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ABSTRACT Narrowband photodetectors (PDs) with re-
markable comprehensive performance are extensively in de-
mand in critical applications such as spectrometers, light
detection and ranging (LiDAR), optical communication, and
surveillance. Despite the fact that silicon-based narrowband
PDs currently predominate the market, their inherent rigidity,
fixed band limitations, and bulky sizes significantly impede
their applications in emerging fields, particularly in flexible
and wearable optoelectronics. In this work, a facile and uni-
versal solution-processed strategy is presented to fabricate
narrowband organic PDs (OPDs) that can detect arbitrary
narrow spectra, which is realized by introducing an in-
dependent organic optical adjusting layer (OAL) comprising
the same donor and acceptor within the photoactive film of
OPD. With this strategy, we successfully fabricate a narrow-
band OPD centered at 750 nm, with a full width at half-
maximum (FWHM) of 40 nm, spectral responsivity ratio of
3667, and -3 dB cutoff frequency of 927 kHz, as recorded in
self-powered narrowband OPDs. Notably, this novel OAL
strategy shows outstanding universality across all OPDs for
detecting arbitrary narrow spectra in the range of
600-1000 nm with tunable FWHMs (minimum narrowing
step of 2 nm), high responsivity and detectivity, and fast re-
sponse speed. Benefiting from the inherent flexibility of or-
ganic semiconductors, we fabricate a flexible and bendable
narrowband near-infrared OPD linear array for omnidirec-
tional LiDAR, realizing a 360° horizontal scan without me-
chanical rotation.

Keywords: organic photodetector, narrowband organic photo-
detector, LiDAR, flexible photodetector, visible-near-infrared
narrowband organic photodetector

INTRODUCTION

Narrowband photodetectors (PDs), which enable highly accu-
rate and selective specific spectral detection, are the basic pillar
of sophisticated optical systems widely utilized in various fields
[1-4], such as light detection and ranging (LiDAR) [5-7],
spectrometers [8-10], imaging [11-13], solar-blind commu-
nication [14-16], surveillance [17], and military defense [16]. An

ideal narrowband PD with significant commercial prospects
should simultaneously have remarkable comprehensive opto-
electronic performance and meager cost [18,19], including
(i) tunable and narrow full width at half-maximum (FWHM) at
the desired response window, (ii) high spectral rejection ratio
(SRR) and detectivity, fast response, and low power consump-
tion [20], and (iii) high compatibility with future mobile and
flexible devices, miniature size with simple device architecture,
and economical manufacturing process [21,22]. Traditionally,
the state-of-the-art commercial narrowband PDs commonly
have an architecture that predominantly combines fixed-band
inorganic PDs with bulky optical modules, such as dichroic
prisms, optical filters, and narrowband absorbers, to achieve
target spectrum discrimination [23-25]. Despite achieving sig-
nificant progress with these pioneering studies, they commonly
suffer from drawbacks such as complicated architecture [26,27],
bulky and rigid size, and low photon efficiency, which hinder
their applications in emerging fields, particularly in the ever-
growing flexible and wearable electronic industry that requires
highly selective and sensitive wavelength discrimination via a
highly flexible, lightweight, and compact detection system
[1,21,28,29].

Organic semiconductors utilized in organic PDs (OPDs) show
outstanding superiorities, such as high absorption coefficients
(>10° cm™) [23], tunable bandgaps, and intrinsic flexibility [30-
32], enabling efficient light absorption within a few hundred
nanometers of thickness. Despite noteworthy strategies, such as
the photomultiplication effect, charge collection narrowing
effect, and charge injection narrowing [33,34], which have been
successfully developed for detecting narrow wavelengths with
high specific parameters, the sensitivity and response speed of
these narrowband OPDs still lag far behind those of thin-film
OPDs operating in self-powered mode. The fundamental reason
for this is the high exciton binding energy and short exciton
diffusion length of organic semiconductors, which limits the
thickness of OPDs to 100-200 nm and shows significant chal-
lenges in obtaining high-performance narrowband OPDs.
Recently, self-filtering narrowband OPDs (SF-OPDs) are a
straightforward and effective tool to suppress background light
interference, which enables specific light detection with FWHMs
less than 40 nm [3,35,36]. However, SE-OPDs generally suffer
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from slow response speeds because of the thick photoactive film
and the complicated multiple-step fabrication process. When the
thick photoactive film is removed from the inside of OPD, it
becomes an independent and electrically isolated layer without
involvement in any charge dynamic activity in OPDs, thus
maintaining the critical figures-of-merit of thin-film OPDs.
Although a wide variety of commercial organic dyes exhibit
immense potential in optical filters for narrowband OPDs, it is
still demanding to precisely tune the FWHM, response window,
and responsivity when integrating with OPDs. Resolving these
problems to achieve arbitrary narrow FWHMSs and concurrently
maintain high sensitivity and response speed for ideal OPDs
across the visible (400 nm) to near-infrared II (NIR-II)
(1000 nm) spectrum remains a substantial challenge, particularly
for narrowband OPDs with FWHMSs < 40 nm, responsivity over
0.2 A W™, SRR above 1000, and —3 dB cutoff frequency above
300 kHz.

In this contribution, a universal and facile solution-processed
strategy was developed for arbitrary narrowband spectrum
detection from the visible to NIR-II regions. The narrowband
OPDs were constructed by introducing a blend of donor (D) and
acceptor (A) that act as both a photoactive material and an
independent organic optical adjusting layer (OAL) stacked on
the OPD to precisely manipulate the FWHM, sensitivity, and
response window. With this strategy, a narrowband OPD cen-
tered at 750 nm was successfully achieved with outstanding
comprehensive performance, including a narrow FWHM of less
than 40 nm, high responsivity of 0.28 A W~!, SRR of 3667,
specific detectivity of 10'* Jones, and —3 dB cutoff bandwidth of
927 kHz at 750 nm, ranking the highest values among self-
powered narrowband OPDs in the literature. By tuning the D:A
weight ratio of the OAL film, we successfully achieved tunable
FWHMs from 80 to 30 nm with a minimum narrowing step of
2nm to satisfy practical requirements. In addition, this novel
OAL strategy shows remarkable universality to all self-powered
OPDs for arbitrary narrow spectral detection in the range of
600-1000 nm with outstanding performance, overcoming trade-
offs in SRR, FWHM, response speed, responsivity, and driving
bias in narrowband OPDs. By systematically exploring the
underlying mechanism of OAL-OPDs, we proposed material
selection guidelines and device strategies for designing narrow-
band OPDs for arbitrary wavelength discrimination. Moreover,
a flexible narrowband NIR OPD linear array centered at 950 nm
was fabricated for omnidirectional LiDAR, which can horizon-
tally scan 360° without mechanical rotation, detecting up to
60 m without visible light interference. We envisage that the
developed facile and effective strategy, along with the solution
fabrication techniques, will motivate a new generation of high-
performance flexible narrowband OPDs for emerging applica-
tions and speed up their commercialization.

EXPERIMENTAL SECTION

Materials

Polymeric donor poly[(2,6-(4,8-bis(5-(2-ethylhexyl-3-fluoro)-
thiophen-2-yl)-benzo[1,2-b:4,5-b']dithiophene))-alt-5,5'-(5,8-
bis(4-(2-butyloctyl)thiophen-2-yl)dithieno[3',2":3,4;2",3"":5,6]-
benzo[1,2-c][1,2,5]thiadiazole)] (D18), poly[(2,6-(4,8-bis(5-(2-
ethylhexyl)thiophen-2-yl)-benzo[1,2-b:4,5-b']dithiophene))-alt-
(5,5-(1",3'-di-2-thienyl-5',7'-bis(2-ethylhexyl)benzo[1',2"-¢c:4",5'-
c']dithiophene-4,8-dione)] (PBDB-T), and poly[(2,6-(4,8-bis(5-
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(2-ethylhexyl-3-fluoro)thiophen-2-yl)-benzo[1,2-b:4,5-b']dithio-
phene))-alt-(5,5-(1',3"-di-2-thienyl-5',7'-bis(2-ethylhexyl)benzo-
[1',2"-c:4",5"-c']dithiophene-4,8-dione)] (PM6) were procured
from Solarmer Material (Beijing) Inc., and PCE-10 was obtained
from 1-Materials Inc. PC;BM was bought from Libra Tech-
nology Co., Ltd. F(Br)-ThCl, F-M, F-2F, FO-2Cl, and CHI17
were synthesized using our published method [37-40]. F8IC and
SiOTIC were procured from Zhiyan Technology Co., Ltd.
Chlorobenzene, chloroform chloronaphthalene, 1,8-diio-
dooctane (DIO), and Zn(CH3;COO), were purchased from Sig-
ma-Aldrich.  N,N'-Bis(N,N-dimethylpropan-1-amine oxide)-
perylene-3,4,9,10-tetracarboxylic diimide (PDINO) and poly-
(9,9-bis(3'-(N,N-dimethyl)-N-ethylammoinium-propyl-2,7-
fluorene)-alt-2,7-(9,9-dioctylfluorene))dibromide (PFN-Br) were
obtained from eFlexPV Limited and Seniormaterial, respectively.
All other reagents and chemicals used in this work were pur-
chased from commercial suppliers and were directly used
without further purification. Indium tin oxide (ITO)/glass
transparent electrodes and ITO/polyethylene terephthalate
(PET) substrates were obtained from Advanced Election Tech-
nology Co., Ltd. and Xiangchen Technology, respectively.

Device fabrication

OPDs based on PBDB-T:F-2F (Apek = 750 nm) were fabricated
with an architecture of glass/ITO/ZnO/PFN-Br/PBDB-T:F-2F/
MoOx/Ag. First, the glass/ITO substrate was sequentially pre-
cleaned in an ultrasonic bath of detergent, deionized water,
acetone, and isopropanol, respectively. Afterward, the ITO
substrate was irradiated under ultraviolet (UV) light in an UV-
ozone chamber (Jelight Company) for 15 min, followed by spin
coating a layer of ZnO precursor. The ITO with ZnO precursor
was annealed at 200°C for 1 h in air to obtain the ZnO film.
Subsequently, a thin layer of PFN-Br was spin-coated on the
ZnO layer. Then, the blend solution of D18:PC;BM (1:1 w/w,
9 mg mL™!, chlorobenzene) was spin-coated at 2000 r min™* for
40 s to prepare the active layer. A MoOx layer (6 nm) and an Ag
layer (110 nm) were then deposited on the active layer by
vacuum evaporation at 2 x 107! Pa. Finally, the OAL layer
containing PBDB-T:F-2F (10:0.5, 10:1, 10:2, 10:3, 10:4, 10:5, 10:6,
20 mg mL™! in chlorobenzene, refer to PBDB-T:F-2F) was spin-
coated for 30 s on the backside of the ITO glass in the OPD. See
the Supplementary information for device fabrication of nar-
rowband detectors in other bands.

Device characterizations
Dark current-voltage (J-V) and photocurrent-time (I-T) curves
of the devices were collected using a semiconductor parameter
analyzer (Keysight B1500A). The external quantum efficiency
(EQE) and responsivity spectra were recorded using a QE-R
Solar Cell Spectral Response Measurement System (Enli Tech-
nology Co., Ltd., Taiwan). Response time and —3 dB cutoff
frequency were determined using a high-resolution oscilloscope
(MDO4104C, Tektronix) through modulating light-emitting
diodes (LEDs) controlled by a signal generator (DG990, RIGOL)
in square-wave mode. LED spectra were collected using a
spectrometer (USB4000, Ocean Optics). The refractive index
and extinction coefficient of materials were determined using an
ellipsometer (Horoba UVISEL PLUS).

The optical field distribution and profile of the photo-
generated charge carriers in OPDs were simulated using the
finite-difference time domain (COMSOL).
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LiDAR measurement

Omnidirectional LiDAR was performed by illuminating the
target object via a laser diode (900 nm, 10 W) and then col-
lecting the reflected light signal from the object via OAL-OPD.
The laser diode was controlled by a signal generator (DG990,
RIGOL) operated in square-wave mode. The reflected light
signal was amplified by a preamplifier into the oscilloscope. The
setup of the LiDAR system is illustrated in Supplementary

. . . . A
information. The distance was calculated using R = CTT, where

R is the distance between the laser and object, c is the light speed,
and 7 is the round-trip time of flight (TOC) between the
transmission of an outgoing laser pulse and the arrival at the
receiver of the pulse [6].

RESULTS AND DISCUSSION

Optoelectronic performance of narrowband OPDs based on
PBDB-T:F-2F

Fig. 1a shows the schematic cross-sectional view and working
principle of the OAL-type narrowband OPD that consists of an
OPD with a bulk heterojunction (BH]J) structure and a layer of
OAL stacked on top of the OPD. Here, the thick OAL
(300-500 nm) comprises the same D:A blend used in the OPD
but different weight ratios. In the OAL-OPD, high-energy
photons entering the thick OAL are entirely absorbed by the

wide-bandgap donors, whereas low-energy photons can pene-
trate the OAL and excite the rear OPD because of the relatively
low absorption coefficient at the absorption tail of the OAL.
When the acceptor weight ratio is increased, the OAL absorbs
more long-wavelength photons, leading to a red shift of the
response window and narrowing the FWHM. To simultaneously
realize a narrow FWHM and high responsivity, it demands
synergy between the OAL with a suitable absorption profile and
the OPD with a high EQE. Unlike the reported thick-junction
narrowband OPDs that need fine-tuning of the BHJ film com-
position and thickness [3], the OAL-OPD can be readily fabri-
cated by directly spin-coating or blade-coating the OAL solution
on the transparent electrode side of the OPD without additional
treatment, facilitating the large-scale preparation of narrowband
OPDs.

To precisely tune the FWHMs, OAL-OPDs were fabricated
using PBDB-T:F-2F-based OALs with different weight ratios of
10:0.5 (OAL-OPD-1), 10:1 (OAL-OPD-2), 10:2 (OAL-OPD-3),
10:3 (OAL-OPD-4), and 10:4 (OAL-OPD-5). Fig. 1b presents the
chemical structures of PBDB-T and F-2F used in the OAL-
OPDs, which show complementary optical absorption in the
range of 400-770 nm (Fig. 1c). The detailed process of OPD,
OAL, and OAL-OPD fabrication and optimization are described
in the EXPERIMENTAL SECTION. Besides a high EQE of 80%
from 550 to 750 nm, the F-2F-based OPD shows a sharp EQE
edge, which can contribute to a narrow FWHM and improved
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Figure 1 Device structure and material characterizations. (a) Schematic and working principle of OAL-type narrowband OPDs. (b) Chemical structures of

PBDB-T and F-2F. (c) Optical absorption profiles of PBDB-T and F-2F. (d) Responsivities of OPDs and OAL-OPDs with different OALs.
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OAL-OPD responsivity (Fig. 1d). In Fig. S1 and Table S1, the
absorption tail of OALs demonstrates a red-shifting absorption
onset and a shaper slope of the absorption edge with increasing
F-2F weight ratio. Thus, the corresponding OAL-OPDs show
gradually narrowing FWHMSs with a dominant peak response
centered at 750 nm (Fig. 1d). In addition, as more low-energy
photons are absorbed by OALs with higher fractions of F-2F
molecules, the peak response positions of OAL-OPDs demon-
strate a slight red shift from 740 to 770 nm, which is consistent
with the above assumption. The detailed results of the OAL-
OPDs, i.e., responsivities, FWHMs, and response positions, are
discussed below.

Dark current is a critical measure of OPDs that determines the
noise level, specific detectivity (D*), and linear dynamic range
(LDR). As most narrowband OPDs in the literature have been
constructed with thick BHJ films with unbalanced D:A weight
ratios and large amounts of trap states, they commonly operate
under high driving bias (>10 V) for efficient charge transport,
thus leading to high charge injection, dark current, and large
shot noise [34,41]. The optimized OAL-OPDs based on the F-2F
acceptor demonstrate an extremely low dark current of

6.8 pA cm™ at zero bias, as shown in Fig. 2a. Here, the OAL is
electrically isolated from the OPD, which is not involved in
charge generation and transport in the photoactive film. Thus,
the OAL-OPD maintains the advantages of thin-film OPDs,
such as small dark currents, low shot noise, and self-powered
characteristics. Moreover, the OPD was fabricated with a thin
BHJ film comprising a donor and an acceptor with suitable
energetic levels, rational weight ratios, and balanced electron/
hole mobilities, which can efficiently reduce the thermally
excited charge generation and recombination in the dark,
resulting in a low dark current [3].

As depicted in Fig. 2b, the OAL-OPD displays a distinctly
gradually narrowed FWHM from 80 to 30 nm with increasing
PBDB-T:F-2F weight ratios of OALs from 10:0.5 to 10:6. Cor-
respondingly, the responsivity decreases from 0.4 to 0.13 A W™".
Hence, it is highly possible to fine-tune the FWHMs of OAL-
OPDs by precisely manipulating the weight ratios of the
acceptors in OALs, satisfying the practical requirements. The
narrowing step of the FWHM can reach as low as 2 nm. To
assess the comprehensive performance of OAL-OPDs with
respect to responsivities and FWHMSs, we introduced the

107 0.5 8
a b c
| —— PBDB-T:F-2F —s— FWHM -a-0AL-OPD
b 80 —o— Peak responsivity | 0.4
I T 6f
—_ 10'7r —~ e E
< Egol 03% ¢
s I = <z,
= r g 02 E
-1 ~
O 10" 40 x
I g
3 0.1 @ o,
r
10—15 1 1 1 20 1 1 1 1 i | 1 1 1 1 1 1 1 1 1
-1.0 -0.5 0.0 0.5 1.0 10:0.510:1 10:2 10:3 10:4 10:5 10:6 10:0.510:110:2 10:3 10:4 10:5 10:6
Voltage (V) PBDB-T:F-2F Ratio PBDB-T:F-2F Ratio
d 04 e 5 f
— g .| OAL-oPD
o al PBDB-T: F-2F 10 V=0V
~T 2 LDR =119 dB
R g 3 & 10~
= 02} o 5
> = <
L 2 L
o x E
0.1F A = 107
1
0.0 T ) 0 L N 1075 " . . ) . . L
400 600 800 1000 400 600 800 1000 1072 100 102 104 108
Wavelength (nm) Wavelength (nm) P o (HW cm™)
ig!
9, —=— OAL-OPD h 12 oaL-opp
. 750 nm
\ z ~
-2}t L} )
& e | S 5 0.8+
ke [ | o
© ~4F  f,=927kHz \ E
2 \ S
5 g b £ 04
£ \ 5]
< M zZ
-8} \ 650 nm 700 nm 800 nm 850nm
L} 0.0 JUULUULUUUULUULILIL U uuuuouuuuuoiuL _ananannnn Annn
. i) - —T T T T T
102 10° 104 108 108 107 0 50 100 150
f(Hz) Time (s)

Figure 2 Optoelectronic performance of OAL-OPDs prepared with PBDB-T:F-2F. (a) J-V curve of OAL-OPD in the dark. (b) Summary of FWHMs and
responsivities of OAL-OPDs with different OALs. (c) RFRs of OAL-OPDs. Responsivity (d), specific detectivity (e), LDR (f), and —3 dB cutoff frequency (g) of
OAL-OPD with an FWHM of 40 nm. (h) Photoresponse of OAL-OPD under light irradiation at different wavelengths of 650, 700, 750, 800, and 850 nm.
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responsivity FWHM ratio (RFR) as a crucial parameter, which is
defined as the ratio of peak responsivity (R) to the FWHM and
expressed as follows:

RPeak
FWHM' M
As displayed in Fig. 2c, the OAL-OPD with an FWHM of
40 nm has the highest RFR of 7 mA W™ nm™ with a respon-
sivity of 0.28 A W™'. Thus, the optimized OAL-OPD with an
FWHM of 40 nm was chosen to examine all the critical figures-
of-merit of OAL-OPDs.
The SRR is a critical figure-of-merit for describing the ability
of PDs to distinguish narrowband photons from those of broad
spectra and is given by [42]

RFR=

Narrowband spectral response ’
Wideband spectral response * @

The OAL-OPD with an FWHM of 40 nm shows a high SRR of
3667, ranking as the highest among self-powered OPDs. Because
organic semiconductors with high absorption coefficients in the
OAL can fully absorb the short wavelength, the OAL-OPD
demonstrates an ultraweak response in this region, resulting in a
high SRR for OAL-OPDs. In Fig. 2d, the OAL-OPD with an
FWHM of 40 nm displays a symmetrical response shape cen-
tered at 750 nm.

Specific detectivity (D*) is generally employed to assess the
sensitivity and capability of ultraweak light detection in OPDs
and is calculated using
pr=RUB

In

SRR=

(€)

where R, A, B, and i, are the responsivity, effective area, band-
width, and noise current, respectively. The self-powered OAL-
OPD with an FWHM of 40 nm has a high D* value of 3.3 x

10" Jones centered at 750 nm, as shown in Fig. 2e. The LDR of
the OAL-OPD spans over 119 dB, covering a light intensity
range from 1077 to 10~ W cm™ at 750 nm, depicting that the
responsivity of the OAL-OPD remains consistent under a broad
range of incident light power (Fig. 2f). Such outstanding per-
formance is ascribed to the low dark current and high respon-
sivity of the OAL-OPD.

Response speed is one of the most significant merits and plays
a critical role in OPDs for applications such as LIDAR systems,
high-speed imaging/video, and optical communication. The
photodetection speed of the OAL-OPD was characterized based
on the rise/fall time (10%-90%) averaged around 600 ns, which
is one order of magnitude higher than previous narrowband
OPDs with different working mechanisms. Moreover, the cor-
responding —3 dB cutoff frequency is 927 kHz at zero bias, as
displayed in Fig. 2g. This exceptional response speed can be
ascribed to the high and balanced charge mobility and short
charge transit length in the OAL-OPD, which enables efficient
exciton separation and fast charge transport to electrodes,
resulting in high-speed photoresponse. To further explore the
spectral selectivity of the OAL-OPD based on PBDB-T:F-2F, an
I-T curve was constructed by using pulse light irradiation under
different wavelengths with the same light intensities. In Fig. 2h,
the OAL-OPD with an FWHM of 40 nm displays a significant
response under illumination of 750 nm (10 uW cm™2), whereas
rather faint responses are observed in the spectra of 650, 700,
800, and 850 nm. In conclusion, the OAL-OPD with a simple
architecture keeps the advantages of the original OPDs, i.e., low
dark current, fast response, low driving bias, and high respon-
sivity.

Working mechanism of OAL-OPDs
To study the optical distribution in OAL and BHJ films, we
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Figure 3 Absorption simulation and performance of tunable narrowband OPDs based on PBDB-T:F-2F. (a) Simulated spectrally and spatially resolved light
absorption profile of PBDB-T:F-2F-based OPD and OAL with a weight ratio of 10:2 and thickness of 300 nm. (b) Schematic of light absorption with different
wavelengths in the OAL and OPD. (c) Responsivities of OPD and OAL-OPD (FWHM = 40 nm) based on PBDB-T:F-2F. Photoresponses of OPDs and OAL-
OPDs with different OALs: (d) FWHM = 40 nm, (¢) FWHM = 30 nm, and (f) FWHM = 30 nm.
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performed simulations to visualize the spectrally and spatially
resolved photon absorption profile of the PBDB-T:F-2F (10:2)
blend in 300 nm-thick OAL, as shown in Fig. 3a. Obviously, the
light (A < 700 nm) penetration depth in OAL with PBDB-T:F-2F
is relatively shallow because of the high absorption eco-efficiency
of the film, and most of the incident photons under 700 nm are
fully absorbed illustrated in Fig. 3b. However, the incident light
with long wavelengths of 700-800 nm can penetrate the OAL
and reach the rear BHJ film, resulting in the excitation of the
F-2F acceptor and generation of free charges in the OPD, con-
sistent with the responsivity of the OAL-OPD (Fig. 3c).

Unlike previous narrowband OPDs that manipulate exciton
separation, free charge transport, and charge collection within
thick BHJ films for specific spectrum detection [3,34], in this
work, the OAL-OPD attains ultra-narrowband photodetection
by controlling the incident photons arriving at the OPD by
tuning the optical characteristics of the OAL. In an OPD with a
fixed response spectrum, the absorption profiles of OALs play
critical roles in determining the response positions, FWHMs,
and responsivities of OAL-OPDs. Based on the Beer-Lambert
Law, the intensity of light passing through an object is directly
associated with its molar extinction coefficient and light passing
length, which is described as follows [43,44]:

I(2) = Io(A) x 10", %)

where I(1) refers to the light intensity passing through the
sample, Io denotes the input light intensity, e(1) denotes the
molar extinction coefficient as a function of wavelength, I
denotes the light path, and ¢ indicates the concentration of the
targeted solution. From a mathematical perspective, if the e(A) is
precisely known for an ideal organic semiconductor, it is feasible
to accurately compute I(A) reaching in the OAL-OPD and thus
the responsivity as a function of wavelength, offering reference
for precisely designing narrowband OPDs with defined
FWHMSs. However, this is unfeasible in practice because of a
general red shift in organic semiconductors from solutions to
films due to the strong n-mn stacking among molecules. More-
over, the broad absorption tail in organic semiconductor films
generally results from disorders [45-47]. Thus, the real FWHM
of the OAL-OPD depends on the practical absorption profile of
the OAL layer with a defined thickness:

Roa(d) = R % % = Ro(#) x 10, ®)
where Roar(A) refers to the responsivity of the OAL-OPD, Ry(A)
refers to the original responsivity of the OPD without OAL, and
I and a(A) are the thickness and absorption coefficient of the
OAL films, respectively. Because organic semiconductors have
extremely high absorption coefficients of over 10° cm™, ultra-
thin OALs with a thickness of less than 1 um can totally absorb
the undesired light.

We preliminarily hypothesized that the absorption onset,
edge, tail of the OAL, and the response edge of the OPD
simultaneously determined the peak response position, FWHM,
and responsivity of OAL-OPDs. The response position of the
OAL-OPD is determined by the absorption onset of the OAL,
following the principle of Apeak responsiviy(OAL-OPD) =
Aabsorption onset (OAL), which is suitable for all OAL-OPDs pre-
pared with PBDB-T:F-2F, as shown in Fig. 3d-f and Fig. S1. In
the short-wavelength region, the incident light falls off expo-
nentially in the OAL with a high a(1), leading to few high-
energy photons reaching the rear OPD and generating negligible
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photocurrent. Meanwhile, within the absorption tail of the OAL
with low «a()), incident photons propagate the OAL and reach
the BHJ film, exciting acceptors to produce photocarriers. Thus,
the OAL-OPD can detect a specific wavelength with energy close
to the absorption tail of the acceptors.

Mathematically, the FWHM of the OAL-OPD can be
approximated as follows: FWHM & Agesponse onset (OAL-OPD) —
Aabsorption onset (OAL). The calculation results do not match well
with the experimental data obtained in the OAL-OPD with
different OALs because of the asymmetrical response curve of
the OAL-OPD originating from the distinct slopes of the
absorption edge of OALs and the response edge of the OPD. The
absorption edge of the OAL indicates the first half of the
response curve of OAL-OPDs, whereas the second half exhibits
the response of the OPD (Fig. S1). With increasing F-2F frac-
tions in OALs, the resulting FWHMSs become closer to the cal-
culation results.

In theory, the peak responsivity of the OAL-OPD should be
identical to that of the original OPD if there is no additional
optical absorption and reflection in the region beyond the
absorption onset of the OAL, in contrast to the practical result
obtained from OAL-OPDs. This inconsistency can be ascribed to
the broad absorption tail of the OAL, which has a relatively low
absorption coefficient and mainly absorbs low-energy incident
photons. From Fig. 3e, f, OAL-OPDs prepared by OALs with
PBDB-T:F-2F weight ratios of 10:3 and 10:6 exhibit the same
response position of 785 nm and FWHMs of 30 nm but different
peak responsivities of 0.15 and 0.07 A W', respectively. The
OAL with a higher F-2F content has a higher absorption coef-
ficient in the long-wavelength region, absorbing more low-
energy photons and thus suppressing the responsivity of the
OAL-OPD. As shown in Fig. 3e, f, the second half of the OAL-
OPD response curve deviates from the original OPD in the long-
wavelength region, with increasing F-2F content in OAL, due to
the strong absorption of the OAL in long wavelengths and thus
suppressing the responsivity. Thus, in the OAL-OPDs, the OAL
with a sharp absorption edge and narrow absorption tail can
contribute to realizing narrow FWHMs and high responsivities.

At the molecular level, the OAL absorption edge and EQE tail
are mainly influenced by the subband in organic films, arising
from energetic disorders in blend films. Specifically, the
absorption onset of the OAL is mainly determined by the nar-
rowband semiconductor content, whereas the absorption tail is
influenced by energetic disorders in the film. It is promising to
control their optical characteristics by tuning the backbone, side
chains, and end groups of narrowband acceptors to control their
optical bandgap, packing mode, film morphology, and thus the
absorption profile [48]. In addition, by controlling the film
processing conditions, such as solvents, temperature, and post-
treatment, it is feasible to tune the molecular packing and
absorption profiles of organic semiconductors [45,49,50]. Thus,
there are limitless possibilities for designing and fabricating
narrowband OPDs with the required FWHMs and optoelec-
tronic performance. Overall, realizing high-performance nar-
rowband OPDs requires sharpening the absorption edge,
narrowing the absorption tail of the OAL, and enhancing the
responsivity and response edge of the OPDs. In the future, it is
promising to predict the response windows and FWHMs of
OAL-OPDs by characterizing the absorption profile of the OAL
and the responsivities of OPDs before building OAL-OPDs,
which offers invaluable insights into designing high-perfor-

857



ARTICLES

SCIENCE CHINA Materials

mance OAL-OPDs.

Universality of the OAL strategies for narrowband OPDs

According to the working mechanism of OAL-OPDs, we finely
selected eight additional acceptors with different bandgaps to
explore the universality of the OAL strategy for narrowband
OPDs, ie., PC;BM, F(Br)-ThCl, F-M, FO-2Cl, CH17, F8IC,
2,2'-[[4,4,11,11-tetrakis(4-hexylphenyl)-4,11-dihydrothieno-
[2',3":4,5]thieno[2,3-d]thieno[2"",3""":4""",5""| thieno[2"",3""":4",
5"]pyrano[2",3":4',5']thieno[2',3":4,5]thieno[3,2-b]pyran-2,9-
diyl]bis[methylidyne(5,6-difluoro) (COisDFIC), and SiOTIC

(their chemical structures are shown in Fig. S2). In some cases,
we also introduced external acceptors in OALs for com-
plementary spectrum absorption, which have wider bandgaps
than the acceptors used in OPDs (Fig. 4a). All of these acceptors
display significantly high molar absorption efficiency over
10° mol™ L cm™ (Fig. S3a, b) in the range of 600-1000 nm
(Fig. 4b). The energy diagrams of these acceptors were deter-
mined by cyclic voltammetry, and the results are shown in
Fig. S4.

Based on their frontier molecule orbitals, donors with suitable
energy levels were selected to construct high-performance OPDs
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Figure 4 Optoelectronic performance of OAL-OPDs. (a) Schematic of OAL-OPDs. (b) Absorption profiles of acceptors. (c) Narrowband OPDs with
different response windows in the range of 600-1000 nm. (d) Summary of RFR and FWHMs, (e) peak responsivity and SRR, and (f) the corresponding specific
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chanisms.

858

© Science China Press 2024

March 2024 | Vol.67 No.3



SCIENCE CHINA Materials

ARTICLES

(Fig. S5). The detailed process for the fabrication and optimi-
zation of OPDs and OALs is outlined in the Supplementary
information. Analogous to the OAL-OPD based on PBDB-T:F-
2F, all OAL-OPDs prepared with different donors and acceptors
display tunable FWHMSs of 30-80 nm (Fig. 4c, Figs S6-S8 and
Table S2). Details regarding the tunable FWHMs and their
corresponding responsivities are listed in Table S2. As discussed
above, RFR is preliminarily used to assess OAL-OPD perfor-
mance. As shown in Fig. 4d, all of these OAL-OPDs show high
RFRs of over 5mA W' nm™ with outstanding narrowband
photoresponse over a broad spectrum of 600-1000 nm (Fig. S9),
centering at specific wavelengths of 606, 661, 710, 750, 803, 842,

908, 946, and 1007 nm, with the corresponding FWHMs of 51,
47, 36, 40, 40, 61, 60, 61, and 61 nm, respectively (Table S2).
Furthermore, the SRR and responsivities of these optimized
OAL-OPDs are over 1000 and above 0.2 A W™, respectively.
Interestingly, the response edge of the OPD plays a critical role
in determining the FWHM and responsivity of OAL-OPDs.
From Fig. S10, the F-2F-based OAL-OPDs with a response slope
of —0.010 A W™ nm™ show a narrow FWHM of 40 nm with the
corresponding peak responsivity of 0.3 A WL Meanwhile,
OAL-OPDs prepared with CH17, F8IC, and COi8DFIC, with
relatively close responsivities of 0.3 A W™!, have smaller
response slopes of —0.006, —0.007, and —0.006 A W' nm™,
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Figure 5 Omnidirectional LiDAR based on the flexible PD array. (a) Chemical structures of PCE-10 and F8IC. (b) Responsivities of broadband and
narrowband NIR OPD. (c) Spectral profiles of LED and narrowband NIR OPD. (d) Specific detectivity of narrowband NIR OPD. (e) Response time of
narrowband NIR OPD. (f) Schematic of the flexible narrowband PD array and omnidirectional LiDAR. (g, h) Optical images and schematic of the flexible
narrowband OPD linear array (90 mm X 17 mm). (i) Spectral selectivity of OAL-OPD prepared with PCE-10:F8IC BH]J film and PM6:CH17 OAL. (j) Time

delay between laser and OPD response from pixels 1-4 in (h).
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with higher FWHMs of 66, 66, and 65 nm, respectively.

All these OAL-OPDs exhibit strong capabilities for weak light
detection with significantly high specific detectivities of over
10" Jones and remarkable environmental adaptability with large
LDRs of over 100dB due to low dark currents and high
responsivities of OAL-OPDs (Figs S11 and S12). Significantly,
the minimum FWHDM:s of all these OAL-OPDs are below 70 nm
with a responsivity above 0.2 A W', Compared with previous
thick narrowband OPDs with response times at the microsecond
level, all OAL-OPDs prepared with non-fullerene acceptors
display short response times of less than 950 ns (Fig. 4h and
Fig. S13), with a corresponding —3 dB cutoff frequency of over
500 kHz, as plotted in Fig. 4h and Fig. S14. In Fig. 4i and
Fig. S15, the OAL-OPD presents significantly higher SRR and
faster response speed than previous narrowband OPDs with
different working mechanisms, efficiently addressing the issue of
slow response and poor spectral selectivity in narrowband
OPDs. It is worth noting that OAL-OPDs have superior
optoelectronic performance across all critical parameters of
narrowband OPDs, as summarized in Table S2. The outstanding
optoelectronic performance, as well as the universal fabrication
technique, paves the way for large-scale fabrication of narrow-
band OPDs by wet chemistry methods under ambient condition.

Omnidirectional LiDAR based on the flexible narrowband PD
array

LiDAR is utilized in autonomous vehicles, machine vision, and
augmented reality and works by measuring the time it takes for a
short-pulsed light to pass between a target object and the
detector. For challenging applications, it is critical to realize
highly selective and sensitive NIR light detection without
environmental light interference. Furthermore, it is imperative
to realize 360° scanning without mechanical rotation, which
requires flexible PDs to detect omnidirectional light reflected
from targets. In this study, we developed a flexible narrowband
NIR OAL-OPD linear array in which PM6:CH17 and PCE-10:
F8IC worked as the OAL and photoactive film, respectively, as
shown in Fig. 5a and Fig. S16. The detailed fabrication process is
illustrated in the Supplementary information. Here, the OAL-
OPD was prepared with the PM6:CH17-based OAL with a
weight ratio of 10:6, which shows an FWHM of 65 nm centered
at 905 nm, matching well with the NIR light source employed in
the LiDAR system (Fig. 5c¢ and Fig. S17). In addition, the OAL-
OPD shows a high specific detectivity of over 10 Jones, a
response time of around 650 ns, and remarkable mechanical
stability, ensuring its applications in flexible omnidirectional
LiDAR (Fig. 5d, e). In Fig. 5g, h, a narrow PD linear array with
12 OPD units is evenly distributed on a flexible PET substrate
(90 mm x 17 mm), which can wrap on a cylinder, enabling 360°
detection without the need for mechanical rotation, as depicted
in Fig. 5h. Fig. 5i presents that the NIR OAL-OPD displays
significantly high spectrum selectivity, with a prominent peak
centered at 900 nm and negligible interference from visible light
and NIR light above 950 nm. Based on the TOF, an average of
60.9 m was detected from pixels 1-4 in Fig. 5j. Also, the flexible
narrowband OPD has minimal performance degradation
regarding responsivity, response speed, and dark current after
undergoing 450 bending cycles (Fig. S18).

CONCLUSIONS

In this work, a facile and universal solution-processed strategy
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was proposed to construct high-performance narrowband OPDs
for arbitrary narrow spectrum detection in the 600-1000 nm
region. This remarkable performance was realized by introdu-
cing an organic OAL made from the same components as those
of photoactive films. By finely adjusting the D:A weight ratio in
OALs, we precisely tuned the FWHMSs (minimum narrowing
step of 2nm) and response positions in OAL-OPDs. The
obtained narrowband OPD exhibited remarkable comprehensive
optoelectronic performance, including a narrow FWHM of
40 nm centered at 750 nm, responsivity of 0.28 A W', —3 dB
cutoff bandwidth of 927 kHz, and specific detectivity of over
10" Jones, which are recorded in self-powered narrowband
OPDs. In addition, this facile and straightforward method shows
significant universality for all OPDs with arbitrary narrow
spectral responses from 600-1000 nm with exceptional optoe-
lectronic performance. We found that the performance of OAL-
OPDs, i.e., FWHM, responsivity, and response windows, was
mainly determined by the absorption onset, absorption tail, and
slope of the absorption edge of the OAL, as well as the slope of
the EQE edge of the OPD. These results offer practical guidelines
for designing narrowband OPDs for the arbitrary spectral
detection. Benefiting from the intrinsic flexibility and out-
standing optoelectronic performance of the OAL-OPD, we
fabricated a flexible narrowband OPD linear array for use in
omnidirectional LiDAR for a 360° detection without mechanical
rotation. We imagine that this practical and facile strategy,
coupled with the exceptional performance of narrowband OPDs
and ease of solution processing, will speed up the commercia-
lization of flexible narrowband OPDs and expand their appli-
cations in various fields, such as imaging, optical
communication, and spectrometers.
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