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densities. Conventional thermally conductive fillers can also inhibit curing of silicone matrices. We propose a
platinum-catalyst-modified optical-thermal layered packaging structure to address both problems. A 4 x 4
flexible and stretchable LED array was fabricated. It integrates a heat-dissipating and light-reflecting sub-
strate layer. The middle layer contains an LED array with serpentine conductive interconnects. A light-trans-
mitting functional layer forms the top layer. AIN particles were used as thermally conductive fillers in the
substrate. Additional platinum catalyst was introduced as a curing compensator. Uniform dispersion and
complete curing were achieved at 20 wt% loading and 60 pm particle size. The composite substrate showed
favorable thermal and mechanical properties. Its thermal conductivity reached 0.222 W/(m-K), 35.4% higher
than pristine Ecoflex 00-30. It remained structurally intact under 300% tensile strain. The flexible substrate
and serpentine interconnects effectively released stress during mechanical deformation. They maintained reli-
able electrical connections under dynamic bending. Transient thermal resistance tests were conducted at a
constant driving current of 20 mA. The steady-state junction temperature was 2.95 °C lower than that of
pristine Ecoflex 00-30 packaging. These results demonstrate effective thermal management while maintain-

ing mechanical compliance.
Key words: flexible micro-LED packaging; AIN/Ecoflex 00-30 composites; serpentine conductive intercon-
nect; transient junction temperature measurement
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Fig. 1 Schematic of the optical-thermal layered flexible and stretchable micro-LED array. (a) Front view of the 4 X 4 array;

(b) three-dimensional structure of the device

a2 R ERL T LED J8 A i S i B %
ML . B R EIRE S E 0 T ARZ B L il S
G ZNIMIE AR, AR50 BOE S LT e e
JUfIE5# (E 1(a)) o M TE 25 H HA TR 1 270
WM, FEANTRLR B AT E R, RS V- Y
JEH: 5725 A A RPN 115, DT A R REAIR
J 50 R T 2 05 A L T 7K, B E B 2 1
CIEEUN

T2 R Fl 4l Ecoflex 00-30 fEJE, HELA 5
B R A A PO o FAR Y 22 B 3 S
N2 h)E . ZE SRR G B2 1
KGR, AR i A DL R PIRES TOR

ZAti
22 FRMFHHHE LED FEHRHEESEK
R

FVEAT RO LED [ 51 g8 i B JEE A
HREAZ s, T e R0 R A2 PR RTEE T, S
KIS W 2 5 s #ie e he 11, 18
AR 5 5 T, RCLH 43 A 2 = 3R b R AR
Ecoflex 00-30 [XH: [ 4k f5 HA A% [ i 50 7
FRRE JEE, T L5 AR B BRTE 1 R fry T U
PRI K (S B N R /vy = S i1 A~ 2
(AIN) AR HBLA i U3 23R (29 320 W/meK) LA
Ko BAT ) LA SRR, 1 22 ok R AR A AR
BEREN, SR, MM B IR R S A VLIRS

B, FEAE N2 Y TR, B R SE el b # 5
A FEAL IR O, A K SRR A S R A Y
F12 A L 2 B n)

Hor, [ AR RON = A Y SRR 2 AIN H A
FEA WS AR rh, R ) & A SR K gt i
N, FE BRI PEREA . 7RI AL HLURE A R, Xt
T3 A 25 5 T (941 4 (P AR ) & A e bk
A RN, R AL R . Ry, ARSCRE R
FREA G AL B 28, BT ] A5 3 A TR AN s i
FRERUEE A 2000 ppm 44 4 AL A A [ FE #h
FEF, AR 4 8 0 S R AN 3% T A 905 7
P, 055 X ek SO B N B T SR 4 SR 3=
W, 7EMI IR AIN S 70 HORDRIAR L IRG T2
BT, 51 A& A7), AIN/Ecoflex 00-
30 ARG LA B G B S d s, AL ROR
B, (8] 2 45 T JCRE AR BRI Ol
TEAMERDCF B A . & 2(a) FisiIRER
T AR AMEE T ) 25 ARk, ek S0 B g ™ 227
BH, & A bRk 5 T 52 B0 A 408 A 52 4 SR K A Al
WASZ, WORZEA B, TCIR R B 1 2%
ArEEYE . B 2(b) BT R BB InAME R IS 0 52 A b
BHEA R R T AN, A A XIS 2%, TEHl
SISk S0 TR AT 8

Xof P AR f 7EAH R AR 450 T 1 fad Rk
gL, 45 R, 78 60 °C [E4k 40 min J5, N0



4 FEDEE (hgEso

FExE

IE] AR A2 A R At 2 5 4 1] £ EL T 1B R i
ARBSINEACAMR AR SR AE 2 h 545 S BRI I K
RS, 6 h 5 R AT A7 AR R ROR [ A IX 2, 24 h
Ji, AR R AR [, (BRI HAG . it
EWFTE, ARG A I S AL B9 AIN/Ecoflex
00-30 K& ARk 4 S 5 HEIRZ

10 um

2 AIN/Ecoflex 00-30 £ A # DG BME . (2) KR
R AT (b) R0 A

Fig. 2 Optical micrographs of AIN/Ecoflex 00-30 compos-

ites. (a) Without curing compensator; (b) With cur-

ing compensator

BEAb, B XA G g it b A RR P T
T2 VUG 77 22 2 ) v S AR i ) @, o B T
AIN/Ecoflex 00-30 S5 RH S HWLEE. 1 Has-
selman-Johnson A % A AL, EORLK 12 5 5 &
PEFS AP RE A C R an=X (D) P, ZEEOE ToHL
RBIRNBEYE GIRZ T, PR R A 2
ﬁ@@%kﬁﬁﬁf%@ﬁ%’:
ky

2Rk,
D

SR, &,y AIN US98 H 3455 (O
Win-K)s D AR HCT R T (O m)
RN H A 2R B 51 L 1Y Kapitza F 1 #RPH (FRA
KIW) . 4 TAAELR, % LA AT, R
LB 30 L e L, T R o
Y et AR

I I eI
S, IR LY, 93 R

2k + k5 =2V (ke = k)
2k, + K+ V(K — k)

AR R BT A3 B, RORAR DR AT A gk 2>
REY-TCHLY AT A TR, DT R ) S Ak
B F-HICT, PR A T 2 fh A PH (K apitza #AGBH) U1,
L, JORARIEORLE F T2 52 G A Rk S Ak
A TEAHRI BT - BRI, JORAR 4G R TC

keff —

; (D

1+

(2

keff = km

HLIFURHE PR AR v 52 OO AR, IR B T ik
Jii& Ecoflex 00-30 43 F 4 7F K AL T WAy 4 S HE
RE T, DA 250RE S iy g S il iy =2, i S
RHRFE LA 1 #3280

AIN/Ecoflex 00-30 & & B4 LA il 55 T. 25 M
T4, ¥ Ecoflex 00-30 Y A 41405 AIN #iA$i 5
RS, FERREI 2000 ppm H14: AL, FH]
HUA R $E %5 L 500 rpm 5% 3 75 73 43 % 10 min L)
THBR BN HIRLON ; SR )5, TN A SE i Ecoflex 00-
30 1Y B AU kst 4 5 min =I95) . A T IHBR
RA R AL, BB E T B T
Fah, 76-0.1 MPa J& J (&%) T #4T 10 min A5
WA, e, FRORNE TRIE T, T 60 °C FR5E
T AAE AL 40 min, 7551 B8 58 B H IR A 45
HIZETE AIN/Ecoflex 00-30 &2 -&4LiE . Ho, BHas
JUEL RN 3T 43 [ AR PR UE S G BT BEAR A 1) G A
IR AN R4 2 AR N SR B SAL, HISS
PAL T BEARIFIE BT 1 2 0 1 B v s AR 2 )
23521 Ecoflex 00-30 A 52 i 5 B M A IFURL— 2
TR G 25 AIRAS, PRS2 I G50 2 R 1
23 FEMAHRHEME LEDMEYRGESER

PINEN
231 ATFERIAELERBEREOBREIHTE

mE

B XTRTTA HLEE S G A RHE RS I T I
PRI TR | 5 AR I AR A T 42 ol A 6 55 )
R, ASHIF T AR A (0 L v — AR S S A, HATHE
T AR R IR I T RE R 2R R R 5

ZBEE R H LR A I M S AL A,
mE 3 fia. AR RS2 RK R: B—)2 N
PL A, T HR AR e #m A 58 2 8 —
SIHHR, TR E R A T AL 955 0 AR
R N5 56 = )2 M4l Ecoflex 00-30 fif it #4052
i, T 08055 R i iR B 8 B WA e 7R 1Y) 5
i) ; 555 DU 5 — A 8, TP E— 20251tk A
FE LRI 565 FZ AT AIN/Ecoflex 00-30
A MBHARE; 55752 M BeAEI R, B TR i
FEfE S 2 T i R B BB T, IR 5 1k
DR [ N7 A R By ] R A B A . 52
SRR, e URE I R AU T 2R
3 ) A A R, S e 2 T IR R AR Y
SERHE SRR E AR, fF RGBS HRA)E, RS



3 x ¥

TR, 55 eIy R EPRIEE R S LED [RS8 5

BE LT T 22 | RIS | A Ak IR AR B

SUREY R {NpATRg AR E S AR

Heating assembly

Hot side plate 1

Thermal insulation —:
1 \ |

I

Buffer layer P / |

= 1
1
1
1

Hot side plate 2 3

Sample layer

] Sc1llsor 1 (T _check)

PROCESS TEMP 885 °c

90.0 c

SETTEMP

Multi-Channel Data Acquisition System (DAQ)

CH1 (T_check): 84.5 °C

Cold plate

Sensor 3 (T down)

CH3 (T_down): 78.3 °C

K3 ZRARESHSERINK RS REA

Fig. 3 Schematic of the Lee's disk steady-state thermal conductivity measurement system

TERCHE A B 55 1R 25 18 1 D7 T, AT A iR
5 SRR 2 () AN AT 3k A A A [ - T 2 B BEL (R, )
RO i b T AR R 55t ) 990 5 T g D 58 4
TR . 5 LR RIS A T 4058, K MR Ad b ke
) APERE . L, AR S % ASTM D5470-
17 R0, SR PSR B 25 4330k g oy IBH AR, D)
I/ N A PR BEL I ZE SR ) T4 . AR YR — 2R A H
R IR RN 0 3K 2R G DU A 1) 5 B BH Ry (RO
K/W) AL B AR AR Ry 55 1 2T A fish 2
FH 2R A AR o AR 76 FE e i A 1) 0058 T, 2 fik
RBER, A HEL, WX TR N d . A BUE IR FC
S BYIFE, HAEH T R AT 3k

AT d
Ropw = —=—+2R. , (3)
total Q k'S+

Aorp, AT Ryikae BT SR RS A IR 25 (F7: KD,
O M L IARE A PGE B (B W), kT DU A R
IR (AL W/(meK)) o AR AT & (1)
KRAELGR,, LI H % 1 [FAEC 7 (2R EE 5351
N d=2 mm Fl d,=3 mm, B~ 60 mm 7 2H 1,
P a0 e 2 A R A PH (Riorat 5 Riorarn)
JEERSE 7R, RIAT I BRAZ Al BE I 2R, DT HE R
IR AT A

~ d,—d,
S (Riotar2 = Riotart)

FESEOBUE FEERHESS , % AIN/Ecoflex 00-30
S A MR BT RTINS IR S A
& 60 mm, JEEJE 2mm AYIEITE 3 -, M PR 5 T
K 22.4 °C, P SHVEE H+0.2 °C., FZHRR S,
iR 3 W, GBI

K43 AT AIN T A3 B0 A M RHA SR 1
S, FEEE AINRIAR N 1 pm BEETR, 43510
KT 0.4 wt%., 8 wt%. 12 wt%. 16 wt%. 20 wt%
H1 25 wt% JE /50T AIN/Ecoflex 00-30 & & #1
BHOHRG R, 5 RUNE 4 iR, BEE AIN R4
Byam, B & MBS RERE B
0. 4wt%. 8wt%. 12 wt%. 16 wt%. 20 wt% £l
25 wt% FEEL IR ZR 30 0.164 W/(m-K).
0.170 W/(m'K). 0.185 W/(m'K). 0.188 W/(m-K).
0.191 W/(m-K). 0.203 W/(m-K) F10.204 W/(m'K).
24 AIN i 80h 0 3 2 20 wi% i), B A 44
BHAGR 0.164 W/(m-K) #2552 0.203 W/(m-K),
T2 23.6%, 22 W] AIN SR E % 3% Ecoflex
00-30 FEAA ) $A A% T 68 7 o 24 I o B — b
HmE 25wi% i, B &M SRR E
0.204 W/(m-K), FHET 20 wt% KA IEIEA 2 1%,

k 4



6 HrE D (0

FExE

[l A, S 6 1 A et R v UL ER 1, 25 wit% B i A K
b HH B — 5 T B Y SEURE A IR, SR T b3
JEMI ST, PRI, 20 wt% 75 /e PG R 41
TR BURLIR S 2 18] HAT F e 0 A5 o

0.21

0.20

0.19 -

0.18 -

Thermal conductivity/(W/m-K)

0.17 & Mean thermal conductivity
I Error bar (+SD)
0.16 — L L L L .
0 5 10 15 20 25

AIN mass fraction/wt%

K4 1 pmoRife AINZUREAR [ B3 70 B0R AIN/Ecoflex
00-30 S5 FE AR T A PALE R
Fig. 4 Thermal conductivity of AIN/Ecoflex 00-30 com-
posite substrates at different AIN mass fractions us-
ing 1 um AIN fillers

TEICHEERH B, A SCH 20 wt% 1Eh G Sekife i
M) ST 36 1) [ o et 40 4, i — 20 5 5% AIN HUR}
RAR X A BRI PR BRI E M, 430 T
1 um, 5 um, 15 um Fl 60 pm $74E AIN/Ecoflex
00-30 Z A MBI GR, 250K S s, BEE
AIN KA K, B AEMBHERZ LR, | um,
5 um, 15 um Fl 60 pm H0 A2 FE 5 A9 355K 45 5]
47 0.203 W/(m-K). 0.205 W/(m'K). 0.211 W/(m'K)
F10.222 W/(m'K), Hrr, 60 pm R i 1 3T
R, A F 0222 W(mK), M TG FE N
0.164 W/(m-K) 4l Ecoflex 00-30 $2 5 35.4%, #¢
1 pm RARFE 2 9.4%.

0.24

— Mean thermal conductivity
0.23 1| Error bar (+SD)

0221

021

0.20

Thermal conductivity/(W/m-K)
IS
=

e
—_
oo

| 5 15 e
AIN particle size/um
K5 B 5E 20 wt% Jit i 3 BT AN A AIN RZA2 AIN/Eco-
flex 00-30 275 SE R4 145
Fig. 5 Thermal conductivity of AIN/Ecoflex 00-30 com-
posite substrates with different AIN particle sizes at

a fixed mass fraction of 20 wt%

ARG R RN, FEAHE BT 8O, R
AIN HUBLR A2 47 F] T #2 7+ AIN/Ecoflex 00-30 &2
BB EE T o X E B I TR AR IR
B BARAY LR TR, Wl A W R 5 oL
TORLZ [a] ) L A AR, DI FEIC AL Kapitza #4
BEL, i 0 B B i ik AIN JRiA% 36 . DRI AEAS S
WA N, 276 FIVERE . AR BRI 2
PEEPBET SR, PEH 20 wt%. 60 um AIN/Ecoflex 00-
30 fE NG BB e S e Ty
232 HAFRH g AR ] X

VE R ZAE TR LED FES 2B, i 2
125G P S T Y . AR SCEE 20 wit%.
60 um AIN/Ecoflex 00-30 1 4 &2 & 3L IS 44 K}, 1%
7§ ASTM D412 Type C i P? K il 75 oK il #%
TR PAPIARE . AR U S5 S T IR A
WA 6(a) 5E 6(b) frn, HARE KBS 33 mm,
PRIEETERE N 6 mm, JEEE S 3mm, Jedpid I X 115
A2 Smm,

K6 Hfhifi it (a) iR LA RSE S 80 (1% mm);
(b) il # A S AR

Fig. 6 Uniaxial tensile test. (a) Geometric dimensions of

the specimen (unit: mm); (b) photograph of the pre-

pared specimen

FIFH L& 1A% IR A I, L)L 60 mmy/
min P9 47 A TR R A oA A 2 o A Pt
Ko AN 7 B, ARG L F7 R AR 2R R, %
ALK R I AR M ) SRR, fE K2 = ik
300% 1 TRERL AR AR, FE ST A A e P D 2
BT IS, 3RS AR T [0 & = vl iR T L]
SR, WK 7(a-d) BUEE 1R, 55 5 IR 58 20 IR
55 50 WRARER Iz i R o A 7 g -1y AR SR i il £k BT
7N, TEZ T B0 FR 2k 3k v, A Ak B4 I8 -
A2k S R IR . BE I ER OB, 3R



3 x ¥

TR, 55 eIy R EPRIEE R S LED [RS8 7

MR A TARE, HARARIAR JLT-n] A2, 3%
B AR N B R S A DR TR AR A SEORE | A S T JB
AN AL 3 ROV R AT, B T AIN UL 7 R A
HAORIE B 25 1) M P8 45 I 285, A5 it £ 7R 52 SRS

BIUAR AT AR, i A B9 A2 D 3 00 i A A5 L
LA N TR T HE RO R | W RS MR EHERT
A A EE SR A TAE R

() (©

£ £

= S 020

2 2

& £0.15

wn wn

on on

£ £ 010}

= S

g g

g £ 0.05

(=] (=]

53] [S3] oh
0 1 2 3 4 0

Engineering strain/(mm/mm)

~
=2
~
—~
(=%

)

Engineering strain/(mm/mm)

1 2 3 4

| — Down

™ | — Down ™
& £ 0.20
2 020F —Up =
8 0.15
20.10
St
2
[=]
m
0 1 2 3 4 0

Engineering strain/(mm/mm)

1 2 3 4

Engineering strain/(mm/mm)

K7 ZEWIERR SRR RIS R o (2)-(d) 73R IEER 10K, 5 5 U, 35 20 UCRER S0 UABFR I gad i h i) I 7 - B A8

e (o) FRMRE AR AR () FBIRLH 300% IRAS

Fig. 7 Multi-cycle uniaxial tensile test results. (a)-(d) Stress-strain hysteresis curves for the 1st, Sth, 20th, and 50th cycles, re-

spectively; (e) initial state of the specimen; (f) specimen at 300% tensile strain

3 ZEM IR HA LED M) 244
#) & LED 3h & 45 3 WX AT 5

3.1 ZFEMATRHRE LED M5 2841 5
3.1.1  FHAETIEAPHA LED M5 BH4HFIELE
ARFRET ARG T T2, #4746
B 4x4 AR R FRIT I Z M T B LED [4:31 . AXSC
L 0603 1% 1Y Wt LED 15 8 R GIE XS 42, 8
GO 2 B AR RGO PR R Y ek
YEFH, MRS5S AT 68 LED B4 (il 32 B2 5
PRSI RHCKRB TR e Y B
TR A B W AR K LIS & & AR AU i %
VTR g [ 85T, ARAIF 52 2R T T )2 2 - 3 G )
TR - SL IS ER B 1) T2 B4 (AN &1 8), LA
REAR () A DU 15 XUy, O B T ORFERE 51
PR 2R e e YE S R4 SRS
ELRH& T A mE 8 i, Ol &K 2

HAN: B SCTE DI AR L ER IR 20 um AU
e P14k, IFAE PL)Z 05 DURR R A
JE, R BRI T2 R T AR AT
AACERAE N PT 20 A JEE, ] JEE AR A vl 5 1Y) b
V25 SR A FEA Y IR C 2 I, riL5 SR — 2
W, ZBRICZIE, T2 LR )2, BN IKE
HL; il & L2 M. T e R B PLAE 4
S A8 5 NS )2 AR, B S G20 8 L0 RS R AR
SR He B AR M R VE o e 2 i i E )2
s it Fr SR S T2 B 5 B R BRI T2
568 LED #8425, SR 5 17 T2 622 22 vh )2 10
A5, ¥4l Ecoflex 00-30 fif: i 71 28 14 H. 25 i 0 J=
WA Ty g, JE R <1 mm, Z R LS
B MEA m BRI TR 2 . &5, Bras it
PABEIE FE AR b 3089, AL 201k T 2058 ) 5 BRIE
JZH) PISCHEBLE, 5 N &R 245 LED /74,
VAR Py P Mo 7 50 A R, Dby b A B BH
(AL HAGE A A3 T AT A . @RS LE)Z



8 FEDES (30

FExE

H 25 B R A B9 20 wt% 60 pm AIN/Ecoflex 00-
30 P A ROBHARBE T AR ER 0 FL TS S, B o
25 B O ORE e A L e e T SR RN BRI 5008 R
RIS IAIE NG Ao 7E 60 °C 45048 T FEfb Ak

B REREZ) 1 mm FHBAEIR)Z . ZE /R
AIN (1 5 518 SR, 5824 T #e 1R A 3
PIRELIR 5065 O W, il 4 B A i 0 o
K 9(a) 7R o

‘ l :"ZPI | l Pl
Glass substrate | | Glass substrate

]
- | Glass substrate | -

PL » PI
Glass substrate | Glass substrate |

PI spin-coated on Deposit Al film and
glass substrate Cu seed layer

@) ®) ©

Photoresist patterning

Cu electroplating (20 pm)

Photoresist stripping Seed layer etching

@ © @

- ] | | Cu ‘
— | — — | [ — | ——
" @« " - e | € " - "
| Glass substrate | | Glass substrate | Glass substrate | | Glass substrate Glass substrate |
Cu electroplating (20 pm) Photoresist patterning Deposit Cu seed layer Photoresist patterning Spin-coat PI

(€3] (h)
. — -
— — —
_PI __PI

for pad exposure

() [0 (k)

P! | »
Glass substrate ‘ Glass substrate

Glass substrate

knd

i"E"-

Photoresist stripping &
Seed etching

) (m)

LED reflow soldering

Silicone encapsulation

Substrate release & Packaging heat-
PI etching dissipation substrate

() (0) ()

B8 FtkrIHrffifk LED FEA 4 T2 ke

Fig. 8 Fabrication process flow for the flexible and stretchable micro-LED array

K9 4k LED M3 8314 5 ROEARE (a) et LED 451
FRPEIEL () M5 S P (o) B8 RO (d) BT
BRICK; () HEIRIEAZ ZOLIA

Fig.9 Flexible LED array device and its light-emitting

states. (a) Flexible LED array device; (b) illumin-
ated array; (c) light emission under single folding;
(d) light emission under double folding; (e) light

emission under conical deformation

3.1.2 FRTrAP A LED M5 %2 4
SRR T PM400 JE I 7 1 & il i
T LED FEF 384253 5311 SR JFH 0 ik e 56 IV R AR
P 256 B T 1) o 67 B ALk 1 D' M T o % i A
b FREERFE Ky 22.440.2 °C, #8175 % JH 160 mA
fE IR BRSN, 4k 58 &G BEEh 70 mm. &
ZHRE R ELEIIER 5 WK, S5 RECEH(E, T 5d)E a0
1R, MEZEA R, 3% AIN/Ecoflex 00-

30 BHAILRZ IS, KGR ITlE 7 1) B FE
el B i B AT 1.759 78 mW/em? #2552
2.03442 mW/em?, #EF+ T 25 15.6%. X J& K
Y 60pum KifE AIN FIURE7E ik e oo B e U A
FUZ, LED BEFI A&t 0935 ), DA K 3t 2 J2 S ImT
FLSF 135 1 Y6 TE HE A2 G, 257 AIN J0kr A
T & A Z2 WS I SRS, (38415 )l
FOFTE AR O 1), I $E 5 T 284 LED Bf
GIFHT BT

&1 LED M5B G4 RMARERBEMAIIER 58T

RREMAER (BAL: mW/em?)
Tab.1 Five optical power density measurements of the
LED array device with and without heat-dissip-

ating substrate encapsulation (unit: mW/cm?)

Tt

1 2 3 4 5

HAE 20406 2.0347 20312 20317 2.0339 203442

KREHE 17641 17595 17583 1.7622 1.7548 1.75978

it — L VAL B 5 ZE 1 LED B4 g1
PERE, X & FEEAT T ASRE AR ST A9 R 58
o & 9(b-e) 3l 45 T AR IR . &
AR PRSI AR T 1SS OR,
MR AR HAEAS AR 26 4F T RIVE — i)
R B R AR W R ARTE, S R A5 E AR B



3 x ¥

TR, S GO R B E T R LED [RS8 g4 9

S ek, DR 1 R IR, HLAE I a5
1S5 AT AR B ARIRES
3.2 FEMHRALRANSERMAAR

R T TCAUE SV I R AR A ) NS
PRPERE, ABFRCAEE T 5L T L 220k A R A A U
ARG, ZRGEAE JESDS1-1 A ML bR iER,
FIH LED .t i A & PN 85 1E [ LR (V) E R
RSB A5
32,1 BHEAK K BTARELS KA ERE

K R HER S 8 2 J5 S T A 5 5 T A
FERY3EERT . AR A B, LETE E /)
HL T A S5, LED PN 45 19 1F [ HE Hs 5 45
Z ] AT A A S AR DG R P, Ry A A
XY PR, AR AR AR R R TR
GRS, TR IME E AL LI Lnsor RN T, PN 45
1 1E 0] FEL H V5 2045 I T i A A ¢ R Al —
B 28 ) Jr FFAE LAt A 0.«

Heating assembly

NGI SourceMeter ~ N2600-020-01 20V/1A/20W
FRONT REL 1)(@2) @) ©kse
VOO O
Range 5V 3.00001v 5

o e 5V_[REEEERE3 00000V 7@ 0@ O
Shift Menu FUNC Lock On/Offf

Heat spreader 1

[}

it

1

1

1

1
Silicone buffer =—

1

i
Heat spreader 2 =

Encapsulation (Top) —

:LED core on PCB%

1
1
I Encapsulation (Bot) —
\

+” Heat spreader 2 :

v

~

1
Silicone buffer -—
1

Heat spreader 1

e e e

-
~

]

1

1,
\

PI heating film (Bot)

Vi(T)=V,T)+K-(T;-Tp) , (5

A, Toh RGBS H W E (7 °C);
Vi (To) NAES 5L To Se/ NSRBI BRI 46R 1E
I P2 (B V)5 K RICA BB F R 5 4 P A it

ov
BEH(K = o2, Wi mv/°C) . LA

A, 38 3 AR IO [ R 1 T AR E AR S
V, BT 58 5 St Ml G AR K R 7

TE S 5 ) PR BE ) BERE L, 75 B Ecoflex
00-30 A7 HLAE I BLARTEAL GEMAA IR BRI vh 2 &
A K BRGNS LR A SRS, ABIFTE I
THIFFE A T T80 3 Bl AR -HABH e 2 fr-rhls
PHRZGIEM R K K FArE 25, lE 10
(2R GE I BRI IR, 1% ZR Gk Rt B TR R AR R
AR ) ARG I i, i TR R SOV i 4 T
AR ER 1751 2 F BH- 554 A FR BEL S L ACF) ri, s 0

iR,

Power from controller

PROCESSTEMP 23 § °¢
SETPOINT 25.0 °c

SET

v A

Multi-Channel Data Acquisition System (DAQ)
CH1 (T_check): 84.5 °C

ISR

CH3 (T_down): 78.3 °C

10 T XA E BN PR JE 22 - o3 AR B 2k B B 25 K DA b R G R

Fig. 10 Schematic of the solid-state K-factor calibration system for flexible devices based on "bilateral active heating, thermal

damping buffering, and central temperature equalization"

FrE i FRALE 25 °C & 110 °C X [a] kAT, R
BRI S T AR O R R (V=T B
S OGRS, Y RGEAE R B 1 H AR
BEAT SR, R BRI O ik B e
RS, FREAT F R R0 o 5 3. SEgm A an
11 iz, LED BLOTTE & IR X PRI R AP

LRIERE, HLARMEAHC R EU(R?) 357 4% KT 0.999, i
JERBUE K AR S B —2 FaE 4 7E-1.13 mV/ °C
F-1.15mV/ °C Z[H] o 33X B L 114 Bl 55 g i
IUE T E AR E RGN YRR E YR LED (S A
(18 - Pl e 1 — B0, Ry J e A A BEL I A 45
SN T e B BE I HEE S



10 HrE D (0

FExE

252 F — LED I (K=-1.15mV/°C, R*=0.9998)
LED 2 (K=-1.13 mV/°C, R>=0.9997)
— LED 3 (K=-1.12mV/°C, R*=0.9997)
. 250 — LED 4 (K=—1.13 mV/°C, R*=0.9996)
?D — LED 5 (K=—-1.14 mV/°C, R=0.9998)
s 248F
k)
>
T 2461
:
S 244
S 9
242
20 40 60 80 100
Junction temperature/°C
K11 LED WIEI HLE-Z5R (v, - 7)) dnag B4 th 4k
Fig. 11 Calibration and fitted curves of LED forward

voltage versus junction temperature (Vs —T;)

322 BEASHoR NS EAEALIRIFE
R E B K R, AR5 O
A [ 3B A R HA R (1) LED BRITHETT T #4-
FRR A BRI . A 12 R e 8 e S 4
il JE 2R P 7 s ZE B BE (Bearing= 3000 ms ), [
2 B TEVE A Lpw= 20 mA Y H & 3K 3 B 37, LA
A AL 2 7 5y FH 37 S b B e R AT
s 7 5 By B, HL LT 22 RPNt ] PN g )
W, I TCAE VI 2 1,,50,= 0.1 mA B3R/ MG B L I
(easuremen= 50 ms ) /i F G2 LA 155 SR AF 38 S B 1 5%
AR FN RS () R I 1 2R (Ve (1), DT TE
TAAT O TR

I, Measurement
Heating pulse pulse .
1hcm|ng:20 mA B [ I 20 A -----------------------
Current I oo m _
I =0- 1A e A
Time
lh:3 000 ms t =50 ms
4
L e e e e e LRl aae CLEEEEEEEE R
-------------- .
Voltage V(1) i Temperature rise
(Voltage droop)
LOW - cmm e e NN M
P > y Time
f Heating phase t, 1, Measurement phase
Source measure
3000 unit (NGI N2600) LED (Device Voltage Data
heating ms (CC mode, Fixed range under test) measurement acquisition
Lcaing=20 mA 100 mA) (4-wire) (PC software)
tmeasurement=50 ms th: —
measurement 0+ 1 MA 20 mA 0.1 mA
e Timing
Control principle -
P12 T A F R I A 0 i D 55 42 ) 2

Fig. 12 Schematic of the principle and timing control logic for square-wave scanning thermo-electric coupled transient tem-

perature measurement

N TR RAR B BBRAS F 215 5 e A BV
EAZR MG A R S W) BERE, AT T8 o 220 )
WESZHRT; (] i PR ARG

Vf,sensar (t) - VfO

(6)

3R, T, IR 400 1 e A Ol 25
T 1o 2GR, FAL: °C)s5 Vo Kt i RN B A
P87 CRI RN TR ), AL Ly IR B
A 200 7 T 15 LR CBAE: V)5 Vi somsor (0 LR

ISR b s, AR K v 11 PN SE R SR AR Y IE 1]
s KO EARE A IR B R B (7. v/ °C) .
BT L iR, LI T LED AR A A
Wi o IRTE 22.440.2 °C B IRE T 317, 2%
2R A 20 mA HL 3 3K 2y, By s ]IS T
30 min, foF FAM 7 2R A KR B B R U AR 45
BT . B 13 AN R B b R - F
AR 2 R, Horh 4l Ecoflex 00-30 BLJiE 2 538 &
JCERIT AR S A5 I ST Il 0.34 °C, AIN/Eco-
flex 00-30 T E A FLK 2 B2 LG R IT RS



3 x ¥

TR, 55 eIy R EPRIEE R S LED [RS8 11

SR SYEE N 0.28 °C. Ecoflex 00-30 & % &%
A 3 F R (R 5 R ) T, ELEE ST $OP IR
I A) K A5 28 T kot 32 2 1 S VR R,
AIN/Ecoflex 00-30 & {4 1 7H ik i £& &K (aT;/dr)
W R AR 2%, HOAENS BT Pt it A KR S S I B .
FEAR R A PRI S %I &4 T, R A
20wt% 60pum AIN/Ecoflex 00-30 JLJig J2 1125 1Y 2%
1, HERASEEIEANES T4l Ecoflex 00-30 355 F A%
T 2.95 °C, £ 14 Fis .

NN NN NN W
A L 9 0 © O

Pure silicone
60 pm AIN doped

Junction temperature (7, °C)

N
W

%
NS}

Q (\?Q °)QQ (\g)Q \QQQ K ’@Q \‘}QQ \,\6Q
Testing time/s
K13 R [RIEIEEZE AR RO B A - r A 5 1S
poid
Fig. 13 Comparison of thermo-electric coupled test results
for LED devices with different substrate encapsu-

lation materials

32
30.44 [ Initial temperature
~ 30} [ Steady-state (Pure silicone)
%) 3 Steady-state (60 pm AIN doped)
> 28F AT=8.04°C 27.49
~

22.40

Junction temperature
[\
[\S)

Pure silicone

K 14 A[RBEREEZERRZOL otk B P A 5 A
LR () SR (AT)

Fig. 14 Steady-state junction temperature (7;) and net

temperature rise (AT) of LED devices with differ-

60 um AIN doped

ent substrate encapsulation materials after reach-

ing thermal equilibrium

X — 4RI, A% 4 Ak A BHL-S5 3
FABHATE] 1A A, IXH P FROKR S AIN S50R}
XF e AR BB 89 B ERE A FE T, T8 AR
5 ORI AR AR, A0 B oTRa S I TR,

AR T TAES R R R . IR
JIERRE R [R5 T 2R G H AR A i #A T
ET

X} He 4l Ecoflex 00-30 352 F1 AIN/Ecoflex
00-30 2 A BB X A OG AT IR R T i s, i)
FHATEACH PR R BRI 0 AOB R ocRE T
YRR T BRI K T, AphatReap
B 5 K, G5B,

MK E5 R &l 15 s, 4l Ecoflex 00-30 3
G2 R HIT T I I K F 458.794 nm
2TR% % 459.389 nm, LI K 0.595 nm; AIN/
Ecoflex 00-30 T2 3L IS 34 &G It T
WEAE I K 458.746 nm £1#5 = 459.199 nm, “F-15
1% 5 R 0.453 nm. 54 Ecoflex 00-30 J£JiK )2
B R SGHTTA L, AIN/Ecoflex 00-30 S 4 3t
R R CHTTH) I H LT RS )N 0.142 nm.
RIGHITRAS S IR PR (L RE P i #5 % LED %
L TAER AR YA I K 208, IR REHR & Ak
R, E LED 54,

459.5
459.4 AR

459.3 W
459.2

459.1 /
459.0
458.9
458.8
458.7 — AIN/Ecoflex —— Pure ecoflex

458.6
0

Peak wavelength/nm

0.2 0.4 0.6 0.8 1.0
Time/hours

B 15 RREPLRERM B LED &G HotES: TR
(- WA AR AL . BIRE X 5 Uil 4G
RIPREZ

Fig. 15 Variation of average peak wavelength for LED

units with different substrate packaging materials
during continuous operation. The shaded area rep-
resents the standard deviation of five measure-

ments.

4 % %

BT AT A R] 2 MU LED B4 571 g0
HH ) s AR B SR AR T M S B AR
2, VLR AR T IR0 R 0 P ] S 2 A
WU FE AR [ A0 ] A ST, S i1 1 — e T4 4



12 HE DG

(330

FExE

PEAR ) T A2 45 AIN/Ecoflex 00-30 & & 1 #Hi
G- IE M R O8] LED 326 2544, 9?)?%’
T BE I R R A R 1 P R RN e AR

PERT P2 LED %%H‘EI@%Z@-%*%%%'@EE&\LO
5, i 51 A 2000ppm F14 AR K 4L AN
R3], R HCOL S M BEBLA] TR AT AIN R 7%
PEILFA, A7 ST T 196 1 35 P X T U s N £
THE, ST 20 wi% LA E T 60 um KifE AIN
1E Ecoflex 00-30 JEA& A 134 5) /i 5 5¢ 4 [k .
[F B, A58 1 SEURERLAR 5 5T it 43 F500r A1 R 34
PERERSZI . IKEE AR, 78 20 wt% HIIRIE A
N, M4l Ecoflex 00-30 J&4K, iz okt 52 &4k
T EKH 0.164 W/(m-K) #£ T+ £ 0.222 W/(m-K),

S

PETFT 35.4%. 1 300% PLAH R AE K 50 KN
I MZERSS , MOBMIS R B4 A R i [T 58, SR &
A W T RS AT BRG  f R R T A E R
FriE 2G5, AR T IR K R (g 1 46 1 F R>
0.999), Hi Ak BEAS IR 45 22 W 78 20 mA fHE
BKEN R, 546 Ecoflex 00-30 2 4H 11, % JH AIN/
Ecoflex 00-30 & & M RHEC)Z B 2 g Fa R 45
IRREIKT 2.95°C.

EN TR 0Pl e S c ks S bu)
SR 55, 7RO R AR 0y R AR
b7 FERIRAR, ARG T IR AR i R rh AR
R, NIARIE T #8000 2R e . M
A ZE8 LED g b B e Rt 1

(1]

(2]

(3]

(4]

(5]

(6]

(8]

[10]

[11]

[12]

JIANG Q H, ANTWI-AFARI M F, FADAIE S, et al.. Self-powered wearable Internet of Things sensors for human-
machine interfaces: a systematic literature review and science mapping analysis[J]. Nano Energy, 2024, 131: 110252.
FgRE R, PR, FOFRERER R AR (], B kA, 2018, 11(5): 695-710.

LIJJ,NIE X M, LI G SH, et al.. Comparison and research progress of flat panel display technology [J]. Chinese Optics,
2018, 11(5): 695-710. (in Chinese).

BB, RHAK, R #, . LED MRS R4t 10]. F Bk 5, 2019, 12(1): 88-96.

FENG S Y, LIANG J Q, LIANG ZH ZH, et al.. Design of projection system for a micro-LED array[J]. Chinese Optics,
2019, 12(1): 88-96. (in Chinese)

FH 2L £E, B4k, F. Micro LED HEATH ¥ R Gt 504L T]. + Bk % (F3£), 2024, 17(1): 89-99.
LIXL,Jin X, LV J G, et al.. Design and optimization of Micro LED vehicle light projection optical system[J]. Chinese
Optics, 2024, 17(1): 89-99. (in Chinese).

WANG CH X, YU Q, ZHANG X C, et al.. Flexible, implantable, and wearable LED devices based on the perspective of
photomedicine: progress and potential medical applications[J]. Materials Today, 2025, 88: 752-782.

LEE J H, KIM M S, LEE S H, et al.. Flexible, surface-lighting MicroLED skin patch for multiple human skincare[J].
Biomaterials, 2025, 318: 123139.

LIU ZH Y, CAO H CH, TANG X, et al.. Advanced technologies in InGaN micro-LED fabrication to mitigate the
sidewall effect[J]. Light: Science & Applications, 2025, 14(1): 64.

TR, R, AL A, . AL Micro-LED Il BEXT &M et —F280% (14 52 1 B0 BE b PR AR 255k
), 2023, 16(6): 1305-1317.

KUANG H, HUANG ZH, XIONG ZH H, et al.. A review of the effect of GaN-Based Micro-LED sidewall on external
quantum efficiency and sidewall treatment techniques [J]. Chinese Optics, 2023, 16(6): 1305-1317. (in Chinese).

(J]. FE K (P

LIM M S, JEONG E G. Developments and future directions in stretchable display technology: materials, architectures,
and applications[J]. Micromachines, 2025, 16(7): 772.

PAN K L, WANG J, L1 Y, ef al.. Sandwich-like flexible breathable strain sensor with tunable thermal regulation
capability for human motion monitoring[J]. ACS Applied Materials & Interfaces, 2024, 16(8): 10633-10645.

XAR¥E, Wwedn, F AP —FEEAROC A PRI S IR BTk (ESO I]. P B SR, 2021, 14(3): 670-
684.

WU F P, XIE X Y, LI SH P. A thermal dissipation design method for LED array structure illumination[J]. Chinese
Optics, 2021, 14(3): 670-684. (in Chinese).

PARBROOK P J, CORBETT B, HAN J N, ef al.. Micro-light emitting diode: from chips to applications[J]. Laser &
Photonics Reviews, 2021, 15(5): 2000133.


https://doi.org/10.1016/j.nanoen.2024.110252
https://doi.org/10.3788/CO.20181105.0695
https://doi.org/10.3788/CO.20181105.0695
https://doi.org/10.3788/CO.20191201.0088
https://doi.org/10.3788/CO.20191201.0088
https://doi.org/10.37188/CO.2023-0063
https://doi.org/10.37188/CO.2023-0063
https://doi.org/10.37188/CO.2023-0063
https://doi.org/10.37188/CO.2023-0063
https://doi.org/10.37188/CO.2023-0063
https://doi.org/10.37188/CO.2023-0063
https://doi.org/10.37188/CO.2023-0063
https://doi.org/10.1016/j.mattod.2025.06.015
https://doi.org/10.1016/j.biomaterials.2025.123139
https://doi.org/10.1038/s41377-025-01751-y
https://doi.org/10.37188/CO.2023-0091
https://doi.org/10.37188/CO.2023-0091
https://doi.org/10.37188/CO.2023-0091
https://doi.org/10.37188/CO.2023-0091
https://doi.org/10.37188/CO.2023-0091
https://doi.org/10.37188/CO.2023-0091
https://doi.org/10.37188/CO.2023-0091
https://doi.org/10.3390/mi16070772
https://doi.org/10.1021/acsami.3c16607
https://doi.org/10.37188/CO.2020-0211
https://doi.org/10.37188/CO.2020-0211
https://doi.org/10.37188/CO.2020-0211
https://doi.org/10.1002/lpor.202000133
https://doi.org/10.1002/lpor.202000133

% x 1 TR, S GO R B E T R LED [RS8 g4 13

[13]

[14]

[15]

[16]

[17]

(18]

[19]

[20]

[21]

(22]

LIZ T, TAN J, L1J SH, et al.. A review on thermal management of light-emitting diodes: from package-level to system-
level[J]. Applied Thermal Engineering, 2024, 257: 124145,

WEI'Y, LIAO Y M, LAI X J, et al.. Synergistically improving tracking resistance of addition-cure liquid silicone rubber
with aminepropyltriethoxysilane-immobilized silica and platinum catalyst[J]. Silicon, 2024, 16(15): 5681-5689.

JIAO R, WANG R Q, XU Q, et al.. Highly stretchable strain-insensitive vertical serpentine conductors for flexible
electronics [J]. IEEE Sensors Journal, 2025, 25(8): 13810-13818.

YE CH, STEWART B G, SITARAMAN S K. Stretchability of serpentine interconnect on polymer substrate for flexible
electronics: a geometry and material sensitivity analysis[C]. 2020 IEEE 70th Electronic Components and Technology
Conference (ECTC), IEEE, 2020: 1533-1541.

MATSUMOTO N, FUTABA D N, YAMADA T, et al.. Enhancing the thermal conductivity of CNT/AIN/silicone
rubber composites by using CNTs directly grown on AIN to achieve a reduced filler filling ratio [J]. Nanomaterials,
2024, 14(6): 528.

WANG J J, YI X S. Effects of interfacial thermal barrier resistance and particle shape and size on the thermal
conductivity of AIN/PI composites [J]. Composites Science and Technology, 2004, 64(10-11): 1623-1628.

ASTM International. ASTM D5470-17 Standard test method for thermal transmission properties of thermally conductive
electrical insulation materials[S]. West Conshohocken: ASTM International, 2017.

ASTM International. ASTM D412-16 Standard test methods for vulcanized rubber and thermoplastic elastomers-
tension[S]. West Conshohocken: ASTM International, 2016. (22l _E3kK}, AHiE ST, TEHIA).

JEDEC Solid State Technology Association. JESD51-1 Integrated circuit thermal measurement method-electrical test
method (single semiconductor device) [S]. Arlington: JEDEC, 1995.

XI1'Y, SCHUBERT E F. Junction-temperature measurement in GaN ultraviolet light-emitting diodes using diode forward
voltage method [J]. Applied Physics Letters, 2004, 85(12): 2163-2165.

EEEN:

TR (1998—)v, B, WIEG I FH A, il
H W58 A, 2023 4 F i bR 2 kAR HE

e SRR Y SRRl

‘\' . hong23@mails.ucas.ac.cn

HHLE(1993—), I, HHEKHF A,
do, AR, 2021 4F E o [ AR B
FOGEER B ALK S P BT 5% T AR AR 1
ey, 325 T Micro LED #Y
e RGBT R R R A 45 T
B BF 5% . E-mail: zhengkaifeng@ciomp.

—_ LED J5 1fi i) ©F 9% o E-mail: ningwei-

ac.cn

itk (1962—), &, HHEKFE AN,
L WRSE B, 1R S0, 2003 4R T
IR 2 B A B RS B AL 5y BB
5% Pr 4R 45 4 2 47, 3% 3 micro
LED 5 i I L B e 4 AR 540 4% 5 1
BIBF5Y . E-mail: liangjq@ciomp.ac.cn


https://doi.org/10.1016/j.applthermaleng.2024.124145
https://doi.org/10.1007/s12633-024-03108-3
https://doi.org/10.1109/JSEN.2025.3545952
https://doi.org/10.3390/nano14060528
https://doi.org/10.1016/j.compscitech.2003.11.007
https://doi.org/10.1063/1.1795351
mailto:ningweihong23@mails.ucas.ac.cn
mailto:ningweihong23@mails.ucas.ac.cn
mailto:zhengkaifeng@ciomp.ac.cn
mailto:zhengkaifeng@ciomp.ac.cn
mailto:liangjq@ciomp.ac.cn

	1 引　言
	2 柔性可拉伸微型LED阵列器件结构及复合基底研究
	2.1 柔性可拉伸微型LED阵列器件结构设计
	2.2 柔性可拉伸微型LED阵列器件复合基底研究
	2.3 柔性可拉伸微型LED阵列器件复合基底测试
	2.3.1 基于李氏盘法与双厚度校准的稳态热导率测量
	2.3.2 复合基底的单轴拉伸测试


	3 柔性可拉伸微型LED阵列器件制备及LED动态结温测试研究
	3.1 柔性可拉伸微型LED阵列器件制备与测试
	3.1.1 柔性可拉伸微型LED阵列器件制作工艺
	3.1.2 柔性可拉伸微型LED阵列器件测试

	3.2 柔性封装发光单元动态结温测试研究
	3.2.1 温敏参数K因子标定与线性度验证
	3.2.2 瞬态热响应分析与稳态结温评估


	4 结　论
	参考文献

