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High-Speed Flexible Near-Infrared Organic Photodetectors
for Self-Powered Optical Integrated Sensing and

Communications

Yingjun Xia, Jing Zhang, Tingting Guo, Hui Wang, Chen Geng, Yu Zhu, Ruiman Han,
Yanqing Yang, Guangkun Song, Xiangjian Wan, Guanghui Li,* and Yongsheng Chen

Integrated sensing and communications (ISAC) based on radio frequency
(RF), merging the sensing and communication functionalities into a single
platform, can effectively address the increasing demand for spectrums due to
the proliferation of wireless devices. However, the ISAC commonly suffers
from spectrum scarcity, high power consumption, and limited sensing
capabilities. Here flexible self-powered optical ISAC (O-ISAC) is proposed and
fabricated by preparing a high-speed near-infrared organic photodetector (NIR
OPD) that exhibits a broad photodetection ranging from 300 to 1100 nm,
specific detectivity over 10" Jones, and —3 dB cutoff frequency over 1 MHz
(A = 1050 nm) in self-powered mode, ranking as the fastest among
self-powered NIR OPDs in the region above 1000 nm. The device is fabricated
by incorporating a narrow-bandgap non-fullerene acceptor BTPSV-4Cl into the
PCE-10:BTPSV-4F system to finely tune the film morphology and reduce trap
states and energetic disorder. The semitransparent and regular NIR OPDs are
integrated on one substrate to fabricate flexible O-ISAC, realizing
simultaneous accurate vital signs monitoring and high-speed data
transmission under ambient, sunlight, and NIR lighting conditions. It is
envisioned that the proposed O-ISAC will inspire a new generation of wireless
technology to address RF limitations for emerging applications, such as
intelligent healthcare, autonomous vehicles, and security.

technique for next-generation wireless
communication technologies (beyond 5
and 6 G).I'3] However, the current wireless
technology using radio frequency (RF)
suffers from spectrum scarcity (Frequency
Range 1:450-6000 MHz; Frequency Range
2:24250-52600 MHz) paired with low
data transmission speed (~1 Gbps) and
limited sensing capabilities with high
power consumption.I**! Visible (vis) Near-
infrared (NIR) light spectrums, ranging
from 400 to 800 Terahertz (THz), offer a
vast bandwidth for ultra-high-speed optical
wireless communication (OWC) up to
100 Gbps.I*1% Moreover, due to its supe-
rior penetration capabilities, the NIR light
has been widely used in non-invasive vital
signs monitoring,['2] imaging >l and
remote surveillance.[*! By harnessing these
properties, optical integrated sensing and
communications (O-ISAC), achieving sens-
ing and communication functions via light,
can effectively address the current wireless
networks’ spectrum and data transmission
speed bottlenecks while offering enhanced
sensing functionalities beyond classical
wireless networks.['®)  Furthermore, the
flexible O-ISAC can seamlessly conform

Integrated Sensing and Communications (ISAC), consolidating
sensing and communication functionalities by utilizing the same
spectrum and hardware facilities, represents the cutting-edge

to the skin to receive omnidirectional light, which enables con-
tinuous health monitoring and high-speed information trans-
mission. Such a system has tremendous potential in predicting
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personal health crises such as stroke, heart disease, and sud-
den cardiac arrest, as well as monitoring global epidemic dis-
eases (COVID-19, SARS, Monkeypox, etc) and remote surgery
risk through big data analysis.['"7-2!] However, conventional in-
organic photodetectors (PDs), as the core component of O-ISAC,
commonly suffer from mechanical rigidity, small area, weak ab-
sorption efficiency, and fixed bandgap, hindering their applica-
tions in flexible O-ISAC.[?2?3] Addressing these issues requires
developing flexible high-performance PDs and designing sophis-
ticated device architecture to meet the flexible O-ISAC require-
ments.

Solution-processed organic photodetectors (OPDs) combine
the inherent flexibility and solution-processed capability of or-
ganic materials, along with superior optoelectronic properties
such as tunable bandgap (300-3000 nm), structural versatility,
and high absorption efficiency (>10° cm™').[112124] The opera-
tion mechanism of OPD primarily comprises four steps: 1) ex-
citon generation from photon absorption; 2) exciton diffusion to
the interface of donor and acceptor to generate charge transfer
excitons; 3) the separation of charge transfer excitons into free
charges at the interface of donor/acceptor; 4) free charge trans-
port and collection at the electrodes. Despite these devices having
remarked considerable breakthroughs in Vis-NIR light detection
for various sensing applications, their slow response speed (us-
ms) in the NIR II region above 1000 nm hinders their applica-
tion in high-speed optical communication.[!31425-28] This limita-
tion stems from the intrinsically low mobility of organic semi-
conductors associated with disordered microstructures and trap
states in active layers.[®! Additionally, these structural defects
also diminish the energy barrier between the donor HOMOs and
acceptor LUMOs, facilitating charge excitons from donor HO-
MOs to acceptor LUMOs and resulting in high noise current
and low sensitivity in NIR OPDs.I333] Various material and de-
vice strategies have been extensively employed to address these
challenges, including halogenation,**! side chains,*** core/end
unit extension, and multiple components.[®2836] Among these
approaches, the halogenation of the end group has been widely
utilized to adjust donors’ z-conjugated electronic and crystalline
properties, realizing numerous successful cases in developing
high-performance non-fullerene acceptors (NFAs).33%1 More-
over, different types of halogen atoms on the end groups of
NFAs have different influences on the optoelectronic properties
of NFAs.[“0-] Multiple component strategy is another efficient
and straightforward approach to finely tune the properties of ac-
tive films, which commonly suffer from spectrum dilution effect
in the near-infrared region and require thick active films to ab-
sorb NIR light efficiently,!1*#¢] resulting in a slow response in NIR
OPDs.!*#7] Moreover, there remains a significant research gap in
designing flexible O-ISAC based on NIR OPDs, lacking design-
ing guidelines in this domain. Thus, it is imperative to develop
facile and practical strategies to improve the response speed of
OPDs, along with developing novel device architectures to simul-
taneously realize optical sensing and communication functions.

Here, we fabricated the first flexible self-powered O-ISAC
based on high-speed NIR OPDs, achieving high-sensitivity vital
signs detection and high-speed optical communication through
visible and NIR light. We first prepared high-speed NIR OPDs us-
ing an ultranarrow bandgap NFA, BTPSV-4F, achieving a broad
photodetection ranging from 300 to 1100 nm. Combining the ad-
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vantages of the halogenation of end groups and the concerns of
the multiple-component strategy, we proposed using the identi-
cal central backbones as the host NFA along with a different halo-
genation end group as a third component to improve the opto-
electronic performance of OPD. The similar chemical structures
and absorption profiles of the third components and the host
acceptors ensure the excellent compatibility of these two NFAs
without spectral dilution effect. Here, we introduced BTPSV-4Cl
NFA as the third component in the PCE-10:BTPSV-4F system to
adjust the properties of active films. Consequently, the introduc-
tion of BTPSV-4Cl in the binary device efficiently tuned the film
morphologies and reduced trap states and energetic disorders in
photoactive films without spectra dilution effect. As a result, the
ternary NIR OPD exhibits a remarkable specific detectivity (D)
of 6.50 x 10" Jones and a —3 dB cutoff frequency of 1.02 MHz
(A = 1050 nm) in self-powered mode, ranking as the highest re-
sponse speed in the NIR region above 1000 nm among solution-
processed self-powered OPDs. Furthermore, we successfully pre-
pared a flexible self-powered O-ISAC by integrating semitrans-
parent and regular OPDs on one flexible substrate, realizing si-
multaneous accurate heart pulse monitoring and high-speed op-
tical wireless communication (OWC) under ambient visible, NIR
light, and sunlight. The proposed flexible O-ISAC based on high-
performance NIR OPDs, preserving optical communication and
high-sensitivity vital signs monitoring across a broad spectrum
with various intensities, will inspire a new generation of wire-
less technology to address the spectrum and sensing limitations
of current RF technology, offering prospective and potential ap-
plications in healthcare, industrial IoT, autonomous vehicles and
intelligent transportation, and defense and security.

1. Materials Synthesis and Characterizations

The schematic and concept of O-ISAC, featuring flexible OPDs
for concurrent optical sensing and communication, is shown
in Figure 1a. Here, the O-ISAC ingeniously integrates two NIR
OPDs with identical photoactive layers: the compact regular OPD
is centrally positioned to receive high-frequency Vis-NIR light
for optical communication, which is surrounded by a larger-size
semitransparent NIR OPD that captures the faint light emission
from skin or tissues for vitality monitoring. To realize a broad
spectra detection from visible to NIR region beyond 1000 nm, we
selected the ultranarrow bandgap acceptor BTPSV-4F for the NIR
OPD. To combine the advantages of different halogen atoms in
NFAs and finely tune the film’s morphologies without the spec-
trum dilution effect, we synthesized BTPSV-4Cl by substituting
Cl atoms for F atoms in the end group of BTPSV-4F, acting as
the guestacceptor. Figure 1b illustrates the chemical structures of
BTPSV-4Cl and BTPSV-4F NFAs. The detailed synthetic process
and characterizations of these targeted acceptors are described
in Scheme S1 and Figures S1-S13 (Supporting Information).
PCE-10 was selected as the polymer donor due to its suitable en-
ergy level and complementary absorption spectrum (Figure 1c;
Figures S14 and S15 and Table S1, Supporting Information). As
shown in Figure 1c, NFAs and PCE-10 exhibit strong absorption
from 300 to 1034 nm in the film states. Compared to BTPSV-4F,
the BTPSV-4Cl NFA exhibits a slight redshift in the film state,
suggesting enhanced molecular packing in its solid state. Oxy-
genated hemoglobin (HbO,) exhibits dominant absorption in the
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Figure 1. a) Concept and device layout of O-ISAC based on NIR OPDs. b) Chemical structures of PCE-10, BTPSV-4F, and BTPSV-4Cl. c¢) Normalized thin
film absorption profiles of PCE-10, BTPSV-4F, and BTPSV-4Cl. d) Absorption profiles of Hb and HbO, in the 400 to 1000 nm range. €) Atmosphspheric

window ranging from 700 to 1200 nm.

NIR region above 800 nm, while hemoglobin (Hb) absorbs pri-
marily in the visible region (Figure 1d). Therefore, a broadband
Vis-NIR OPD is necessary to simultaneously measure the absorp-
tion of HbO, and Hb, which is beneficial for calculating blood
oxygen saturation by leveraging their difference in spectral ab-
sorption. Notably, the combined absorption spectrums of PCE-
10 and NFAs cover the blood absorption region and optical com-
munication window, fully satisfying the spectral requirements of
O-ISAC for vital signs detection and optical wireless communi-
cation (Figure 1d,e).[#8:4]

2. High-Sensitivity NIR OPDs for
Photoplethysmography Measurement

To efficiently suppress the dark current and enhance the
photodetection properties of OPDs, we adopted an inverted
device architecture comprising Glass/ITO/ZnO/PFN-Br/Active
Layer/MoO, /Ag (Figure 2a). The Experiment Section extensively
details the fabrication and optimization process of OPDs. All
OPDs were measured in self-powered mode to reduce dark cur-
rent and energy consumption. When the weight ratio of BTPSV-
4Cl increased to 30% of NFAs in the PCE-10:BTPSV-4F system,
the ternary OPD demonstrated the lowest dark current density
and highest external quantum efficiency (EQE), ranking the best
optoelectronic performance among these NIR OPDs (Figure S16,
Supporting Information). As shown in Figure 2b, the optimal
ternary NIR OPD exhibits a dark current density of 0.17 nA cm ™2
in self-powered mode.
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Responsivity (R) is a crucial figure-of-merit for evaluating the
sensitivity of OPDs, calculated from EQE values as follows:[112]

EQE Ainpu

R=Z9E ot M
100% 1240 (nm W A-1)

where 4., represents the incident light wavelength. Here, we

defined the effective responsivity range by identifying the short-
est and longest wavelengths at which the responsivity reaches
10% of its maximum (cut-on wavelength 4., and cut-off wave-
length A, .4 respectively). Benefiting from the similar chemi-
cal structures and close spectral absorption profiles of BTPSV-4F
and BTPSV-4C], the introduction of BTPSV-4Cl does not cause a
spectra dilution effect in the NIR region, thereby preserving the
detection range of OPDs and high responsivities in the NIR re-
gion. Compared to the binary OPD with PCE-10:BTPSV-4F, the
ternary OPD exhibits a broad and improved responsivity within
300-1100 nm, peaking at 0.48 A W~! at 870 nm (Figure 2¢; Table
S2, Supporting Information). The effective responsivity range of
the ternary OPD is 330-1065 nm, aligning closely with the de-
tection range of Si PDs. Owing to the low dark current density
and high responsivity, the ternary NIR OPD demonstrates a high
specific detectivity (D) for ultraweak optical detection, which is
calculated according to the following equation:!3]

i

S

D*

(2)

n
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Figure 2. a) Device structure of NIR OPD. b) J-V curve of the ternary NIR OPD in the dark. Responsivity c) and Specific detectivity d) of the ternary NIR
OPD in self-powered mode. e) Linear dynamic range of the ternary NIR OPD under irradiation of 850 nm LED in self-powered mode. f) I-T curve of
the ternary NIR OPD under ambient light modulation with a frequency of 1 Hz. g) Schematic of PPG measurement in the transmission mode. h) Pulse
signals measured using the ternary NIR OPD under ambient light irradiation, the effective size of OPD is 2.0 X 2.0 mm? and the scale bar is 1 cm. i)

Details of a single pulse signal obtained from Figure 2h.

S, and A are PD’s noise and effective size, respectively. Given
the impact of the flick noise, we measured S, with a frequency of
10 Hz of all OPDs, in which the ternary NIR OPD (30% BTPSV-
4Cl) exhibits the lowest S, of 8.00 x 10-* A Hz"!/2, correspond-
ing to the resulting D of 2.93 x 10'* cm Hz!/2 W~! (Figure S17,
Supporting Information). Assuming that shot noise from the
dark current predominates as the primary component of overall
noise, we can calculate the D" as follows:>]

b RVA _ R

()
Sn 2q],

where J, is the dark current density. Benefiting from high respon-
sivity and low dark current, as shown in Figure 2d and Figure S18
(Supporting Information), the ternary NIR OPD exhibits a peak
D" 0f 6.50 x 10" Jones at 870 nm in self-powered mode, which is
higher than that of the binary OPDs with BTPSV-4F (4.99 x 10"
Jones) and BTPSV-4Cl (2.50 X 10** Jones).
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The linear dynamic range (LDR) quantifies the range within
which the OPD exhibits a linear relationship between the pho-
tocurrent and the incident optical power. Mathematically, LDR
can be calculated as follows:*!

I T

LDR = 20 log—= (4)
lower

where I, and I, denote the maximum and minimum pho-

tocurrent values demonstrating linearity. As shown in Figure 2e,
the ternary NIR OPD exhibits an LDR of 144 dB at 850 nm, allow-
ing direct measurement of the incident light within the range of
1.23 nW cm™2 to 20 mW cm™2. After operating for 27 000 cycles
under ambient light (3.17 mW cm™) with an on/off frequency
of 1 Hz, the ternary NIR OPD exhibits a highly stable photore-
sponse with a negligible deviation of 1% (Figure 2f; Figures S19
and S20, Supporting Information).

Since only 0.1 percent of light can penetrate through
the finger when conducting photoplethysmography (PPG)
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Figure 3. a) Photoresponse and recovery times of the ternary NIR OPD under light irradiation of 950 nm with a modulation frequency of 20 kHz. b)
—3 dB cutoff frequency of the NIR OPD under 950 and 1050 nm light irradiation. c) Summary of —3 dB cutoff frequencies of NIR OPDs. d) Schematic
of optical wireless communication. e) The signals are composed of an ASCII code for “OPD” and received by the NIR OPD under irradiation of 950 nm.
f) The signals are composed of an ASCII code for “NKU” and received by the NIR OPD under irradiation of 1050 nm.

measurement in the transmission mode, high-sensitivity OPDs
are required to detect the ultraweak light signals passing through
the finger. Figure 2g displays the schematic setup of the PPG
measurement in the transmission mode. Based on measure-
ments of cardiovascular flow characteristics through observing
repetitive systolic and diastolic behavior under ambient light, we
obtained consistent and repetitive pulse signals using ternary
NIR OPDs (Figure 2h). Moreover, there are discernable peaks in
a relatively complete pulse wave period, which can be used to
evaluate the cardiovascular system (Figure 2i). From the average
systolic pulse interval (PI) of 0.74 s, we can calculate a resting
pulse rate (RPR) via the following equation:

RPR =0 (5)
PI

where PI is the average systolic interval of the pulse. Conse-

quently, the RPR of the researcher reaches 81 bpm, aligning

with the standard range for individuals over the age of ten years

(60-100 bpm).

3. High-Speed NIR OPDs for Optical Wireless
Communication

The response speed of OPD plays a crucial role in optical com-
munication, determining the data transmission speed, capacity,
and accuracy of the wireless optical communication system. To
accurately examine the response speed of ternary NIR OPDs and
mitigate the overestimation, we introduced a steady-state cur-
rent measurement in both dark and under 950 nm NIR light in-
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stead of the commonly reported TPC measurement. The tempo-
ral characteristics of ternary NIR OPDs are characterized under
square wave pulses (950 nm, 20 kHz). The rise time (t,.) and fall
time (tg;) are determined from the time interval for the photore-
sponse to rise/fall from 10% to 90% of steady-state values. The

response time can be calculated as follows:

t= (trise + tfall)/z (6)

As shown in Figures 3a and S21 (Supporting Information),
the ternary NIR OPD (30% BTPSV-4Cl) exhibits impressive rise
and fall times of 519 and 538 ns, respectively, with a photore-
sponse time of 528.5 ns in self-powered mode, which reduces
~40% compared with the binary OPD with BTPSV-4F (t,./tn
= 794/689 ns, t = 741.5 ns). The significantly improved pho-
toresponse speed can be attributed to the higher and more bal-
anced charge mobilities than binary OPD with BTPSV-4F (Figure
S22, Supporting Information). Theoretically, the data transmis-
sion speed is determined by the —3 dB cutoff frequency (f; 4)
of OPDs, which is directly affected by the photoresponse time.
Notably, the ternary device operating at zero bias shows f; 45
of 1.30, 1.30, and 1.02 MHz under the light irradiation of 850,
950, and 1050 nm, respectively, demonstrating a considerable po-
tential in high-speed optical communication (Figure 3b; Figure
S23 and Table S3, Supporting Information). As summarized in
Figure 3c and Table S4 (Supporting Information), the ternary
NIR OPD presents the highest photoresponse speed in the NIR
region above 1000 nm compared to other reported NIR OPDs.
To demonstrate the feasibility of NIR OPD in optical commu-
nication, we integrated the ternary NIR OPD with the optical
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communication system for wireless data transmission under
NIR light. Figure 3d displays the schematic setup of the optical
wireless communication system, consisting of a signal genera-
tor, LED, oscilloscope, and NIR OPD. As shown in Figures 3e,f,
the ternary NIR OPD exhibits clear output signals with a high
consistency with the LED input signals at 950 and 1050 nm.

According to the Shockley-Read-Hall (SRH) theory, an elec-
tron is thermally excited from the edge of donor HOMO (CT
ground state) to the acceptor LUMO under the assistance of a trap
state, contributing to the noise current.*32] Moreover, charge
transport generally proceeds via hoping in highly disordered sys-
tems composed of polycrystalline or amorphous organic films,
where charges require high enough energy to overcome the bar-
rier created by energetic disorders according to the Arrhenius-
like law:(%!

Ho = Hoo €XP (_A/kBT) )

where A is activation energy and increases with the amount of
disorder. Assuming that the traps are homogeneously dispersed,
the mobility can be expressed as:

=y o exp (~E /kT) ®

where E, is the trapping energy and « is the ratio between the den-
sity of delocalized levels available for transport and the density of
traps. Therefore, reducing trap states and energetic disorder in
OPDs can reduce the noise current and improve charge mobili-
ties, improving sensitivity and response speed.

To enlighten the underlying mechanism of improved perfor-
mance of OPDs with the ternary strategy of introducing BTPSV-
4Cl, we initially quantified the energetic disorder of OPDs by Ur-
bach Energy (E), which is utilized to describe the width of the
tails of the electronic density of states (DOS) and reflects the de-
gree of overall energetic disorder.®!! Significantly, as shown in
Figure S24 and Table S5 (Supporting Information), the ternary
NIR OPD exhibits a meager E value of 17.72 meV, which is close
to the binary OPD with BTPSV-4F (17.59 meV) and much lower
than the binary OPD with BTPSV-4Cl (19.24 meV). Moreover, as
shown in Figure S25 and Table S6 (Supporting Information), the
ternary NIR OPD shows a significantly reduced trap density of
6.34 X 10" cm~3 according to the Mott-Shockley analysis at vari-
ous bias voltages, lower than binary OPDs with BTPSV-4F (7.71
x 10" cm™) and BTPSV-4Cl (8.11 x 10" cm™). Consequently,
the ternary NIR OPD demonstrates high hole and electron mo-
bilities of 4.44 and 4.24 cm? V= s71, respectively, with a balanced
mobility ratio of 1.05, close to the ideal value 1, ensuring effi-
cient and rapid charge transport in the BHJ blend film (Table S7,
Supporting Information). These results indicate that introducing
30% BTPSV-4Cl in the PCE-10:BTPSV-4F system reduces trap
states, thereby reducing noise and improving charge mobilities.
To further investigate the reasons for the reduced trap states and
energetic disorders after the introduction of BTPSV-4Cl, atomic
force microscopy (AFM) and grazing-incidence wide-angle X-ray
scattering (GIWAXS) were conducted to study the morphologies
of BHJ blend films. As shown in Figure S26 (Supporting Infor-
mation), the blend film of ternary OPD shows smooth surfaces
with a suitable surface roughness of 1.14 nm compared to the bi-
nary films with PCE-10:BTPSV-4F (1.02 nm) and PCE-10:BTPSV-
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4Cl (1.23 nm), which is expected to promote charge separation
and transport. From the GIWAXS results of the blend films of
binary and ternary OPDs (Figure S27 and Table S8, Supporting
Information), the film of the ternary device shows a stronger
#-m stacking (010) peak in the out-of-plane (OOP) direction at
~1.66 A" than that of the binary blends based PCE-10:BTPSV-4F
(1.65 A~') and PCE-10:BTPSV-4Cl (1.63 A~'), with a smaller 7—z
stacking distance (d, 3.79 A) than that of the binary blends based
PCE-10:BTPSV-4F (3.81 A) and PCE-10:BTPSV-4Cl (3.85 A), in-
dicating an enhanced molecular packing in the ternary blend
film. According to the Scherrer equation, the crystal coherence
lengths (CCL) of the ternary blends reach 23.91 A in the OOP di-
rection, which is larger than that of PCE-10:BTPSV-4F (23.72 A)
and PCE-10:BTPSV-4Cl (22.98 A). Thus, the reduced 7—r stack-
ing distance and enhanced CCL of the ternary OPD with 30%
BTPSV-4Cl lead to an appropriate phase morphology with en-
hanced crystallinity. Consequently, the introduction of BIPSV-
4Cl in the PCE-10:BTPSV-4F system efficiently optimizes the
film morphology, enhances intermolecular stacking, and reduces
trap states and energetic disorders, which in turn improves the
device performance such as sensitivity and response speed.

4. Device Architecture and Optoelectronic
Performance of Flexible O-ISAC

We initially developed a high-performance flexible ternary NIR
OPD with excellent mechanical stability, which shows negligi-
ble photoresponse degradation (<0.1%) after mechanical 10 000
times with a radius of 7.5 mm (Figures S28 and S29, Support-
ing Information), ensuring its application in flexible O-ISAC for
simultaneous vital signs monitor and optical wireless commu-
nication (OWC). As shown in Figure 4a,b, the flexible O-ISAC
system comprises a compact regular NIR OPD and a large-area
semitransparent NIR OPD, in which the regular OPD with the
size of 1.0 X 1.0 mm? and an effective area of 1.0 mm? serves as
an optical communication chip (Com-OPD) while the semitrans-
parent OPD with the size of 3.0 x 3.0 mm? and an effective area
of 6.0 mm?, functions as the sensing chip (Sen-OPD). The opti-
mized thickness of the Ag electrode for semitransparent OPD is
6 nm, which primarily considers achieving a balanced trade-off
between sensitivity and transparency. The Method Section and
Supporting Information describe the detailed fabrication and op-
timization process of O-ISAC. As shown in Figure 4c, the ultra-
thin Ag film exhibits a transmittance of up to 30% in the visi-
ble region, allowing light to reach the photoactive layer for PPG
measurement. Notably, Com-OPD and Sen-OPD exhibit compa-
rable dark current densities of 5.40 x 10~ A cm~2 and 1.19 X
1078 A cm™2 in self-powered mode, respectively, ensuring high
specific detectivity for ultraweak light detection (Figure 4d). As
shown in Figure 4e, the peak responsivity of Com-OPD (0.31 A
W-!, 1 = 640 nm) is higher than the semitransparent Sen-OPD
(0.24 AW, A = 640 nm) as more photons can be reflected by Ag
electrodes and subsequently be absorbed by the photoactive layer.
Benefiting from the high responsivity and low dark current of
OPDs in O-ISAC, Com- and Sen-OPDs exhibit D" over 10! Jones
across the spectrum from 370 to 1015 nm (Figure S30 and Table
S9, Supporting Information). Owing to the high mobility of ac-
tive film and high conductivity of the Ag top electrode, the Com-
OPD exhibits response/recovery times of 550/560 ns under light
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Figure 4. a) Optical images of O-ISAC based on the NIR OPDs and b) the detailed layout of OPDs. c) Transmittance of semitransparent Sen-OPD
and ultrathin Ag/MoO, film. d) J-V curves of Com-OPD and Sen-OPD in the dark. e) Responsivities of Com-OPD and Sen-OPD in self-powered mode.
f) Photoresponse and recovery times of Com-OPD under irradiation of 950 nm with a modulation frequency of 20 kHz.

irradiation of 950 nm with a modulation frequency of 20 kHz
(Figure 4f). Overview, high sensitivity, fast response speed, and
outstanding mechanical flexibility of flexible NIR OPDs ensure
the practical applicability of O-ISAC in wearable electronics for
vitality sensing and high-speed wireless optical communication.

5. Applications of Flexible O-ISAC System

Realizing simultaneous sensing and communication by sharing
the same spectrum and hardware represents an inevitable trend
in developing next-generation wireless networks. To demonstrate
the effectiveness of our flexible O-ISAC for wearable electronics,
as shown in Figure 5a, we attach the flexible O-ISAC to a fin-
ger to simultaneously monitor pulse signals and receive high-
speed modulated incident light for optical wireless communi-
cation. Com-OPD connects with the oscilloscope to receive the
optical signals emitted from the LED modulated by the signal
generator, while Sen-OPD detects the faint light passing through
fingers. In addition to attaching to fingers, the flexible O-ISAC
can be attached to other curved substrates for sensing and com-
munication, such as mice and pens (Figure S31, Supporting
Information). The semitransparent Sen-OPD exhibits a stable
I-T curve when irradiating the Sen-OPD from the side of the
Ag top electrode using 950 nm light (Figure S32, Supporting In-
formation). When irradiating the finger using indoor ambient
and 950 nm NIR light, the Sen-OPD exhibits clear PPG signals
in self-powered mode (Figure 5b). Moreover, the device shows
distinct pulse signals under irradiation with various intensities
in ambient light (0.45 to 3.17 mW cm~2) and sunlight (0.03 to
0.8 sun), which effectively broadens their practical applications
(Figures S33 and S34, Supporting Information). Owing to the
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high flexibility of the Sen-OPD, it displays a stable and pre-
cise PPG waveform under bending with a radius of 7.5 mm
(Figure 5c). By analyzing the PPG data using the Fast Fourier
Transform (FFT), we can convert the time domain of the PPG
signals into the frequency domain to obtain the heart rate (HR)
and respiration rate (RR).’?) As shown in Figure 5d, the peak at
the frequency of 0.33 Hz in the FFT waveform represents the RR
of 20 breaths per minute (bpm), while the high-amplitude peak
observed at the frequency of 1.03 Hz corresponds to the HR of
62 bpm. After walking slowly for 5 min, the RR and HR increase
to 40 and 100 bpm, respectively, which exhibits a high consistency
with the commercial smartwatches (Figure S35, Supporting In-
formation). Visible and NIR LEDs can emit high-frequency light
signals by coding the information using a signal generator via the
American Standard Code for Information Interchange (ASCII).
These optical signals are converted into electric signals via OPD
and displayed on the oscilloscope. As shown in Figure 5e and
Figure S36 (Supporting Information), the flexible O-ISAC suc-
cessfully transmits the PPG results using ambient and NIR light
in self-powered mode: ‘HR:62; RR:20’. To confirm the practical
applications of the flexible O-ISAC, we designed a readout inte-
grated circuit for optical communication (Figure S37, Supporting
Information), achieving real-time audio transmission via O-ISAC
under ambient visible and NIR light (Video S1 and Video S2, Sup-
porting Information). Owing to the high-speed optical commu-
nication and high-sensitivity optical sensing functions, the flex-
ible O-ISAC displays significant potential applications in intel-
ligent medical care, remote surgery, and IoT that require high-
speed data transmission and high-sensitivity sensing (Figure 5f).
Moreover, these encouraging findings directly prove that flexible
O-ISAC has significant potential to revolutionize next-generation
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Figure 5. a) Working principles of flexible O-ISAC for simultaneous PPG measurement and OWC. b,c) Pulse signals obtained from semitransparent
Sen-OPD with and without bending under ambient and NIR light. d) The respiration rate (RR) and heart rate (HR) are calculated via FFT. ) Output
signals of HR and RR results using optical wireless communication with the light of 950 nm. f) Examples of applications of flexible O-ISAC system.

wireless technology via light with a broad spectrum, addressing
current RF communication system limitations.

6. Conclusion

In conclusion, we have successfully fabricated a flexible self-
powered O-ISAC based on high-performance NIR OPDs, simul-
taneously realizing optical sensing and communication under
ambient visible and NIR light. We introduce the narrow-bandgap
BTPSV-4Cl NFA into the PCE-10:BTPSV-4F system to finely tune
the film morphology, efficiently reducing trap states and ener-
getic disorders and significantly improving sensitivity and re-
sponse speed. The resulting NIR OPD exhibits a broad pho-
todetection ranging from 300 to 1100 nm comparable to Si PD,
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D" of over 10" Jones, and -3 dB cutoff frequency above 1 MHz
(A = 1050 nm) in self-powered mode, ranking as the fastest
among solution-processed self-powered OPDs in the NIR II re-
gion above 1000 nm. After working in ambient (light intensity
3.17 mW cm™2) for 27 000 cycles, the device can maintain over
99% initial photoresponse. More importantly, the flexible NIR
OPD demonstrates negligible performance degradation (<0.1%)
after mechanical bending 500 cycles. Based on the outstanding
performance of the NIR OPD, a flexible O-ISAC, fabricated by
integrating regular and semitransparent OPDs, realizes simulta-
neous accurate vital signs monitoring and high-speed data trans-
mission under ambient visible and NIR lighting conditions with-
out energy consumption. We believe the novel self-powered O-
ISAC based on high-speed NIR OPDs will revolutionize ISAC
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applications in next-generation wireless technologies, partic-
ularly wearable electronics for intelligent healthcare, remote
surgery, autonomous vehicles, industrial IoT, and defense and
security.

7. Experimental Section

Device Fabrication: Devices on ITO/glass substrates were fabricated
with an inverted structure of ITO/ZnO/PFN-Br/Active Layer/MoO, /Ag.
The materials used in the experiment were purchased and used without
further purification. The ITO-coated glass substrates (17 x 17 mm) were
sequentially cleaned in an ultrasonic bath with detergent water, deionized
water, acetone, and isopropyl alcohol for 15 min each, then dried via purg-
ing with nitrogen. Subsequently, ITO/Glass substrates were treated with
UV exposure for 15 min in a UV-ozone chamber before use. To prepare
the sol-gel zinc oxide (ZnO) electron transporting layer on the ITO sub-
strate, 0.05 g of zinc acetate was dissolved in 2 mL of 2-methoxyethanol
with 14 uL of ethanolamine and agitated at room temperature for 12 h. The
ITO substrates were then spun using the sol-gel ZnO precursor solution
to form a 30 nm thick film, which was subsequently annealed at 200 °C
for one hour in the air. After that, the ITO substrates with the ZnO layer
were transferred to a glovebox filled with nitrogen. A thin film of PFN-Br
was spin-coated onto the ZnO layer to modify the interfacial properties.
The donor/acceptor mixture solution was then spin-coated onto the PFN-
Br layer to form a photoactive film with a thickness of ~130 nm, followed
by annealing at 105 °C for 10 min. In this case, PCE-10 and NFAs (1:1.5)
were mixed and dissolved in chloroform (the total concentration is 20 mg
mL~1 with 0.5% CN). Then, MoO, (2 nm) and Ag (100 nm) films were
sequentially deposited on the blend films by thermal evaporation under a
vacuum of 2 x 107> torr. The effective area of each device is 2 X 2 mm?.
The flexible devices on ITO/PET substrates had the same device structure
as the rigid devices. For the flexible devices, the electron transporting layer
was prepared by spin-coating a ZnO nanoparticle solution (20 mg mL™!
n-butanol solution) onto the ITO/PET substrate followed by annealing at
120 °C for 10 min in the air. The remaining steps were the same as those
for the regular devices.

Characterizations: OPDs were tested in an electromagnetic shielding
box to reduce external electromagnetic interference, with all tests con-
ducted in the air. A semiconductor device analyzer (KEYSIGHT, B1500A)
recorded dark current and photocurrent. The noise current was conducted
using the semiconductor analyzer and then digitized using FFT analysis.
EQE measurements were performed over a range of 300-1100 nm us-
ing an Enlitech QE-R EQE system, which was equipped with a standard
Si diode. The transient response was captured by a digital oscilloscope
(Tektronix MDO32), using square wave pulse light generated by a func-
tion generator (RIGOL, DG 1022). A series of light intensities, calibrated
by an optical power meter (PM100D) coupled with a Si detector (S121C),
was used to measure the linear dynamic range under these conditions.
Thin-film thicknesses were determined using a Dektak 150 surface pro-
filer. Current signals of the flexible OPD arrays were also tested using the
semiconductor device analyzer.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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