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Abstract Flexible photonic devices, which are bendable, foldable, and even stretchable, are not limited to the rigid
physical state constraints of traditional optoelectronic devices and thus unique tunable optoelectronic properties could
be achieved, which greatly expands the development and practical implementation of traditional optoelectronic
devices. Combining with new functional optical materials, novel device integration technologies, and the advantages
of photonic devices over electronic devices in material sensing specificity, channel capacity, and resistance to
electromagnetic interference, flexible photonic devices show great research and application value in emerging and
interdisciplinary fields such as wearable sensing, high-speed optical interconnect, light field manipulation, and
optogenetic applications in biology. However, challenges including the fabrication difficulties, mechanical flexibility
limitation, and the degree of integration exist in current flexible photonic technologies. This paper briefly reviews
the recent progress on flexible photonic materials and devices to address those challenges. And further development
and application demonstration for the flexible photonics has also been summarized and discussed.
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Fig. 1 Flexible photonic devices based on different materials. (a) Flexible polymer waveguide cladded in PDMS®;
(b) flexible optical waveguide cladded in PI? ; (c¢) flexible Si NM phototransistor®/ ; (d) array of Ge NM MSM
photodiodes on PET substrate™ ; (e) 8 X 100 thin-film InGaAs p-i-n photodiode array fabricated on flexible

Kapton foil"** ; (I) optical image of fabricated WSe, photodetectors under bending statet* ; (g) photograph of LED

[72]

emitting blue light at curvature radius of 3.5 mm™” ; (h) fabricated amorphous silicon strain sensor™ ; (i) optical

microscopy of stretchable glass waveguide
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Fig. 2 Design of multi-neutral plane structure. (a) Pure bending of multi-layer structure, whose top and bottom surfaces

undergo tensile and compressive strain, respectively. The neutral plane position is specified by Equation (1

) [85] .

(b) finite element simulation results of strain distribution in two thin-film structures with bending radius of 1 mm.

The blue curve corresponds to strain in a polyimide (10 pm)-silicone (50 pm)-polyimide (10 pm) tri-layer structure,

and the red curve corresponds to strain in a single polyimide layer with the same total thickness (70 pm)™/;

(¢) foldable photonic devices ( with bending radius as small as 0. 25 mm)®7; (d) Q-factor and

extinction ratio of the resonator after multiple bending at a bending radius of 0.5 mm

[81]
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Fig. 3 Meandering and isolated structure based stretchable devices. (a) Procedures for the fabrication of honeycomb

o1 .

metamaterial with wrinkled layouts”" ; (b) schematic of integrated stretchable photonic device based on the design

[96] .

of meandering waveguide and local hardening"’*™ ; (c) optical micrographs of waveguide coupled microring resonator

without tensile strain and with 36% tensile strain® ; (d) measured optical loss at 42% tensile strain for 3000

repetition ; (e) {lexible bow-tie shaped nanoantenna array metamaterial [ilm based on gold active layer and PDMS

substrate

[97]

030001-6



Wt 5ot T o R

2L AE 2 LRI SySE VAAE SPIa ik X
iy S5 JE SOV 20 K B 271, iz fift 728 T I RS A 1 A8 4 v
TESRAPERT IS, H T AR B 2 R L A% 3B B LA S
PRARE B 1 ik 7 44 0K 45 09 50 v 9 1 A8 48 R K RE
8. B, wT LS s LA A 5 AR S ) B A L s
FE o R AT S IR R AT R AT 9 A TA) 67 B RH A R T
P XGRS0 23 ] o g A s A S A AT
JE L o A S AT DA SE S AL A A A S AR 4
P4 B TC B B AR /NI 1wy AT o8 78 v 0 235 4
S PR ZE MR AR A 14 1 AT E A M L v RO RN 2 1k
M oz OO R 3 Ce) B R, Aksu ST 40 K A
M7 PDMS 4 % | 422 i 4 1 i) 85 45 02 IR 1Y 44
KRG MR A A AR i e 2 v, T DL
WA TEAE H RUR IR Wy R R 1w, B ot 2F AW A
21, SRR 50N B AR IR R N H .

4 il F T

BR T AR CE LA 254 b R AT Al Ry ) et LU AT
RESR TH i 1R A LR P BE . o 1 BB SR 4 D' 1 4% 1 1) 5
TR IS 6 25 HE B30 85 o0 T T2 g e A AR AR
AN . B G e R T AR v e R S
WA S A 25 8 e 45 T 2% S R W IR A IR
14 N1k R ZHREEMOL T a8 (R 80 2 3 TR BN U5 ik
SEIN. AR RAS 1A B R B R A R
A =2 s RO TR T AR

MR Y o B B AR AE — A KRB AT R
JE LR T RE B WK . EE MRS EN K
Yy EE AL AT R T X RS B AT Ok Ok OB
RN LA A A, EER V5 B DGR I kAl R i D) g
JZ (U R 2 SR NMs) 545 #9 Chn 1510 &% 1F) . IF
W T BEJZ 45 W e B 20 AN R R B R
Bl A4 7~ T — A>3l 0 e B0 R . U R ORE (i
SOL.GeOL IV 2 E W4k J2) 18 e BB e i 2 4l
PEJZIE BB (el 45 [ 4 () o (b ], 2R 5 il 4
Z0 ok A e 2 R R T TR B LI 4 (oo s 3 A R
oy JE 2% 38 2o 3 7RG B 4T ) 9 E A B O B [ E 4
(). 3k ik 20 2 B B2 2 56 4 Bl 18, O 3l 1
WA H T S IR MBS & E Ao A
A= I3 o R - 9 = %2 s B U
DLSR B 45 B0 5% 5 % SO Bh 3% 7% 7 ik LI 4 Ce)
(e2),(f1),(f2) ] M0 5 5 K SOT 1 H: At Y8 4 i
TS T e JoT B 1 S I BAORL OB L B AL BT 0 IS
AR AN TR B RE R B A R WM R 2R M A IS
AR AT % O B A R A B AR R
SERE T RE DL SR BE AL SRR A B BN D SR AT L
BRI ZERSHETFEM . BT Sidh,
-V 2 S R 21080 4 JE 00 A HLfe SR B
2 bERHER BT AE AT 575 B T 3k S H R AT LS4
B ST =) B D3 NI (E R | S L
il B B0 45 A8 55 4k 45 Af IS K 42 WA IS Y A R O Ok
R, HifwHEARC 298 72 A3k, 05
028 S /N RIS B 7 I T oK

4.1 D
BB J2 48 6 1 a4 1 5 o0 R A IS B 75 3
@ sa?gg(;ial

source
material

C.\\bS“a\e

flexible
substrate

-

direct flip
transfer

A
stamp

(e2) v

f2)

new host
substrate

@m‘li!..>

stamp-assisted

4 2 ORI R R M B A A IR L Y A R

Fig. 4 General process illustration for semiconductor membrane release, transfer, and stacking™”

030001-7



Wt 5ot T o R

42 BREK

55 B LA T B AE MRS L O T AR
PFY 57 4R BT 5 4R B T — A R O Ak B A7
L BA R AT R AR EIE AL A R S B T
AN AR IE L 5 5RO T A
WO T 2R AR WA 5 Fon . Bl REREGYHIR
Jig U 2 WP A B RS L R o A B SOR DR
(PVD) b2 KA UL (CVD) 3 7% 12 Gie 7 i
VO ULBIR AR 12 . ) i 7 b 2 R 2 7 A

5 \/

TS 3 T 114 - 8 B RS 38 o DX Dy 6 T g 2 A2 kT
RE -5 O 20 01 18] F) 2 45 0 IR G 0 s 1 O %1
W] D R 22 . R DR AR O T RE RO T 45 1
JEE A A B AR 2 QR AR R AR ) RE TR
DAL X 5 5 ) o DI ) 45 B T AR AR ) LR
GOK R ENU s g R ARG 2 R S . R
i & J7 ik B8O T 7R 2R AT R W Ot B
SEEI R AR OB R A B T iR g ok 4
AR

TiO,
coating

handler
substrate
removal

device patterning

flexible top \
cladding

coating

. — A S—\ S—_\ S— ..

5 XM T A R EAT B A T AR

Fig. 5 Fabrication process of monolithic integration of flexible photonic devices

B T SR OR A sk vk e AR T ED 3D 4T BN AR
A FHOR 4 F M e . AR AT B — Ah ARG
PR A TR B 1 AL IR 1 1 O i B LA B3 AR
KD SRR R ) A HL A SRS P 5 2) WTORS B A o SR
(857 R /IN 5 3) LA i T IR B R RE 7 . X B
PRI BT BN )2 T il 1 2 1k T e
L IRAS . Samusjew S5 ] FH M 88 T ED Oy A HIAE T
— BTl Ak AR T R O R AR
43 REEH

ZUIREMEMETHBEATUELE LS
R B REWEZFMRIR A SR, WA
FEREZR G R TR A 48 WL T L3 3t 150 S 0o K A
it BB o3 S P D . — B BRI o TR, O — b
SE AT AR BB RORE LB A R A b R R R RS

ELHE T T 456 WO T A 2 T 22 ) 1) 3 A R
WM AR . o — A e AR T T ol
F1%) 2% ThIREURE B8 3 W 90 K 2% . 3 X — R 4G =
AN L T AL PR Ak RS R L ok A R IR K TR B
P TE R 1 N AR R i . 2 T Ak B R AL 4T SE AL
AT HLTG YW i 25 Bk LA B 35 T 45 A 3 1 10 1k 2 3%
o PR T1O6 1 Y 22 S 1 2 fol kL 3 4 B HE
Wiy o HLAE G T AE = TR ol B e 2 & A Ak

[87]

AN RN 45 f . Heck 250200 0] i1 IR 4 46 A ik
T E IR . BT 6 AR AR 4 ks R TG R 25 1 A
R A 55 0 FE AR A5 FE RG2S 56 1 T 455 5 46
i 0 P X R A TR A e R SR T —

T3 A — IR A 4 A R O A A R R
) B4 BHAS R 00 25 0 S BUAE — A R PRI b X R 7
% B B o5 R X B A R A 2 T SR R 1
TH) R, XoF 266 4 P e ) 2R T O ek B SR T RISl et
JHE VA T Dol 2 e e 1w R S T Ak . Ak,
I R R R AR A R s T T AR A R
PR B AN ) ™ A= B g 7. SR T R AT B
55 MR R E ME AR IR e M T AR . HTAR
% 35 B 00 R 51 20 T 4@ (BCB) RT3 S g SU-
8. Roelkens ZM2U@at{#i/H 1,3-T —4#-1.1,3,3-
O PR R i AU O R T R T M 1 R B R R A
SOI i a4 LR &4 T InP/InGaAsP itk i,
Kl 6 JE/R T SU-8 &G & 7 #EAT I 5 5 2RI 4 1R
FERM T ZEm, FRLBMBFHZCFE
BUZO TR O R A AR BRI & T BB AL
SR UUR U W A L A B R UURL 5 B i S 3
B 45

030001-8



Wt 5ot T o R

(@)
SU-8 coating

-~ " S~

Q/Su%
capping

‘ delamination

P

B/ SiO/Sisubstrate
SU-8

W/ Ti/Au

InP die
bonding

N

-

. InP substrate

@ IMAIAS/MGaAs

&/ ChG

InP substrate
removal

»\/

\ g

detector mesa
patterning

glas;\ metal conth
waveguide

fabrication

deposition

Bl6 MOt TR FRAER T Z . () F VR T 5 PRI E5 ] A iRE 185 5 (b) Z Mk I 5 4 LR I 45 O 27 2 Al I

Fig. 6 Hybrid integration technology for flexible photonic devices. (a) Schematic of fabrication process of flexible

waveguide-integrated detector®® ;

A

PA_E RBP4 R 4 4R 78 B s BLBRCR
I A4 ) o 20 B 8 T S B A R Ty T IS
BT HE JE L3 — 3 45 5 2 MO 7 7 AL L A
A AL A I BT T RS AR T S AT
TR A i 2 1T S A5 7 A D3 s H AR ot 1
TEAG I OCTHLIE b I 722 255 4 AU ) B 5 0L
5.1 MEFESMYRER

TENUSAL A T 45 250 25 il AR R O 1 88 1K
HBOUE T — D625 Ok B K a5
FAABL A I 55 5 A A8 A, 22 A6 I R ECHE 20 i mT DL L
HAfe & S EOES BAR R HLRAE AT, BRI SR Ot
B a i A IR AN TR ke 2 PR 7/ L Y
A . R A 8 )~ A AR A L, 2 T e 4%
PEBETH Yy 2 A T s AT SRS Ty Ly O B LT P T
PUAFE L He o [ s B S T B R R T S AT
JERAT R W I L )2 ] T8 AR Bk VR REAL
MmN EM R H, T AEYHLN KRR
SFL L Harnett SRR T — B EE TORLT 9 Al
PR MR P ARG i 1) I A A Sy o 388 o T g g g A
PR I A 0 R O T R R L B, A 7 Ca) TR
Karrock 10 8 7 — i iE T 24k B A AL WA A
AT T AR A 43745 M A 28 FE A 5 R G T Ty ) £ g
LB 7(b) ], Zhao 5F* il 1 Z ML P T AT
B A S 5 ST AR T g A it 5O, R 7 (oo B

5

(b) optical micrograph of flexible waveguide integrated detector

[88]

o HAR LR TE 51 i T IR AR, B4 R
TG AT i P O ) SR ABURE L TR Y T 2
fl A5 5 AT, Yun VP HIE T TR EY
e T 1 fl AL RS MR 5 L HLAT 27 ANl i A5 R
FLOIE 7(D PR, AR B S 1) B BT R A
AT S 2R IR VR T A B B B A i SiE R
B ) /N F 10 ms, 7280 R R E] 0.16 N, BB R
PE40.994, Zhang 5E- R T i BRSSO 2 B R
(O-skin) , 4n[&l 7 Ce) fir 7, Herp 32 209 J8k v oo 4 Ol
SEAFT RS, AL IR AR I S A R 8 i R IR T R A
$t (PDMS) 1Y 3 J2 Hh ik A 3 38 580/ 99 K £F 4t (MNF's)
SCPRAY . 2 g U R ) ]S R S K A S o
BF Sy A5 B 2% Rt v R BURE (1870 kPa ') 3%
AR A 1 PR (7 mPa) 1R R B 3 B (10 ) , 3X 2
febr e T L R R M RE AR AR, SEIL T s AR B
Jig 08 Fok AR RN 7 ) T F T B A0

BT MUK AR R VR IR BRI % pH
1 55 A 23 52 W OG- 2% 1 A% S OGRS 0 B L8 S
T LA SRR G A5 F AT DL % WG A B2 R R REBL 2R A
S RM AL YRR ALE, LR T R A
YT AR b I R B L pH {45 2 T P S 4
FIREE Wy 3 A% R 1 22 D) 18 ik o0 A% Sk . Xu 5§00
8 T R O U A PR 3R T 1) 2 1 O T R TR s
R pH | T EE FAL AR R A2 45 JFBLEL TG | H L B
UORT I 1 52 L 33 6T T B A AT AR A B A DA AT R
W RS HEIR T O IR A R X

030001-9



Wt 5ot T o R

A0 A A AN TR I A R S TR i
AL T2 454 ORI I BRI Db T Ak 3%
AT 45 B85 - A L iR ) 398 i R g 14 9 5 A% SR g LA )
P R R FOR T AR TR R, i,

Jin" A g T M AR (AIND IS H T & OH
Eﬁ%l%}ﬁﬂ@g‘zaﬂ@wﬂug Bai %50 il 5 T AT A 1Y
ZetE ST Tt AR PR 9 Y B AR L5 31T ORS
(06 i A% S, ) 30 20 A0 DY 3 ik Wi ) 2B W b 2

pressure-

orce sensor

semitendinosus
v;\\ ﬁnge: -= () eye- circular

polanser camera ~—~

> K\ $
’/\ __"..._'L- sensor
4*' cross section§| =TT
| senso F ]:
\ back >
right

Yy SN H AR L BRER AR PSRN R AR . A bR
Ui 22 A g A W R A AT G S A ORL L A aT o g O B
T T AW RO ok A SRR A S R I

SR Applegate SV il # T — R AR AR
AW LA 7D ], BRRNERITSR N

L54 W22 3R A LRI 4T RN 1.34 Bk BEIK . i
i 5 ANEOGLR T RE 5] Ot ALY
AU B AL i W R R SR A5 D) i

tip plats
(©) P piate robotic | —

system

I‘%ﬂ

.5 Time

Pressure

4 rigid wrist for
connection
with robotic arm

B 7 T ST AR AR A B

Ca) P T Y0 IR OG99 2 55 00 1 28 M R 9 1270 5 (o) 38 A1 B0 A St 25 1 ok T 4t ER

FH8 R 7 B A SRR 2 5 (o) T T A LA T 01 vl 7 2 2 R A T R O BB S s (D B T R S W B Y i B B B % Uk
WP (O TOLF R IRAZ B AL AOCL T (D TR WHRTOUE RN B L RE AR S

Fig. 7 Applications of flexible photonic devices in sensing field.
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(c) stretchable optical waveguides based on soft robotic hand for optoelectronic strain sensing

waveguide based tactile array sensorst??;

protein flexible waveguide for guiding light in tissue"
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(e) flexible micro/nano fibers for photonic skin sensing™” ; () silk
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Fig. 8 Flexible photonic devices for optical interconnect. (a) Diagram and (b) photo of flexible optical interconnection

scheme using fully embedded optical link with polymer waveguides, mirrors, and optoelectronic components
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(c) stretchable optical link including integrated light sources, detectors, and polymer waveguide ; (d) schematic

of high-density integration optical interconnect based on high-index contrast single mode flexible waveguide;

(e) single channel power consumption comparison of scheme shown in Fig. 8(d) and VCSEL-based multi-mode

waveguide interconnect scheme
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Fig. 9 Applications of flexible photonic devices in new optical field manipulation. (a) Continuous reconfigurable switching

of multiple holograms based on stretchable metasurface structure

organic DFB lasers*®

1607 ,

[156]
;

(b) flexible Bragg grating based tunable

; (¢) schematic of dielectric metasurface layer conformed to the surface of transparent object

with arbitrary geometry"'*” ; (d) 3D illustration of metasurface skin clock which is composed of ultra-thin nanoscale

antenna layer and can be overlaid on an object with arbitrary geometry
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