F, LU H, CHEN D ], et al. Optimization of
inductively coupled plasma deep etching of GaN and
etching damage analysis [ J]. Applied Surface Science,
2011,257(7) :2700-2706.
HALLER C,CARLIN J F,JACOPIN G, et al. GaN surface
as the source of non-radiative defects in InGaN/GaN
quantum wells[ J]. Applied Physics Letters, 2018, 113
(11):111106.
KONOPLEV S S, BULASHEVICH K A, KARPOV S
Y. From large-size to micro-LLEDs: scaling trends revealed
by modeling[ ] . Physica Status Solidi A,2018,215(10);
1700508.
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]. Applied Physics
Letters,2017,111(2):022104.
DAI Q,SHAN Q F, WANG ], et al. Carrier recombination
mechanisms and efficiency droop in GalnN/GaN light-
emitting diodes [ J]. Applied Physics Letters, 2010, 97
(13):133507.
KOU J Q,SHEN C C, SHAO H, et al. Impact of the
surface recombination on InGaN/GaN-based blue micro-
light emitting diodes[ ] ]. Optics Express,2019,27(12);
A643-A653.
HUANG Y G, TAN G J,GOU F W, et al. Prospects and
challenges of mini-LLED and micro-LED displays [ ] ].
Journal of the Society for Information Display, 2019, 27
(7):387-401.
LUS Q. LI J C, HUANG K, et al. Designs of InGaN
micro-LLED structure for improving quantum efficiency
at low current density[ ] ]. Nanoscale Research Letters,
2021,16(1):99.
YU L M,LU BY, YU P, et al. Ultra-small size (1 —
20 pm) blue and green micro-LLEDs fabricated by laser
direct writing lithography[ J]. Applied Physics Letters,
2022,121(4) :042106.
WONG M S, LEE C M, MYERS D ], et al. Size-
independent peak efficiency of [l[-nitride micro-light-
emitting-diodes using chemical treatment and sidewall
passivation [ ] ]. Applied Physics Express, 2019, 12
(9):097004.
YANG F,XU Y,LI L,et al. Optical and microstructural
characterization of Micro-LED with sidewall treatment
[J]. Journal of Physics D: Applied Physics Express.,
2022,55(43):435103.
ZHUANG Z, IIDA D, OHKAWA K. Ultrasmall and

ultradense InGaN-based RGB monochromatic micro-

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

light-emitting diode arrays by pixilation of conductive p-
GaN[ ] ]. Photonics Research,2021,9(12) :2429.
ZHUANG Z. IIDA D. VELAZQUEZ-RIZO M., et al.
Ultra-small InGaN green micro-light-emitting diodes
fabricated by selective passivation of p-GaN[]]. Optics
Letters,2021,46(20) : 5092-5095.

CHEN D B,WANG Z,HU F C,et al. Improved electro-
optical and photoelectric performance of GaN-based
micro-LEDs with an atomic layer deposited AIN passivation
layer[ J . Optics Express,2021,29(22) :36559-36566.
BAI J, CAT1 Y F, FENG P, et al. A direct epitaxial
approach to achieving ultrasmall and ultrabright InGaN
micro light-emitting diodes (uLLEDs)[J]. ACS Photonics.,
2020,7(2) :411-415.

LEE T X,GAO K F,CHIEN W T,et al. Light extraction
analysis of GaN-based light-emitting diodes with surface
texture and/or patterned substrate[ ] ]. Optics Express,
2007,15(11) :6670-6676.

SAWAKI N, HIKOSAKA T, KOIDE N, et al. Growth
and properties of semi-polar GaN on a patterned silicon
substrate[ J]. Journal of Crystal Growth,2009,311(10);
2867-2874.

HAN H V,LIN H Y,LIN C C,et al. Resonant-enhanced
full-color emission of quantum-dot-based micro LED
display technology[ J]. Optics Express, 2015, 23 (25):
32504-32515.

FANG A Q.XU H,GUO W L, et al. Investigation of the
effect of ITO size and mesa shape on the optoelectronic
properties of GaN-based micro LEDs[ ] ]. Crystals, 2022,
12(11):1593.

PARK J H,PRISTOVSEK M,CAI W T,et al. Interplay
of sidewall damage and light extraction efficiency of
micro-LEDs[ J]. Optics Letters,2022,47(9) :2250-2253.
HAN S H,LEE D Y,LIM ] Y,et al. Effect of internal
electric field in well layer of InGaN/GaN multiple
quantum well light-emitting diodes on efficiency droop
[J]. Japanese Journal of Applied Physics, 2012, 51
(10R) :100201.

HUANG S C, LI H, ZHANG Z H, et al. Superior
light
through tightly lateral oxide-confined scheme [ ] J.
Applied Physics Letters,2017,110(2):021108.

HANG S.ZHANG M Y,ZHANG Y D, et al. Artificially

formed resistive ITO/p-GaN junction to suppress the

characteristics of microscale emitting diodes

current spreading and decrease the surface recombination for
GaN-based micro-light emitting diodes[ J ]. Optics Express,
2021,29(20):31201-31211.

BULASHEVICH K A, KARPOV S Y. Impact of surface



AR AT « 0 24515 R BUSCRTE AL X Micro-LED JYEALH) #2117

* 689 -

[33]

[34]

[35]

[36]

[37]

recombination on efficiency of [l[-nitride light-emitting
diodes[ ] . Physica Status Solidi (RRL)-Rapid Research
Letters,2016,10(6) :480-484.

OLIVIER F, TIRANO S, DUPRE L, et al. Influence of
size-reduction on the performances of GaN-based micro-
LEDs for display application[ J ]. Journal of Luminescence,
2017,191:112-116.

NARITA T, KANECHIKA M, KOJIMA ], et al
Identification of type of threading dislocation causing
reverse leakage in GaN p-n junctions after continuous
forward current stress[ ] ]. Scientific Reports, 2022, 12
(1) :1458.

NARITA T, NAGASATO Y, KANECHIKA M, et al.
Increase of reverse leakage current at homoepitaxial GaN
p-n junctions induced by continuous forward current
stress [ ] ]. Applied Physics Letters, 2021, 118 (25);
253501.

KARPOV S. ABC-model for interpretation of internal
quantum efficiency and its droop in [l[-nitride LEDs: a
review[ ] . Optical and Quantum Electronics, 2015, 47
(6):1293-1303.

HAN D P, YAMAMOTO K, ISHIMOTO S, et al.

[38]

[39]

[40]

[41]

Determination of internal quantum efficiency in GalnN-
based light-emitting diode under electrical injection:
carrier recombination dynamics analysis [ ] ]. Applied
Physics Express,2019,12(3):032006.

WANG H,JIA X T,GUO Y, et al. Quantitative evaluation
of carrier dynamics in blue micro-LEDs: the impact of
size and current density on recombination and injection
efficiency[ J]. ACS Applied Electronic Materials, 2024, 6
(11):8134-8142.

WANG H, WANG L, SUN ], et al. Role of surface
microstructure and shape on light extraction efficiency
enhancement of GaN micro-LLEDs: a numerical simulation
study[ J . Displays,2022,73:102172.

GONZALEZ IZQUIERDO P, ROCHAT N,ZOCCARATO
D, et al. Influence of shape and size on GaN/InGaN plLED
light emission: a competition between sidewall defects
and light extraction efficiency ] ]. ACS Photonics, 2023,
10(11) :4031-4037.

PARK J Y.KIM B J, YOO C ], et al. Subwavelength-
scale nanorods implemented hexagonal pyramids structure
as efficient light-extraction in light-emitting diodes[ J].
Scientific Reports,2020,10(1) :5540.

(WS AEEE)



