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Junseok Heo,2 Sungjun Park,2,* and Jong H. Kim1,4,*

SUMMARY

Sensitive detection of near-infrared (NIR) light is applicable to variety of optical,
chemical, and biomedical sensors. Of these diverse applications, NIR photodetec-
tors have been used as a key component for photoplethysmography (PPG) sen-
sors. In particular, becauseNIR organic photodetectors (OPDs) enable fabrication
of stretchable and skin-conformal PPG sensors, they are attaining tremendously
increasing interest in both academia and industry. Herein, we report strain-dura-
ble and highly sensitive NIR OPDs using an organic bulk heterojunction (BHJ)
layer. For effective suppression of dark current, we employed BHJ combination
consisting of PTB7-Th:Y6 which forms high energy barrier against transport-in-
jected holes. The optimized OPDs exhibited high specific detectivity up to
2.2 3 1012 Jones at 800 nm. By constructing the devices on the parylene sub-
strates, we successfully demonstrated stretchable NIR OPDs and high-perfor-
mance skin-conformal PPG sensors.

INTRODUCTION

Development of high-detectivity near-infrared photodetectors (NIR PDs) have received significant atten-

tion in recent years because of their diverse applications including NIR image sensors, thermal detectors,

biomedical sensors, and telecommunication devices (Liu et al., 2021a, 2021b; Li et al., 2019a; Meng et al.,

2021; Chow and Someya, 2020). For demonstrating high-performance NIR PDs, various types of low-

bandgap inorganic semiconductors absorbing long wavelengths lights, such as Si, GaAs, InSb, HgCdTe,

and CdZnTe, have been developed (Lu et al., 2018; Wang et al., 2021; Li et al., 2016; Shkir et al., 2019; Zhang

et al., 2020). Despite their applicability as NIR sensitizers, NIR PDs based on these materials suffer from

fabrication complexity, high-cost process, inherent low absorption coefficient, and low mechanical flexi-

bility (Michel et al., 2010; Chen et al., 2016). To overcome these problems, p-conjugated polymers (CPs)

and small molecules (SMs) possessing high absorption coefficients in NIR ranges have been intensively

investigated. In addition to optical merits, owing to low-cost and high-throughput production using solu-

tion processes, and wearable sensor applicability, NIR PDs based on the organic semiconductors are gain-

ing enormous interest (Wei et al., 2021; Huang et al., 2020; Lv et al., 2020; Lee et al., 2019; Park et al., 2018).

However, these NIROPDs have encountered a severe challenge of high-level and non-controllable dark current

density (JD) under reverse bias (Wu et al., 2020; Liu et al., 2012; Li et al., 2019b). This problem becomes worse on

the flexible or stretchable substrates which are essential component for wearable electronics in particular for

photoplethysmography (PPG) sensors based onNIROPDs. To suppress degree of JD in NIR OPDs, energy level

tailoring for NIR-light-absorbing CPs and SMs has been carried out through organic synthesis (Lee et al., 2019;

Simone et al., 2020; Kang et al., 2020), while designing device architecture has been also tried such as employing

charge blocking layers (Zhou et al., 2015; Yang et al., 2021) or structural engineering in photomultiplication (PM)-

type PDs (Zhao et al., 2021a; Liu et al., 2021a, 2021b). However, development of new materials every time is less

competitive due to its complicated procedures, and little amount of charge carriers is still injected (Guo et al.,

2020) even with charge blocking layers by tunneling process under high reverse bias. Thus, development of a

simple approach for mitigating JD in NIR OPDs is highly desired.

In this article, we suggest a strategic material combination of existing electron-donating CP (PTB7-Th) and

electron-accepting SM (Y6) for bulk heterojunction (BHJ) in NIR OPDs, which enables a low level of JD and
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its durability against external strain. Rationale of this combination is based on improvement of blocking

capability of BHJ layer for injected dark charge carriers under reverse bias by providing a large energy

barrier between CP and SM against dark current. As the first demonstration as NIR absorber, PTB7-

Th:Y6-based NIR OPDs showed JD of 1.16 3 10�7 A/cm2 at �0.5 V and excellent durability of JD against

mechanical strain on the stretchable parylene substrates. Attributed to low and durable JD, we successfully

demonstrated high specific detectivity (D* = 2.2 3 1012 Jones at 800 nm) NIR OPDs and highly sensitive

skin-conformal photoplethysmographic (PPG) sensors.

RESULTS AND DISCUSSION

Optical properties of NIR-absorbing BHJ layers

Chemical structures of PTB7-Th and Y6 as electron-donating CP and electron-accepting SM used for this

work are shown in Figure 1A. PTB7-Th:Y6 BHJ film exhibited distinct and high absorption coefficients

(>1.3 3 105 cm�1) at NIR wavelengths of 785–825 nm due to the strong NIR-light-absorbing properties

of Y6 (Figure 1B), which is tow orders of magnitude higher than that of Si at the same range of wavelengths

(Wang et al., 2018). This beneficial NIR light absorbing properties guarantee the feasibility of PTB7-Th:Y6

film as an efficient NIR sensitizer in OPD devices.

Electrical properties of NIR OPDs

Attributed to strong NIR-light-absorbing property, Y6 has been widely used as a photoactivemolecule with

CPs in solar cells and PDs (Zhao et al., 2020; Yuan et al., 2019). For example, Y6 was employed with PBDB-T-

2F (also known as PM6) as NIR light-absorber for OPD applications. However, the devices based on PM6:Y6

exhibited very high degree of JD (�2.0 3 10�4 A/cm2), which impeded their PD applications despite of

excellent NIR light absorption (Wei et al., 2021). In this work, to reduce JD of Y6-based NIR OPDs, we inten-

tionally introduced PTB7-Th as an electron donor possessing a shallower highest occupied molecular

orbital (HOMO) level (5.20 eV) compared to that of PM6 (5.54 eV), which can capture injected holes under

A
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D

Figure 1. Optical, morphological properties of PTB7-Th:Y6 layers, and device structure

(A) Chemical structures of PTB7-Th and Y6, (B) UV-Vis-NIR absorption spectra of PTB7-Th, Y6, and PTB7-Th:Y6 films,

(C) device structure of fabricated NIR OPD (D) energy levels of materials used in the devices (Pan et al., 2019) (Tang et al.,

2019), and (E) topographic surface images of PTB7-Th:Y6 films with different additives measured by AFM (scales: one um).
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reverse bias condition. A schematic diagram of the device structure and energy levels of materials used in

this work is shown in Figure 1C and 1D. To optimize BHJ layers, we investigated morphological changes

depending on different additives (DIO, DPE, and CN) used in PTB7-Th:Y6 solutions. For this study, we per-

formed topographymapping of the BHJ films prepared using PTB7-Th:Y6 solutions with different additives

through atomic force microscopy measurements. As shown in Figure 1E, addition of DIO and DPE ex-

hibited gradual development of nanoscale crystallization and phase separation, compared to pristine

film. Addition of DPE further improved series (Rs) and shunt resistance (RSH) of the devices, compared to

DIO-added ones (RS/RSH) for DPE-OPD and DIO-OPD are 2.4/4.0 3 106ohm/cm2 and 5.7/8.8 3 105

ohm/cm2, respectively. Attributed to these beneficial effects, DPE-based OPDs exhibited the lowest

dark current density and the highest specific detectivity. Meanwhile, addition of CN resulted in formation

of larger size (>100–200nm) grains which hamper efficient exciton dissociation (Yuan et al., 2018), resulting

in high dark current density with low responsivity and specific detectivity. Device performances depending

on used additives are summarized in Table 1.

The J‒V curves in Figure 2A show NIR OPD based on PTB7-Th:Y6:DPE film. For comparison, we also fabri-

cated and measured OPDs based on PM6:Y6 BHJ layers. PTB7-Y6 devices exhibited significantly reduced

JD of 1.16 3 10�7 A/cm2 at �0.5 V, compared to JD (4.23 3 10�5 A/cm2 at �0.5 V) of PM6:Y6 one, which is

consistent with the previously reported results (Wei et al., 2021).

Generally, dark current of OPDs under a reverse bias condition originates from the charge carrier injection

from the electrode to BHJ layer or thermally generated charge carriers in BHJ layer. Hole injection under

reverse bias is known to bemostly blocked by employing ZnO hole blocking layer. However, even with hole

blocking layer, high JD values and non-ideal diode shape of J‒V curves in OPDs indicate that some portion

of holes can be injected to bulk heterojunction layer through defect states in solution-processed ZnO (Wei

et al., 2021). In our device, by choosing PTB7-Th as a donor CP, we intentionally induced higher energy bar-

rier (4B) between HOMO levels between donor and Y6 (0.42 eV), which enabled blocking of injected holes

at the donor/acceptor interface and further reduced JD, following the equation of JD = AT2 exp(‒q4B/kT),

where A, q, k, and T are the pre-exponential factor, the elementary charge, Boltzmann constant, and tem-

perature, respectively (Yoon et al., 2017). Indeed, as shown in Figure 2A, by replacing PM6 with PTB7-Th

while keeping other layers the same, dark current density was significantly reduced from 4.23 3 10�5

A/cm2 to 1.163 10�7 A/cm2. We note that PM6:Y6 layer showed higher JD and lower 4B (0.08 eV) compared

to PTB7-Th:Y6.

Figure 2B shows external quantum efficiency (EQE) and responsivity (R) spectra of the devices. In addition

to noted photocurrent density (JPh) in response to NIR (800 nm) light illumination (Figure 2A), the devices

exhibited high external quantum efficiency (EQE)/responsivity (R) values of 66.8%/0.43 and 69.1%/0.45 un-

der �0.5 and �1.0 bias, respectively, at 800 nm. The figure-of-merit of PDs is generally examined by the

specific detectivity (D*) which can be calculated following the equation of D* = RA1/2/Sn, where A and Sn
(in(Df)

�0.5, in: noise current; Df: electrical bandwidth) are the device area and the noise spectral density,

respectively. Assuming the shot noise in the JD as the major contributor to total noise of the PDs, D*

can be obtained following the relationship D* = R/(2qJD)
1/2. The D* spectra characterized using JD were

shown in Figure 2C, and D* values at 800 nm were obtained to be 2.2ⅹ1012 and 1.5ⅹ1012 Jones at �0.5 V

and �1.0 V, respectively. For more careful noise characterization considering other noises, such as the

Johnson noise and the flicker noise, we further performed direct measurements of the noise current with

a noise power density (NPD) at �0.5 V and �1.0 V. NPD spectra in Figure 2D exhibited �1/f relation at

low frequency, while they showed gradual decrease and saturated behavior or frequency-independent

Table 1. Device parameters for PTB7-Th:Y6 OPDs depending on different additives

Bulk

Heterojunction

Layer Additives

Specific

Detectivity (Jones)

Responsivity

(A/W)

Dark Current

Density (A/cm2)

PTB7-Th:Y6 Pristine 1.61 3 1012 0.45 2.39 3 10–7

DIO 1.09 3 1012 0.45 5.2910–7

DPE 2.24 3 1012 0.43 1.16 3 10–7

CN 1.11 3 1012 0.42 4.40 3 10–7
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shapes at high-frequency region. As can be seen in Figure 2E, D* extracted from NPD presents frequency

dependence, and the highest level up to 1.9 3 1011 Jones under �0.5 V at 800 nm.

Then, to investigate reliability of the fabricatedOPDs, we performed linear dynamic range (LDR) and cut-off

frequency (f-3dB) measurements. First, to quantify the range of operational light intensity for the devices, we

assessed dependence of JPh on intensity of light. Using the obtained plot in Figure 2F and the relationship

of LDR = 20log(JPh/JD), LDR levels at �0.5 and �1.0 V under 851nm NIR LED light illumination were deter-

mined to be 79 and 72 dB, respectively, which is superior to that of InGaAs-based PDs (Gong et al., 2009).

We note that the device exhibited reliable LDR levels regardless of degree of applied reverse bias. Then, f-

3dB was determined by the frequency of input light modulation at which the device response was �3 dB

lower than the low-frequency signal. The device exhibited bias-independent frequency response, i.e.,

consistent f-3dB values around �63.0 kHz (Figure 2G).

The device stability confirmed about humidity and thermal (Figure S3). The performance was maintained

even after 1500 h under nitrogen storage. Dark current was further improved than when the device was first

fabricated and measured. In the thermal stability evaluation, it was confirmed that the performance was

maintained from 30� to 110�. In the case of relative humidity (RH) stability, performance changed from

20% to 71%. It was confirmed that the performance was stably maintained up to 50%, but the dark current

increased after 50%. In 71% RH condition, it showed not only the increase of dark current but also the

decrease of photocurrent.

A

D

F

E

G

B C

Figure 2. Electrical properties of NIR OPDs based on PTB7-Th:Y6 BHJ layers

(A) J-V curves for PTB7-Th:Y6-based NIR OPDs (black dot line: dark current density of PM6:Y6-BHJ-based OPDs),

(B) external quantum efficiency and responsivity spectra, (C) specific detectivity based on shot noise, (D) noise spectral

density, (E) 3-dimensinal specific detectivity plot based on noise spectral density, (F) linear dynamic range, and (G) cut-off

frequency plot of NIR OPDs based on PTB7-Th:Y6 layers.
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Environmental and operational stability of NIR OPDs

We performed stability of our NIR-OPD devices. For the test, we monitored photocurrent and dark current

density with their ratios of PTB7-Th:Y6-based OPDs under different environments. First, as can be seen in

Figure R3A and B, the devices exhibited excellent stability in nitrogen environment by maintaining 98% and

27% of initial photocurrent and dark current density levels, respectively, even after �1570 h storage. We

note that reduction of dark current density during storage is likely due to the stabilization of BHJ layers

with slow evaporation of residual solvent. We also examined thermal and humidity stability by examining

changes of the parameters under different temperatures and relative humidities. The devices exhibited

good thermal stability by maintaining 103% and 36% of initial photocurrent and dark current, respectively,

at 110�C. Meanwhile, dark current density was well maintained, but gradually increased over 50% RH level

due to the oxidation of the bulk heterojunction layer (Madogni et al., 2015).

Then, to investigate the dynamic stability and response speed of our OPDs, we examined static behavior

(V-t) of NIR-OPDs including output voltage, extracted On/Off values with calculated frequency respon-

sivity in response to the square-wave IR-LED (851 nm) input with a frequency of 10�1–105 Hz (Figure S1).

Rising and falling times were determined to be <0.01 ms and 0.25 ms, respectively, at frequency of 103

Hz. We note that the rising and falling times were extracted by calculation of lead time from 10% to 90%

and from 90% to 10% of maximum value. At high frequency over 1 kHz, the output curve becomes pro-

gressively distorted and the output under the dark condition converges to the illuminated condition.

Thanks to the reviewer’s comment, we could verify that the devices showed a prominent photoresponse

speed up to 1 kHz, indicating that the PPG signal detection with 1,000 points/sec is reliable using our NIR

OPDs.

Mechanical and optical properties of ultra-thin OPDs

After performance characterization of optimized PTB7-Th:Y6-based NIR OPD devices, we investigated their

applicability to skin-conformal PPG sensors. For the development of skin-attachable OPDs in application of

PPG sensors, three important features should be satisfied: (i) low flexural rigidity and identical performance of

ultra-flexibleOPDs after delamination from supportingglass substrate, (ii) operational stability undermechanical

deformation with bending radii of few micrometers scale, and (iii) robust detectivity and rapid response in the

wide range of light wavelength to acquire time-resolved PPG signal from human skin. Figure 3A exhibits 3-

mm-thick ultrathin OPDs on parylene after delamination from supporting glass substrate.We observed a five-or-

der of magnitude broadening of the on/off ratio at a bias of�0.5 V with negligible performance degradation in

the J-V characteristics in a dark and under illumination (AM1.5G, 100 mW/cm2) for devices before and after

delamination from supporting glass substrate as shown in Figure 3B. It indicates that the devices are well located

at the neutral plane by the proper passivation layer, resulting in minimal mechanical strain during the detach-

ment process. In addition, a low level of JD (2.0 3 10�6 A/cm2 at �0.5 V) was secured as well. We note that

the device exhibited higher JD compared to that on commercial ITO/glass substrates because of different resis-

tance of sputtered ITO on stretchable parylene substrates. To confirm operational stability under mechanical

deformation, we conducted an electrical and optical analysis of ultra-thin OPDs in Figure 3C. The ultra-thin

OPDs were gently laminated on a 200% outward pre-stretched 500-mm-thick stretchable polymer acrylic elas-

tomer and the uniaxial compression strain was applied inward. The compression strain is applied while

decreasing the tensile strain from 200% to 0%. Consequently, the sharpmultiple bending with a corrugated sur-

face and a high aspect ratio of bending radius down to 7 mm were observed under the tensile strain of 50%

(Figures 3D and 3E). With a 10% tensile strain step, parameters such as Jsc, JD, and D* maintained their initial

values without significant degradation (Figures 3F and 3G) during compression (forward) and tensile (backward)

deformation, which strong guarantees practical use of the device for stretchable electronics. In addition to oper-

ational stability, the transient photoresponse characteristics of ultra-thin OPDs are an important factor for high-

resolution data acquisition of time-resolved PPG signals when attached to the skin surface. A wide range of�3

dB bandwidth of �100 kHz was observed regardless of the wavelength of light, including blue (430 nm), green

(565 nm), red (700 nm), and IR (851 nm) as shown in Figure 3H. Based on these results, it can be inferred that NIR-

responsive ultra-thin PTB7-Th:Y6 OPDs on paryelene substrates proved the feasibility of the PPG signal detec-

tion attributed to their reliable operation under severe mechanical deformation with sensitive light responsivity

in a wide range of light wavelengths.

Skin-compatible NIR PPG sensors

One of the practical applications of NIR OPDs is to use their high detectivity in PPG sensors for

healthcare monitoring. PPG sensors based on NIR OPDs have been developed using two device
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types, photodiode-type and PM-type. PPG sensors based on PM-type OPDs show excellent amplified

detection signals due to high photocurrent and EQE (Zhao et al., 2021b). Meanwhile, photodiode-

type-OPDs used in this work for PPG sensors exhibit relatively lower EQE levels but significantly

reduced dark current, which contributes to enhance sensitivity of PPG sensors. The applicability of

the OPDs comprising PTB7-Th:Y6 with high D* and exceptional stretchability was demonstrated by

fabricating skin-conformal NIR PPG, noninvasively monitoring the pulse, and determining the heart

rate. Taking advantages of high D* values of our ultra-flexible OPD devices (Figure 3G), we employed

transmission mode of PPG sensing which requires high D* because of power consumption from rela-

tively large attenuation of light compared to reflection mode using a shorter light transport path. To

assess the sensing performances, fabricated OPDs were attached to the edge of a fingertip by tightly

A

C

D

F G
H

E

B

Figure 3. Mechanical and optical properties of ultra-thin OPDs

(A) Photograph of the OPD device after delamination from the supporting glass substrate.

(B) J-V characteristics of the OPD under solar illumination (1000 W/m2) and dark condition before/after peeling-off.

(C) Image of an ultra-thin device laminated into a pre-stretched acrylic elastomer (200%) and compressed condition with

50% of tensile strain steps.

(D) 3D confocal microscope image of the sample at 50% of tensile strain.

(E) Top-view SEM image (left) of device surface at 50% tensile strain and enlarged image (right) indicating

that the bending radius is below 7 mm. Photodiode parameters under mechanical deformation: (F) JSC, JD, under

forward (compression, blue) and backward (tensile, red) (G) Specific detectivity (D*), under mechanical

deformation.

(H) Normalized response of the OPDs at blue (430 nm), green (565 nm), red (700 nm), and IR (851 nm) wavelength.

ll
OPEN ACCESS

6 iScience 25, 104194, May 20, 2022

iScience
Article



covering all skin indentations due to their low flexural rigidity with a total device thickness lower than

3 mm as shown in Figures 4A and 4B. The 851 nm of IR light was illuminated to the upper skin surface

of the fingertip, and ultra-flexible OPD was attached to the bottom surface of the fingertip to record

the real-time volumetric change of blood vessels. Compared to conventional flexible substrates such

as PET and PEN, ultra-flexible/-stretchable nature of the parylene substrates enabled both flexibility

with bending radius of �3–4 um (Figure 3E) and conformal contact with skin, which allows more sen-

sitive PPG detection.

The continuous and periodic output signal from ultra-flexible OPD is proportional to the quantity of

blood flowing through the blood vessels. In Figure 4C, we could successfully obtain clear peripheral

pulse waves including explicit systolic and diastolic peaks. The heart rate (HR) can be evaluated via

Fourier analysis in the frequency domain of repetitive pulsating PPG signals. From the fast Fourier

transform (FFT) power spectrum, the primary peak at 61 BPM was observed which is in good agree-

ment with those values measured for healthy adults (Jose and Collison, 1970) (Figure 4D). From these

demonstrations, we concluded that the developed PTB7-Th:Y6-based OPD exhibits not only low JD
and resulting high D* in near-IR light but also rapid response speed to NIR signals, enabling reliable

and continuous PPG signal detection with low power consumption. To confirm durability of our

stretchable devices against mechanical deformation for practical measurement, we tested PPG signal

detection with repetitive four cycles of attachment and detachment from the skin surface (during

detachment, the effective area of devices can be deformed). As displayed in Figure S2, the invariant

PPG signal detection could be observed, indicating that reliable PPG signal detection can be achieved

via fabricated ultra-flexible NIR OPDs.

Conclusions

In summary, we developed highly sensitive PPG sensors based on NIR OPDs which exhibited suppressed

and strain-durable dark current. By combining PTB7-Th, having shallow HOMO level, with NIR-absorbing

Y6 for photoactive layer, we reduced dark current through injected hole confinement effect. Finally, we

A B

C D

Figure 4. Skin-compatible NIR photoplethysmography sensors

(A) Photograph of the ultra-flexible organic photodiode attached to a bottom surface of fingertip.

(B) Conformal attachment with fingerprint (left) and position of skin-conformal photodetector under finger (right top) and

enlarged image of (B) (right bottom).

(C) PPG signal detection from ultra-flexible NIR responsive organic photodiodes for 10s.

(D) Power spectrum analyzed by fast Fourier transform (FFT) signal processing. The evaluated heart rate (HR) from

measured output signals exhibits 61 BPM.
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successfully demonstrated highly sensitive skin-conformal PPG sensors by constructing these OPD devices

on stretchable substrates.

Limitations of the study

In this work, we designed a device architecture for suppressed and strain-durable dark current in

near-infrared organic photodetectors, and demonstrated its practical applications to skin-compatible

photoplethysmography sensors for the highly sensitive detection of blood volume changes in the

microvascular bed of tissue. Although the devices exhibit excellent light-responsivity, detectivity,

stretchability, and mechanical durability, long-term operational stability is not fully solved. Further in-

vestigations will seek to improve operational stability and resistance of sputtered ITO on stretchable

substrates.
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METHOD DETAILS

Materials and device fabrication on glass

PTB7-Th (One Materials) and PM6, Y6 (Derthon) were used without further purification. Prior to the solution

process, the ITO/glass substrates were cleaned by sequential sonication using detergent, de-ionized wa-

ter, acetone and isopropanol for 15 min each. After sonication, UV-ozone treatment was performed for

10 min. Then, the ZnO precursor was dissolved in 2-methoxyethanol (CH3OCH2CH2OH, Sigma-Aldrich,

1 mL) with zinc acetate dehydrate (Sigma-Aldrich, 0.1 g) and ethanolamine (Sigma-Aldrich,

0.028 mg) with stirring overnight. The prepared solution was spin-coated on the cleaned substrate, and

REAGENT or RESOURCE SOURCE IDENTIFIER

Chemicals, peptides, and recombinant proteins

Poly([2,60-4,8-di(5-ethylhexylthienyl)benzo[1,2-

b;3,3-b]dithiophene]{3-fluoro-2[(2-ethylhexyl)

carbonyl]thieno[3,4-b]thiophenediyl})

One materials CAS: 1469791-66-9

Poly[[4,8-bis[5-(2-ethylhexyl)-4-fluoro-2-

thienyl]benzo[1,2-b:4,5-b’]dithiophene-2,6-

diyl]-2,5-thiophenediyl[5,7-bis(2-ethylhexyl)-

4,8-dioxo-4H,8H-benzo[1,2-c:4,5-c’]

dithiophene-1,3-diyl]-2,5-thiophenediyl]

Derthon CAS: 1802013-83-7

2,2’-[[12,13-Bis(2-ethylhexyl)-12,13-dihydro-

3,9-diundecylbisthieno[200,3’’:40,5’]thieno

[20,3’:4,5]pyrrolo[3,2-e:20,30-g][2,1,3]

benzothiadiazole-2,10-diyl]bis

[methylidyne(5,6-difluoro-3-oxo-1H-indene-

2,1(3H)-diylidene)]]bis[propanedinitrile]

Derthon CAS: 2304444-49-1

Chloroform Sigma-Aldrich CAS: 67-66-3

Diphenyl ether Sigma-Aldrich CAS: 101-84-8

1-Chloronaphthalene Sigma-Aldrich CAS: 90-13-1

Zinc acetate dehydrate Sigma-Aldrich CAS: 5970-45-6

2-methoxyethanol Sigma-Aldrich CAS: 109-86-4

Ethanolamine Sigma-Aldrich CAS: 141-43-5

Molybdenum(VI) oxide Sigma-Aldrich CAS: 1313-27-5

Silver iTASCO CAS: EAG0CE0001
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then heat-treated at 200�C. for 30 min. 18 mg/mL PTB7-Th:Y6 (1:1.4 wt %) mixed solution dissolved in chlo-

roform with 1 vol % diphenyl ether added and 15 mg/mL dissolved in chloroform with 0.5 vol %

1-Chloronaphthalene added A PM6:Y6 (1:1.2 wt %) mixed solution was spin-coated (150 nm, 110nm) on

ZnO on different substrates. Finally, a MoO3 (9nm) electrode and an Ag (100nm) electrode were sequen-

tially thermally deposited through a shadow mask in a vacuum of 2.0 3 10 �6 Torr.

Device fabrication on stretchable substrate

Glass substrates were sequentially cleaned with detergent, de-ionized water, acetone, and isopropyl

alcohol (IPA) for 5 min via ultrasonic treatment. After cleaning, oxygen plasma treatment was conducted

for 10 min to remove residual chemicals on top of the glass surface. A fluorinated polymer layer (Novec

1700:7100, 1:10 vol %, 3M�) blend solution was spin-coated onto a cleaned glass substrate for 60 s at

2,000 rpm, and a 1-mm-thick parylene film was deposited by chemical vapor deposition (CVD) onto surface

coated in the fluorinated polymer/glass substrate. After deposition of the parylene layer, the substrates

were thermally annealed in a nitrogen condition for 1 h at 150�C. Subsequently, a 500-nm-thick epoxy

(SU-8 3005, Micro-Chem) layer was spin-coated (5,000 rpm for 60 s) for surface planarization. The film

was annealed at 95�C for 2 min 30 s after ultraviolet exposure and then annealed in a nitrogen atmosphere

at 150�C for 1 h. A 100-nm-thick layer of bottom ITO electrodes was sputtered without substrate heating

and patterned using a photolithography process and wet etching. A 20-nm-thick layer of zinc oxide

(ZnO) layer was spin-coated for 30 s at 5,000 rpm using a precursor solution containing 1mL

2-methoxyethanol, 0.1g zinc acetate dehydrates, and 0.028 mL ethanolamine. As soon as the ZnO layer

was spin-coated, the substrates were immediately displaced onto a hot-plate and annealed at 60�C to

minimize aggregation of the deposited film, which was then thermally annealed in ambient air conditions

for 30 min at 150�C. The active layer materials PTB7-Th:Y6 (1:1.4 wt %) were deposited in a glove box at

2,500 rpm for 60 s. MoO3 (5 nm) and Ag (100 nm; as a top electrode) were deposited sequentially by a ther-

mal evaporator with a pressure of less than 1 3 10�5 Pa. To complete and form a passivation layer, a 1-mm-

thick parylene film was deposited by CVD.

Electrical characterization of OPDs

J�V curves were obtained using a semiconductor analyzer (Keithley 4200- SCS) under dark conditions and

800 nm light illumination. Spectral R values were obtained from EQE spectra of the devices, which were

measured using an incident photon-to-current conversion efficiency (IPCE) setup consisting of a Xenon

lamp (Newport, 450 W) and a monochromator. The current-voltage (I–V) characteristics were recorded un-

der AM 1.5G (100 mW/cm2, with the intensity calibrated using a silicon reference diode) using a Keithley

2400 source meter under ambient conditions. A typical cells device area of 0.04 cm2 was defined using

a metal shadow mask. The thicknesses of the films were measured using a thickness profile meter (P-16,

KLA-Tencor). The time response was recorded using a digital phosphor oscilloscope (DPO, 2024B, Tektro-

nix) and 106 U of high impedance was set for measurement of the open-circuit voltage response. The LED

was connected to an arbitrary function generator (AFG 3101C).

Spectral noise analysis

The noise power spectral density was obtained by the Fourier transform of dark currents at room temper-

ature. Dark currents were measured by a semiconductor parameter analyzer (Keysight, B1500a) equipped

with a wave generator/fast measurement unit (WGFMU) in a shielded dark box. The sampling frequency

was set to 20 kHz so that the Nyquist frequency covers the 1/f corner frequency up to 10 kHz. For a fre-

quency resolution of 1 Hz, 20,000 data points were recorded.

Mechanical property measurements

The freestanding ultra-flexible OPDs were laminated to a pre-stretched acrylic elastomer substrate (VHB

Y-4905J, 3MTM) before measurement. To record accurate electrical signals, gold external wirings were

used as the electrical contacts of the freestanding devices. The gold wirings were fabricated by deposition

of 100 nm of patterned Au layers through a shadow mask onto 12.5-mm-thick polyimide films. Contact be-

tween the devices and the gold wirings was established through electrically conductive adhesive tape

(ECATT 9703, 3M�). The edges of the gold wirings were connected with alligator clips. The degree of

stretching was controlled using a home-made screw machine and a ruler and the measurements were con-

ducted under ambient conditions. Data obtained from the stretching test were recorded using a Keithley

2400 source meter.
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Cardiovascular monitoring

The ultra-flexible OPD was attached to a human finger. After attachment, external wiring was achieved us-

ing anisotropic conductive film (ACF) tape for electrical measurement. An LED located on the upper side of

the fingertip was powered by a source meter with a biasing of 1.7 V and light intensity l000 lux, while data

was recorded from an OPD located on the lower side of the fingertip using an SR570 current preamplifier

and DAQami. The background output voltage was around 0 V during measurement of biological signal us-

ing PPG device, therefore we can estimate the light intensity of NIR LED through the fingertip was close to

0.1 mW/cm2.

QUANTIFICATION AND STATISTICAL ANALYSIS

Figures represent averaged or representative results of multiple independent experiments. Analyses and

plots were performed with Origin.
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