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Stretchable Organic Photodetectors: From Structural to
Intrinsic Design
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ABSTRACT

Stretchable organic photodetectors (OPDs) have emerged as key components for next-generation human-centric
optoelectronics, enabling conformal sensing, wearable health monitoring, and soft-machine interfaces. While
organic semiconductors offer mechanical compliance and versatile optoelectronic tunability, achieving stable
photodetection under mechanical deformation remains a fundamental challenge due to the intrinsic trade-off
between molecular ordering and mechanical softness. Early efforts primarily relied on structural strain-relief
strategies, such as buckling geometries and island—bridge layouts, which mitigate mechanical stress but introduce
limitations in scalability, device density, and design flexibility. Recent advances have shifted the focus toward
intrinsically stretchable material systems, where mechanical deformability is embedded at the material level
through molecular engineering and elastomer—semiconductor composite strategies. In particular, the integration
of elastomer networks with semiconducting pathways has enabled new opportunities to simultaneously maintain
charge transport continuity and suppress dark current under strain. This review provides a comprehensive
overview of stretchable OPDs, emphasizing the transition from structural to intrinsic design strategies. We first
discuss the operating principles of OPDs and the impact of mechanical deformation on key performance metrics,
including responsivity and detectivity. We then examine recent advances in molecular design, composite systems,
morphology engineering, and device architecture. Finally, we highlight emerging applications and outline critical
challenges for future development of intrinsically stretchable photodetection systems.
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Fig. 1. Operation mechanism and key
performance metrics of organic photodetectors
(OPDs). (A) Schematic illustration of the OPD
working principle, including photon absorption,
exciton generation, exciton diffusion toward the
donor—acceptor interface, charge separation,
charge transport, and charge collection under
reverse bias, resulting in photocurrent generation.
(B) High specific detectivity (D*) achieved
through a combination of strong photoresponse
(external quantum efficiency, EQE) and low noise
characteristics, where suppression of dark current
(Jp) plays a critical role. (C) Large linear dynamic
range (LDR), representing the ability of OPDs to
maintain linear photocurrent response over a wide
range of incident light intensities. (D) High
response speed characterized by fast rise and
decay times, along with frequency response
defining the —3 dB bandwidth. (E) Spectral
selectivity of OPDs, including broadband and
narrowband detection, determined by the
absorption profile and device design.

(Fig.1) OPD 2| &2 responsivity (R), external
detectivity (D),

dark current density

quantum efficiency (EQE),
response speed, 12|11

(2% E2 X HZE FILELCL 55| detectivity=
noiselt LMSIA AZE|H, dark current= shot
noisel| =8 |2 EEBIL} (Fig.1) kA

OPDO M= &2 photocurrent# 2t OfL|2} RS
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Fig. 2. Evolution of stretchable organic photodetector design strategies from extrinsic structural approaches to
intrinsically stretchable material systems. (A) Conceptual illustration comparing representative extrinsic
strategies, including buckling and rigid-island configurations, with intrinsically stretchable architectures that
directly accommodate mechanical deformation within the active materials. (B) Example of a buckling-based
extrinsic approach, where pre-strained substrates generate wavy structures to relieve applied tensile strain.
Adapted from [11] under CC BY license. (C) Rigid-island strategy employing localized rigid device
components interconnected by stretchable interconnects, enabling mechanical compliance while maintaining
device performance. Adapted with permission from [2]. Copyright 2022 AAAS. (D) Modified buckling
structure incorporating elastomer (SEBS) into the photoactive layer to improve mechanical stretchability,
representing a transitional approach between extrinsic and intrinsic strategies. Adapted with permission from
[10]. Copyright 2021, AAAS. (E) Representative intrinsically stretchable system in which all device
components, including electrodes, substrate, and active layer, are based on polymeric materials, with elastomer
incorporation enabling enhanced mechanical compliance. Adapted with permission from [19]. Copyright
2023, Wiley-VCH GmbH. (F) Intrinsically stretchable bilayer architecture featuring an elastomer-containing
donor layer and a small-molecule acceptor layer, where co-continuous networks and elastomer-mediated
confinement contribute to maintaining high responsivity and suppressing dark current under strain. Adapted
with permission from [20]. Copyright 2026, Wiley-VCH GmbH.
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MY E|0, electrode-active layer HEHO|AMZ

field distribution2t absorption efficiency H2}tE
S22 = UCh EY| BH) #+XO|ME phase

separation T+&2| #3}7} exciton generation 3

HE S0P880| g = ULt of2gt &K

HMote Mot =& ZEE THEAIZ|1 leakage  dissociation efficiencyd| S & = U2,
pathwayE HM5+0] dark currentE S7HA|7|H, Ol OPD A& HWZol & CIE Yooz
ZNM O 2 detectivityS X SHA|ZICH [19]. EB Xt [20]. [M2FAM stretchable OPD Ol A&
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ZEOAM  opPD dAls AN oHEda {71 R RV HENE A0E 2#8Y + UCts
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20| @FECt electronics 3 optoelectronics B0 St
g9g2  SfACE A olE A2
3. AEYMHE Q7| BAEI|o photodetector®l HE% &9 & 7HX] =X ¢
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BEUME 2Y dsE WEH2E RASE 27 wME £ QT £3| photodetectors
A2 =JHE o= FHOM F23% 2OE Ho =AM golnt U WSto| Q7L Y|
7}EILt. 53] photodetector= W2 dark  mmo;  3x 78t M2L  aEXOQ

=
current?t =2 detectivity2 SAI0 27517
20, strainOfl 2[3 ZWSt= FZX et
AH Eo8dol ds0| O/Xl= Fgo| of<
Act [makA stretchable OPDOl A& Xi &,
Tx, X ZE0| AgE sgH

ZeZ oo},

rok

3.1. = 7|8 strain 242t M2}

7| stretchable OPD A0 A= buckling T,
island-bridge ™=, serpentine
interconnect?t #2 F& 7|8 strain-relief
Mefol d2| &&EIUCH 1,21 (Fig.2A) Ol2st

pre-strain 7|k,

HIZ2 AR0M ZHEliXl= 7|AH HdES
715tatd ez 2AtAA Z2#dB0l EHFEACQ
straing ZA| REE Sl= HACE AHFoHC}
O|E =01, pre-strain 7|% {0 &3 AXGE
ddst 2 straing SiASHH buckling &7t
FEE ol oY HAE Al AKX}
HERIE|HAM straing S = UCH [10-12].
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Fig. 3. Molecular design strategies for intrinsically
stretchable polymer semiconductors and their
representative examples. (A) Schematic
illustration of molecular weight (Mw) engineering,
where increased chain length enhances chain
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entanglement and energy dissipation, leading to
improved mechanical robustness. (B)
Representative example demonstrating enhanced
stretchability and sustained charge transport with
increasing  molecular  weight, highlighting
improved ductility and maintained degree of
crystallinity under strain. Adapted from [23] under
CC BY license. (C) Dynamic bonding and
conjugation breaker strategies, enabling reversible
bond interactions and localized structural
flexibility for effective strain dissipation and self-
healing behavior. (D) Representative example
showing polymer systems incorporating dynamic
bonding or conjugation-modulated backbones,
exhibiting improved mechanical compliance while
maintaining semiconducting performance.
Adapted with permission from [22]. Copyright
2022, American Chemical Society. (E) Terpolymer
approach introducing backbone randomness to
disrupt excessive crystallinity and enhance
mechanical deformability without significantly
compromising charge transport pathways. (F)
Representative example of terpolymer-based
systems exhibiting optimized microstructure,
where controlled phase behavior leads to improved
stretchability and balanced electronic
performance. Adapted from [25] under CC BY
license. (G) Bulky side-chain engineering to
increase interchain spacing and reduce packing
density, thereby mitigating brittle fracture and
enhancing mechanical flexibility. (H)
Representative example of polymer
semiconductors with bulky side groups, showing
reduced aggregation, improved mechanical
stretchability, and stable charge transport under
deformation. Adapted with permission from [26].
Copyright 2021, American Chemical Society.
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Fig. 4. Elastomer—semiconductor material systems
and their extension toward intrinsically stretchable
electronic devices. (A) Representative elastomers
previously employed for polymer semiconductor
blending, highlighting their role as mechanically
compliant matrices for strain dissipation. Adapted
from [29] under CC BY license. (B) Chemical
structures of representative semiconducting
polymers (e.g., PDPPTT and N2200) and
elastomers (e.g., H-PIP69) used to

construct stretchable polymer semiconductor
blends. Adapted from [29] under CC BY license.
(C) Schematic illustration of phase separation and
Structural evolution in polymer semiconductor—
Elastomer blends, comparing unstable aggregation
in conventional elastomer matrices (e.g., SEBS)
with stabilized and confined semiconductor
networks in optimized elastomer systems under
mechanical deformation. Adapted from [29] under
CC BY license. (D) Recent example of elastomer—
polymer semiconductor composite systems applied
to intrinsically stretchable thin-film transistors

(TFTs), demonstrating how

morphology enables stable charge transport and

mechanical durability under

highlighting the broader applicability of elastomer-
based strategies beyond photodetectors. Adapted
from [30] under CC BY license.
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24 0[X[ 2, CtZo=2 AL donor-acceptor 7|8t bulk heterojunction (BHJ)
sfZ2™ol2t7|2Ct= 0|0 =2|E elastomer  A[AEIO| elastomers Z=YTSEZMN 7[AH
2% M2 2 morphology engineeringdt  OHEMIp LM Bzl S ZA|0f M=
ASL|0f0F St= Y Y Q4= OBHE 5=  A|Z7t O|RO{FCt [31]. X20= Ol2{st =g
QILC}. T 2f0| stretchable photodetector® 2+ | HA]

M2 24 22 MAIStL AT} (Fig.2C-E)
3.3. Elastomer-Semiconductor 5% H2f photodetector?| &% %2 dark current?t =2
%M =olo EAF AA 7|8 M2 2 3 IEX detectivityE A0 27517 WE0, strainOf
ALl 7IAX FAEE SddA7le O 5238 28 RFLEl= leakage current S7t2F noise
qdgg ST =2 FH dst JAH amplification® <H|St= Z0| <4 Itx=
MEEE SAO HZAIZ|7|0l= TS| ohAZF  ZH&otct. 0|0 M2t  elastomer?t ZgHE
EXotct. oot SHAE Etst7| feh &Y Y50 M= elastic modulus #HA2b crack
MO 2 elastomer-semiconductor & A7t suppressionO| SA[0] E4E # 2t OfL|2Y, strain
X etz R} e, o= Bt hybrid &7} OfL| 2t SO M| leakage pathway 40| X Z|Of
intrinsically stretchable A|A®RE F315t7| @2 dark  current?t A%,  ZOEQE
iy aXf 27 micrez OofsfE 4 RULE detectivity?t FXIEALE edEl= At
(Fig4A-4B) O A|AHEIOIM elastomere= R2 B4k QCH [19-21]. O[3t  ZAute=
EHdA=ot 22 Me2 HE2E RO0M  elastomer?t EhEdt J|AX EERXE HO,
ZtiXl= 7IAE HEdg 2ilHez2 g5t T7Z|H noiseE MOISt:= 7|8 Q42 EHEY
IS +AHSM, semiconductore= TSt =& 5= UAZ S 2|0[TiC} 0| 22 =g A|AH0A
428 dddt= 7|sH HE/HIE MSSHLt morphology= 7|AH ¢Hddar ¥ ds2
et 2 & 480 twsl 5 SA0f| 285t= e a2 XEtCt £5| BH)
=otkl= A0l otuzl, HE2lE HEfME TZ0ME donor-acceptor Zt| nanoscale
M7|8Mez2 AZAE  percolation networkE phase separation0O| exciton dissociation2f
&/gdfioF stCh= ZO|LCt. (Fig.4C) O|2{st =X charge transport 282 Zt235lH, domain size,
EZL strain SIME Mot &5 ZHZ9 interfacial area, 2|1 percolation network2|
ALY 2 RIS O EXQl 242 283t AHHg0| Fo  HA  #Hx=2  FE3C
Z7| elastomer-semiconductor 2% ™22  elastomer?t ZYE  A|AHOME= 0|23
stretchable organic transistor &O0F0| A 23| morphology”Zt strain StO|A| ELCt PHYXOZ
opg|gion, ZW  TEXIQL  elastomerE SXE £ &, 0O|l= elastomer matrix?}
Sooh A|ABI0AM =2 AMED0F Y™l MSE semiconductor domainl| MHES E2|FHo 2
Ols=E SAl0f HEY = A0 HALACH Mot I2HQl straing E24HA7|= dES
[28-30]. (Fig.4D) O| &% elastomer matrix= +ast7| WFO|CH FHE2ZE, elastomer—
straing 2o =Z  FEAMAIZ|D crack semiconductor =% A|AEIOA =  vertical

AHMsts  AdgS  FASHH,

semiconductor domain2 elastomer LH£0fA{

formation2

HEXMOl  percolation networkE  HAH SO
MI|1H 7|2 ®XAIBtCt ol olz{st FIZ2

stretchable organic solar cell2 &Y,

phase separation, nanoconfinement, 2|1l
3XH percolation network & g1t 22 F#+X7t
M E = Ao, 0| strain 2HE 0| M & charge
ALKdE |ASk= O

EVE

transport pathway2|

7|0kt EEBE elastomerf| domain
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AN ZM dark current 7S "Xt
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HEl2 =ZEE7] M= FIHFQ ATt
ZQotot EE Z20]= T3t bulk blending=
HO| bilayer & E& gradient +X2E 8%
AL HetEl2 UL oE =9 elastomer?t
2=l donor-rich layerE &dlf 7| A& Q- d 1t
hole transportE 2235}, acceptor-rich layers
Sl &S+ A charge separationg %[ & 2}st=
A0 HAEQULCE of2{et Y22 elastomer?)
7|AH 9gtit semiconductorl] &M 7|52
o2 EISIHME AT HA™MO
=5 24" &= Att= oM S
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semiconductor 83t HEf
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morphologyE  HHH
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3.4. Fully Stretchable OPD22| =%t
#M =2t EZX A,  elastomer-
semiconductor &g F&F 12|11 morphology

engineering2 IIHLE J|AH HH 0| M
3 458 7AE = A= ME A A

L= s2 &

£ Fost7| flet 718k2 MEetct ol2fet
22 A JHE 7Y 24 =FE g0, &%
of BE Q47 JAX MxdE HAe= fuly
intrinsic stretchable system22 ZH&E|1 QICH

fully stretchable OPD+= active layer, electrode,

substrate, 12|11 encapsulation”7tX| ZE&tst
BE Fd 8247t UFEE K= ALEE
o|0|stH, #XH strain-relief A Q0= =
= 7|4 B 8% + Ut EFE 7t
ZICE Ol&= 7|&EQ| extrinsic M Ao H
ofLl, M=z AtHe] Sd2 7|Hez MxdE

dlottt= oM Z% me{cry des 2

all-polymer 7|8t stretchable
OPDE O|2{3t NS HENCOZ HOF
t BEEX|, elastomer, ZLEI
polymer electrodeE ZUHCEZM ™ F+d 8
29 7IAH BEE sg€HeE dA4g = U
ZHOIM
L 53Xl charge transport pathway?t FX|
T, gl Q-0 AO|SOME QHY

Ct. Ol2{3t A|ARIOME= —LI'E-% strain

MOl photocurrent?t detectivityE =EZ
Q0| HL|d UCE [19].
semiconductor =8 M2f1} morphology 2td
27t device-level 45 |A2 HFHS= O
o2 =+ HoE:Ch HEot xZ20=

stretchable transparent electrode, stretchable

O|= elastomer—

olo o
=N

interlayer, 12|11 compliant substrateE ZE&
St OHE 7 BAE S, &4 ®H el 7|
AX dsdar ©7[H tddE SA0 =S
He 7t 2Es TlE D ULk o E =
PEDOT:PSS 7|4t T

, Ag nanowire network,
graphene, 12|21 CtYSt hybrid electrode Al
AH0| 8Ll

en, ogg #x= =2

ol
rﬁ

B T
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EIEQF R sheet resistanceE [ X|SHHA
T strain SIOJA crack-free E88 SEE =+
UL [31]. SAI0 charge blocking layer2t
energy level alignmentE %Xt 2M dark
currentE XSt detectivityS [XIotE A
A7t Hle|n Tt O|t 2 LF AFOAM
= strain 880N 23|2] photodetector g5

[eNe)
0| SEAME|L= HAO| EIEn Qo ol=

AN — r

morphology XH’d 3, polymer chain alignment,

e

J2|2 noise suppressiondt Z2 Z1tQ| f
Of e ALE diME|n QACL 02T
stretchable OPD7} the=d| 7| A&
of, strain

ol
L}l_

[
-

of

or
Of
S or 1A rot rjr

0%

I ox ot
Rl
W

g2 HMAICH [20]. 22
B}l =otElo] A2n, LErH el
HEEZ| Sl = F7hH e At

J80 =

5 £ A2
87 gz|z
7 masj

stretchable OPD2| & E83IE QsiME O M|
Si-ZsHoF & M7t EXjotct. tiEMo =z Cf
HY 3 U array fabrication 7|&, &7| Al
2/, 2g ergd, dela HA flofEE e
oMol & g HET} %9.3.} =M=z g
OF QUCt £3| imaging array@t 22 XA A
AR = strain StOIA pixel 7t uniformity
X, electrical cross-talk A, 2|1 signal

stability 227t SA|0| QFECt ZaHoz

fully stretchable OPD= X{&, morphology,

Az, dg|a AA" AV RUIHe=

gE s 2AY H He=2 SN,

olz2fgt R4SS 2 A=
x

o= @R WY Ho= oyt

>

o oot
rro% -ob mi

o

optoelectronics = OFOf| A

photodetector?} Thadh AlA &

=71 A I mo[A Sl XtMCH FTXp A|AH
o

of s SYEoR

Ct [32].
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S A ZE7|(stretchable organic photodetector,
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ol M HAXHL=Z HelsHRc
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island-bridge &7, serpentine interconnect 2t

2 QX H(extrinsicc = HAE Sl
71X HYS =8StaXt StA2LL, 0l
22 #x3 53y, 2 ¥¥E, 22n
S3He HEgddu Z2 SHAE THXe
Ao E LIELECE ofof M2} Z[Z0ls M=
Ao AFEE Bostn, HYE SEME
38 7ls8 A = Us intrinsic A
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55| 33U 1&2Xe| X EXA, elastomer—
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engineering = stretchable OPD 32 ¢I%t
SHAl MA Zo=Z At AL2H, ol
AE AL e 2K} T M
w/NHL=E AZE CHs ﬁ71|°'
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2%t HMFHE HM3Y ALE Y|CfEICh
oHH, %2 OopPD 9Fe= HY X Hs
adE  Eo, Al2"E  =F0AMo ST
tedez HEA =EELD UACE |
gt X 718t OPD = 7|AN ®RAd, d4,
Jgjn mE MEtdE JEte R 9ofE s
A 0f, QZt-7|AH QIEmo|x, olojFE %
HAH™, d2ln 2 4 A|IA" & Chefst
38 ZO0HiAN &8 7t540] MAIE U
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