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1. Materials

The Glass/ITO substrate, PEN/ITO substrate, and PEDOT:PSS (Baytron P VP Al 

4083) were purchased from Advanced Election Technology Co., Ltd. The PM6 and L8-

BO-X were purchased from Jiaxing Hyper Optoelectronics Technology Co., Ltd. The 

electronic transport material poly[[2,7-bis(2-ethylhexyl)-1,2,3,6,7,8-hexahydro-

1,3,6,8-tetraoxobenzo[lmn][3,8] phenanthrol-ine-4,9-diyl] -2,5-thiophenedi-yl[9,9-

bis[3-(dimethylamino)propyl]-9H-fluorene-2,7-di-yl]-2,5-thiophenediyl (PNDIT-F3N) 

were purchased from YirouPV Technology Limited. All other reagents and chemicals, 

including ortho-xylene (o-XY), methanol, deionized water, acetone, isopropanol, 1,8-

diiodooctane (DIO), and silver (Ag) were directly purchased from commercial sources 

and used without further purification unless otherwise specified. ML phosphor ZnS:Cu 

was purchased from Shanghai lvmi Technology Co., Ltd.

2. Device Fabrication

ML device fabrication

The ML layer was fabricated by homogeneously mixing ZnS:Cu powders into the 

PDMS matrix at a weight ratio of 4:6. The PDMS was composed of base and crosslinker 

at a weight ratio of 10:1. The composite was placed in a vacuum chamber for 30 mins 

to remove air bubbles. Subsequently, the ZnS:Cu/PDMS composite was cured at 80°C 

for 2 h, followed by natural cooling. 

OPD device fabrication

The OPDs were fabricated using a conventional structure comprising 

ITO/PEDOT:PSS/Active layer/PNDIT-F3N/Ag. Rigid and flexible devices were 

fabricated on glass and PEN substrates, respectively. For rigid devices, the ITO-coated 

glass was cleaned with deionized water, acetone, and isopropyl alcohol through 

ultrasonication for 10 min sequentially. A thin layer of PEDOT:PSS was deposited on 

the ITO substrate at 4000 rpm for 20 s and then annealed in air at 160°C for 15 min. 

For flexible devices, the PEN/ITO substrate is wiped with non-woven fabric dipped in 

isopropyl alcohol. A thin layer of PEDOT:PSS was deposited on the ITO substrate at 

4000 rpm for 20 s and then annealed in air at 110°C for 15 min. Following this, the 

substrates were transferred to a glovebox filled with nitrogen. The active layer solutions 
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of PM6:L8-BO-X (1:1.2) were prepared by dissolving in o-xylene (o-XY) at donor 

concentrations of 10 mg/mL and 0.35 vol% 1,8-diiodooctane (DIO) was employed as 

a solvent additive. All solutions were stirred at 100°C for 3 h and then spin-coated after 

cooling to 80°C. The active layer was spun onto the PEDOT:PSS layer at 2000 rpm for 

20 s, followed by thermal annealing at 100°C for 5 min. The thickness of active layer 

was controlled to be ~170 nm. After cooling, a methanol solution of PNDIT-F3N (1 

mg/mL) was spin-coated on top of the active layer at 3300 rpm for 20 s. Finally, an Ag 

electrode with a thickness of 120 nm was evaporated under a vacuum of 1 × 10−4 Pa. 

The active area of the device is defined by the mask as 0.0324 cm2.

3. Measurements and Instruments

ML device charcterization. ML signals were obtained via an optical fiber linked to a 

collimator (BFC-441; Zolix Instruments Co., Ltd.). Then the obtained signals were 

transmitted into a CCD camera (iVac-316; Edmund Optics Ltd.), which was attached 

to a spectrometer (Omni-𝜆300i; Zolix Instruments Co., Ltd.). The cyclic mechanical 

deformation of the ML unit is actuated by a custom-fabricated stretch-testing apparatus.

OPD device characterization. The current density-voltage (J-V) curve of the OPD was 

recorded in air using a Keithley 4200 source measurement unit and a probe station with 

a shielded vacuum chamber at room temperature. A QE-R solar cell spectral response 

measurement system was used to measure the external quantum efficiency (EQE) 

values of the devices.

ML-OPD system characterization. For ML-OPD system characterization, during ML 

linear motor drive stretching/contraction, the OPD current signal was synchronously 

recorded via a Keithley 2601B source measurement unit. During the application 

demonstration phase, during ML mechanical finger drive stretching/contraction, the 

OPD current signal was synchronously performed on a Keithley 4200 Source Meter 

Unit (SMU) at room temperature. All photographs and videos were taken with a 

SAMSUNG S24.

UV-visible-near infrared (UV-vis-NIR) absorption. UV-vis-NIR absorption spectra 

and transmission spectra were recorded on a Cary 5000 UV-vis spectrophotometer. 

Each film sample was spin-coated on quartz substrate.
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Noise current density spectrum. Use the Keithley 4200 Source Meter Unit (SMU) to 

measure the I-t characteristic curve and directly obtain the noise current density 

spectrum through the built-in FFT function.

Cutoff frequency. Cutoff frequency of the devices was measured with 520 nm laser 

and modulated by a function generator and digital oscilloscope (Tektronix 4 series B 

MSO).

Response time. Response time of the devices was measured with 520 nm laser and 

modulated by a function generator and digital oscilloscope (Tektronix 4 series B MSO) 

with a fixed measurement bandwidth of 20 KHz.
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4. Supporting Figures and Tables

Figure S1. (a) Molecular structure of OPD active layer material where PM6 acts as a donor and L8-
BO-X acts as an acceptor. (b) Normalized UV-visible-near infrared absorption spectra of PM6 and 
L8-BO-X.

Figure S2. Device preparation schematic diagram. (a) OPD preparation process. (b) ML preparation 
process.

Figure S3. Additive (DIO) dosage optimization for rigid OPDs based on PM6:L8-BO-X.
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Table S1. Additive (DIO) dosage optimization for rigid OPDs based on PM6:L8-BO-X.

D:A
Concentration

(mg mL-1)
Solvent

Additive
(%)

TA
Coating speed

(rpm s-1)
JD

(A cm-2)
0.00 5.5 × 10-9

0.25 1.8 × 10-9

0.35 7.2 × 10-10

0.45 7.4 × 10-10

1:1.2 22 o-XY

0.55

100℃/5 min 2500

7.8 × 10-10

Figure S4. Optimization of BHJ thickness for rigid OPDs based on PM6:L8-BO-X.

Table S2. Optimization of BHJ thickness for rigid OPDs based on PM6:L8-BO-X.

D:A
Concentration

(mg mL-1)
Solvent

Additive
(%)

TA
Coating speed

(rpm s-1)
JD (A cm-2)

3000 2.0 × 10-9

2500 7.2 × 10-10

2000 1.8 × 10-101:1.2 22 o-XY 0.35 100℃/5 min

1500 3.6 × 10-10
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Figure S5. Transmission spectra of the glass/ITO and PEN/ITO substrates.

Figure S6. The responsivity curves and standard deviations of ten independently prepared rigid and 
flexible devices.

Table S3. Summary of reported OPDs with high responsivity.

Active layer
Rmax

(A W-1)
Wavelength

(nm)
Ref.

PBDT-TT:DPPSe-4Cl:Y6 0.18 940 1

D18:FM-0F 0.24 812 2

PTB7-Th:ISC:PC61BM 0.27 950 3

PTB7-Th:ICS 0.27 950 3

PM6:CT-Cl 0.33 950 4

PBDB-T:TBT-V-F 0.35 800 5

D18:FM-8F 0.35 970 2

PBDB-T:FM2 0.37 880 6

PTB7-Th:PC70BM 0.37 720 7
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PM6:TPCT-2F 0.39 810 8

PM7-D5:Y12 0.40 800 9

PBTTzC3:Y6 0.41 830 10

PM6:BTP-12-4F 0.42 800 11

PTB7-Th:A4T-16 0.43 750 12

PBDB-T:PZF-V:PY-IT 0.44 850 13

PM6:C5QX-B6F 0.45 800 14

PM6:BTP-eC9 0.46 820 15

PM6:PY-IT:N2200 0.47 800 16

PCE-10:BTPSV-4F:BTPSV-4Cl 0.48 870 17

PM6:WD6 0.50 800 18

PM6:Y6 0.51 830 19

PM6:CH17 0.53 830 20

PM6:L8-BO-X (Glass/ITO) 0.55 850 this work

PM6:L8-BO-X (PEN/ITO) 0.55 850 this work

Figure S7. Comparison of response spectra between OPD and Si PD, where Si PD was purchased 
from commercial channels.
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Figure S8. Bias-dependent response characteristics for a rigid OPD measured from 0 to -1 V. (a) 
EQE curves. (b) Responsivity curves. (c) Responsivity curves for localized enlargement.

Figure S9. Noise spectral density in the dark at zero bias for OPDs.

Figure S10. Specific detectivities derived from measured noises of OPDs.
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Figure S11. Performance of OPDs prepared using toluene and p-xylene. (a) J-V curves measured 
in the dark. (b) EQE curves. (c) Responsivity curves. (d) Dsh* curves of devices.



S12

Figure S12. Response time of the rigid OPD at zero bias under 520 nm illumination.

Figure S13. Response time of the flexible OPD at zero bias under 520 nm illumination.

Figure S14. The -3 dB cutoff frequency of the OPDs at 520 nm.
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Figure S15. Cyclic stability of the rigid OPD device under ambient condition.

Figure S16. Cyclic stability of the flexible OPD device under ambient condition.

Figure S17. Normalized R as functions of storage time for OPDs exposing in air without 
encapsulation.
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Figure S18. (a) SEM image of ZnS:Cu particles. (b) Particle size distribution of ZnS:Cu phosphor.

Figure S19. (a) The crystal structure of ZnS was drawn using Crystalmaker software. (b) The 
luminescence mechanism of ZnS:Cu, the inset illustrates a luminescence photograph of 
ZnS:Cu/PDMS under tensile stress.

Figure S20. The normalized emission spectra of other multi-color MLs and responsivity curve of 
flexible OPD.
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Figure S21. Output current fitting and comparison of the ML-OPD system under stepper motor 
drive (solid line) and manipulator drive (dash line).

Table S4. Output current of the ML-OPD system under manipulator drive.

15° 30° 45°
Strain (%) 14 26 44

Current (nA) 7.8 14.4 21.8

Figure S22. The current signal generated by the OPD when the ML is driven by (a) linear motor 
and (b) manipulator, respectively.
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Figure S23. Photographs showing the spatial relationship between ML and OPD units in actual 
application demonstrations.

Figure S24. Schematic diagram of the spatial relationship between the ML attached to the 
mechanical finger and OPD units in an actual application demonstration.

Figure S25. Current signal generated by OPD unit during multi-finger bending.
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Figure S26. GUI interfaces corresponding to motion tracking signals for isolated finger bending. 
(a) 0°, (b) 15°, (c) 30°, and (d) 45°.
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Figure S27. GUI interfaces corresponding to motion tracking signals for continuous angel bending. 
(a) 0°-15-30°-45°, (b) 0°-15-45°-30°, (c) 0°-30-15°-45°, and (d) 0°-30-45°-15°.
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Figure S28. GUI interfaces corresponding to gesture recognition signals. (a) APPROACH, (b) 
RETRACT, (c) GRASP, and (d) RELEASE.
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