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The ability to detect and image in the near-infrared (NIR) regions, specifically
NIR-I (700-900 nm) and NIR-II (1000-1700 nm), is crucial for medical diag-

nostics and bioimaging due to their exceptional tissue penetration and
absorption characteristics. Organic photodetectors (OPDs) present a promis-
ing solution for self-aligned imaging in these regions, due to their tunable
optoelectronic properties and flexible fabrication processes. However,
achieving high-performance dual-mode narrowband OPDs for NIR-I and NIR-II
detection remains a significant challenge due to the inherently broadband
nature of most organic semiconductor materials. In this study, we introduce a
bias-switchable dual-mode narrowband OPD with a back-to-back stacked
charge collection narrowing/photodiode-type double bulk heterojunction

(BH)) architecture. The dual-mode narrowband OPD exhibits excellent wave-
length selectivity and enhanced imaging capabilities, facilitating self-aligned
imaging in both NIR-I1 and NIR-II regions. Additionally, the double BH]J archi-

tecture provides design flexibility, allowing for the realization of dual-mode

narrowband responses through various BHJ configurations.

Detection and imaging of both near-infrared (NIR)-1 (700-900 nm) and
NIR-1I (1000-1700 nm) electromagnetic waves play significant roles in
medical diagnostics, therapeutic monitoring, and various industrial
applications, due to their properties in tissue penetration, scattering,
and absorption'™. Inorganic semiconductor, e.g., silicon and IlI-V
compound semiconductors, based photodetectors are broadband
which require dedicated appropriate bandpass filters to achieve the
desired spectral response. The rigidity of these filters and the chal-
lenges associated with assembling small-size optical units limit their
application in flexible or high-resolution conformal optical devices.
The use of bandpass filters decreases the overall radiometric perfor-
mance, increases device integration complexity, and raises fabrication
costs. Emerging organic photodetectors (OPDs) are promising pho-
todetector technology. They offer additional advantages including
huge material varieties with tunable optoelectronic properties and
solution-fabrication processes that are capable of use in curved image

sensors, enhanced NIR responses, large areas, and flexible devices®™’.
Various solutions have been proposed to develop different OPDs for
achieving spectral selective detection, such as filter-free'®", micro-
cavity structures®, narrowband absorbing materials, charge injec-
tion narrowing®?°, exciton dissociation narrowing” and charge
collection narrowing (CCN) methods®>*. Although these approaches
improve the performance of single-band OPDs, they do not facilitate
multispectral light detection.

Bias-switchable dual-band OPDs offer capabilities that surpass
those of single-band OPDs. Various methods have been explored to
realize dual-band detection?* . For instance, a bias-controllable short-
wave infrared (SWIR) and middle-wave infrared (MWIR) dual-band
detector, prepared using stacked mercury telluride quantum dots
(QDs) junctions, has been reported”. This QD-based dual-band pho-
todetector, however, suffers from significant spectral crosstalk
between its SWIR and MWIR responses due to the overlap in the
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absorption spectra of different-sized mercury telluride QDs. In pre-
vious work, we developed a bias-controllable dual-band OPD com-
prising a visible-light-absorbing layer/optical spacer/NIR-light-
absorbing layer-based trilayer photomultiplication (PM) structure®,
An NIR-induced photocurrent is generated by enhanced charge
injection via a tunneling effect at the metal interface with the NIR-
absorbing layer when operated under a reverse bias. The trilayer PM-
OPD responds to visible light under a forward bias, enabled by
enhanced charge injection at its front contact with the visible-light-
absorbing layer. These two operating conditions provide the trilayer
PM-OPD with dual-band sensing capabilities for NIR and visible light.

In general, the spectral responses of the photodetectors are
determined by the absorption of the active materials and optical
profile in the devices. Many progress has been made in the develop-
ment of broadband OPDs. In the practical application, visualization of
NIR-1 and NIR-Il is critical for bioimaging analysis®'. However, the
reports on dual-mode narrowband OPDs for NIR-I and NIR-II detection
are rather rare. It is a great challenge to achieve high-performance NIR-
I and NIR-Il dual-mode narrowband OPDs. In this work, we present the
results of our research on developing a back-to-back stacked CCN/
photodiode double bulk heterojunction (BHJ) OPD for spectrally
selective response in NIR-I and NIR-II, as illustrated in Fig. 1a. The back-
to-back double BHJ configuration offers significant design flexibility
and process versatility, enabling various double BHJ combinations. For
instance, an NIR-I narrowband spectral response can be achieved using
a 3.5um thick front CCN junction, comprising a binary blend layer of
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-(1’,3’-di-2-thienyl-5’,7’-bis(2-ethylhexyl)
benzo[l’,2’-c:4’,5’-'] dithiophene-4,8-dione)] (PM6): 3,9-bis(2-methy-
lene-((3-(1,1-dicyanomethylene)-6,7-difluoro)-indanone))-5,5,11,11-tet-
rakis(4-hexylphenyl)-dithieno[2,3-d:2",3"-d"]-s-indaceno [1,2- b:5,6-b’]
dithiophene (IT-4F) (1:1), in the double BHJ heterojunction OPD. The
rear BHJ can utilize various blend systems of low bandgap polymers
and nonfullerene acceptors with absorption extending into the NIR-II
range. By adjusting the difference in absorption edges between the
front and rear junctions, a narrowband spectral response in the NIR-II
can be realized.

Our results demonstrate that dual-mode narrowband spectral
responses in the NIR-1 and NIR-Il can be effectively achieved by adjusting
the biases across the OPD, comprising a back-to-back stacked PMé6:IT-
4F-based CCN front junction and a rear long-wavelength light absorbing
ternary BHJ of poly[4,8-bis(5-(2-ethylhexyl)thiophen-2-yl)benzo[1,2-
b;4,5-b’ldithiophene-2,6-diyl-alt-(4-(2-ethylhexyl)-3-fluorothieno[3,4-b]
thiophene-)-2-carboxylate-2-6-diyl] (PTB7-Th), 2,2-((2Z,2'Z)-((5,5-(44-
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Fig. 1| Dual-mode narrowband OPD. a Schematic cross-sectional view and

b absorption profile of the dual-mode narrowband OPD, comprising a layer con-
figuration of glass/ITO/Zn0O (10 nm)/PM6:IT-4F (1:1) (3.5 um)/MoO5 (5 nm)/PTB7-
Th:COTIC-4Cl:Y6 (1:1.05:0.45) (670 nm)/ZnO (10 nm)/Ag. ¢ EQE spectra measured
for the OPD operated under forward biases of 1.0 and 2.0 V, showing a narrowband

KRE PTB7-Th:COTIC-4Cl —

bis(2-ethylhexyl)-4H-cyclopenta[l,2-b:5,4-b’] dithioph-ene-2,6-diyl) bis
((4-(2-ethylhexyl)oxy) thiophene-5,2-diyl)) bis(methanylylidene)) bis
(5,6-dichloro  -3-ox0-2,3-dihydro-1H-indene-2,1-diylidene))dimalononi-
trile (COTIC-4Cl), and 2,2"-((2Z,2'Z)-((12,13-Bis(2-ethylhexyl)-3,9-diunde-
cyl-12,13-dihydro-[1,2,5]thiadiazolo  [3,4-e]thieno[2”,3:4’, 5] thieno
[2',3":4,5] pyrrolo [3,2-g]thieno[2’,3":4,5]thieno[3,2-blindole-2,10-diyl)bis
(methanylylidene))bis(5,6-difluoro-3-0xo-2,3-dihydro-1H-inde (Y6). The
performance of the NIR-I/NIR-Il dual-mode narrowband OPDs, including
photoresponsivity, noise current, and specific detectivity, D*(A), was
analyzed. The CCN/photodiode-type dual-mode narrowband OPDs
exhibit excellent spectral selective detection, enabling self-aligned
imaging analysis in distinct bands through the combination of differ-
ent BHJ configurations.

Results and discussion
The schematic cross-sectional view of the double BHJ OPD, comprising
a layer configuration of glass/ITO/ZnO (10 nm)/PM6:IT-4F (1:1) (3.5 um)/
MoO; (5nm)/PTB7-Th:COTIC-4Cl:Y6 (1:1.05:0.45) (670 nm)/ZnO
(10 nm)/Ag, is shown in Fig. 1a. In this device structure, the front 3.5 um
thick PM6:T-4F (L:1)-based photoactive layer functions as a CCN
junction responding for the NIR-I light, and a 670 nm thick rear PTB7-
Th:COTIC-4Cl:Y6 (1:1.05:0.45)-based photoactive layer is responsible
for spectral response at NIR-Il range. A 5 nm thick MoOs interlayer acts
as a common anode connecting the front and rear photoactive layers
forming a back-to-back CCN/photodiode type double heterojunction
structure. The selection of the thicknesses of both junctions was gui-
ded by optical simulation to optimize the absorption distribution in the
double BHJ OPD, taking advantage of the complementary absorption
characteristics of PM6:T-4F (1:1)-based CCN and PTB7-Th:COTIC-
4ClLY6 BHJ layers, as shown in Fig.lb. This enables the enhanced
spectral selective narrowband detection for NIR-I through CCN effect
of the front PM6:IT-4F junction, and the built-in filtering effect of the
front PM6:IT-4F photoactive layer for narrowband NIR-II detection by
the PTB7-Th:COTIC-4Cl.Y6-based rear BHJ. The molecular structure
and schematic energy level diagram of the function materials used in
this work are shown in Supplementary Fig. 1 and Supplementary Fig. 2.
The profile of the absorption distribution in PM6:IT-4F/MoO,/
PTB7-Th:COTIC-4Cl:Y6-based NIR-I and NIR-Il dual-mode narrowband
OPD was analyzed. The optical simulation reveals clearly that the
incoming light with a portion over the wavelength range from 400 to
800 nm can be fully absorbed by the PM6:IT-4F-based front junction
with a layer thickness of >1.0 um, enabling for a narrowband spectral
response in NIR-I band due to the CCN effect. Whereas the longer
wavelength part of the incoming light with the wavelengths above

800
Wavelength (nm)

1200 600

spectral response in the NIR-I range, with a peak wavelength of 814 nm, and the
ones measured for the OPD operated under reverse biases of -1.0 and 2.0V,
showing a narrowband spectral response in the NIR-II range, with a peak wave-
length of 1108 nm.
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800 nm can penetrate the front PM6:1T-4F-based front junction and be
absorbed by the rear PTB7-Th:COTIC-4Cl:Y6 photoactive layer,
enabling for a narrowband spectral response in NIR-Il band, due to the
difference in absorption edges between the PM6:IT-4F-based CCN
junction and the rear PTB7-Th:COTIC-4Cl:Y6-based BHJ, as shown in
Fig. 1b. An NIR-I narrowband spectral response is clearly demonstrated
when the OPD is operated under a forward bias, and an NIR-II nar-
rowband spectral response is observed when the OPD is operated
under a reverse bias. A narrowband spectral response in the NIR-I
range with a peak wavelength of 814 nm and full width at half max-
imum (FWHM) of 40 nm and 38 nm is observed for the dual-mode
narrowband OPD operated at 1.0 and 2.0V, respectively. A narrow-
band spectral response in the NIR-Il range with a peak wavelength of
1108 nm and FWHM of 63 nm and 64 nm is observed for the OPD
operated under reverse biases of -1.0 and -2.0V, respectively, as
shown in Fig. 1c. EQE of the OPD can be expressed using the following
expression®”:

EQE() =nqps(A) - IQE(A) @

where the n.,s(A) is the light absorption efficiency of the photoactive
layer, and the internal quantum efficiency, /QE(A), is the ratio of pho-
togenerated charges to the absorbed photons, which is strongly rela-
ted to the absorbing nature of materials. A possible path to achieve
narrowband photoresponse is to use a photoactive material with nar-
rowband absorption feature. However, most of the organic semi-
conductor materials including the polymers and acceptors used in this
work, are broadband absorbers. Realization of the dual-mode
narrowband spectral response in OPDs prepared using the broadband
absorbers requires dedicated device engineering.

The optical simulation reveals that photons with longer wave-
lengths have a deeper penetration depth, so that they have a longer
penetration path. The organic semiconductor materials usually have a
high absorption over the visible wavelength range and have a relatively
weaker absorption near their band tail because of the energy band
structure. A few hundred nanometer thick photoactive layer in an OPD
generally possesses a broadband absorption and nearly uniform
optical distribution across the layer. However, as the layer thickness
increases, narrowband absorption behavior occurs as only those long
path penetration photons with energy approaching the band edge can
reach to the rear side of the photoactive layer, revealing a narrowband
absorption behavior as seen in the CCN effect. The profile of the
absorption distribution in a discrete OPD of a glass/ITO/ZnO/PM6:IT-
4F (1:1)/Mo03/Ag is shown in Supplementary Fig. 3. As the thickness of
the front PM6:IT-4F-based photoactive layer increases, the spectral
absorption gradually changes from its broadband absorption to a
narrowband spectral response, the photogenerated charges generated
by the short-wavelength photons loss to the recombination and do not
contribute to the photocurrent due to the CCN effect® . EQE spectra
measured for the PM6:1T-4F (1:1)-based discrete OPD clearly reveal the
charge collection narrowing effect when the BHJ layer varies over the
thickness range from 0.7 to 3.5 um, as shown in Supplementary Fig. 4.

The light absorption in the photoactive layer is dependent on the
wavelength of incoming light and the optical profile in the film.
Schematic diagrams illustrating the spectral selective responses of the
dual-mode narrowband OPD are shown in Fig. 2. When the dual-mode
narrowband OPD is operated under forward bias, as shown in Fig. 2a,
the rear PTB7-Th:COTIC-4Cl:Y6-based junction is under its forward
conduction status with a small voltage drop, while the front PM6:1T-4F-
based CCN junction is under its detection mode, as only photons with
wavelengths near the absorption edge of the PMé6:IT-4F-based CCN
junction can be detected, realizing an NIR-I narrowband spectral
response. When the dual-mode narrowband OPD is operated under
reverse bias, as shown in Fig. 2b, the front PM6:IT-4F-based CCN
junction is under its conduction mode with a low voltage drop, the rear

(@) *

X=

ITO/ZnO PMB:IT-4F  COTIC-4Cl:Y6

Forward bias (NIR-I mode)

Reverse bias (NIR-Il mode)

€ Electrons @ Holes @& Excitons @O Charge recombination

Fig. 2 | Spectral selective responses. Schematic diagrams illustrate the spectral
selective responses of the dual-mode narrowband OPD: a under forward bias, with
the front junction responding to the short wavelength part of the incoming light,
and b under reverse bias, with the rear junction responding to the long wavelength
part of the incoming light.

PTB7-Th:COTIC-4Cl:Y6-based BHJ is then under its detection mode. It
responds to longer-wavelength photons that pass through the front
junction, producing a narrowband spectral response in the NIR-II
range, due to the difference in the absorption edges of the front and
rear junctions in the double BHJ OPD.

The photoresponsivity, R(A), and the specific detectivity, D*(A), of
the dual-mode narrowband OPD are calculated using the following
formula:

R\ =EQE % Z—’g @
D)= Rsﬂ 3)

where ¢ is the elementary charge, A is the wavelength of the incident
light, h is the Planck constant, c is the speed of light in vacuum, A is the
active area in cm?, S, is the noise spectral density of the device mea-
sured in the dark®***. Under a forward bias, the OPD shows narrowband
behavior with a maxima R(A) of 100 mA/W at the peak wavelength of
814 nm. R(A) of 50 mA/W at 1108 nm was observed for the dual-mode
narrowband OPD operated under a reverse bias, as shown in Fig. 3a.
The R(M) increases with the applied bias, because of a higher internal
field across the device that facilitates the swap out of the photo-
generated charges. The noise current includes the shot noise (ishor),
thermal noise (ithermar), 1/f Noise (i), and generation-recombination
noise (iz.r) and can be described below:

Sn = \/ighot + i?herma[ + i%/f + i;—r (4)
ishot: \/ZqXIDXB (5)

4kTB
Rsh

(6)

Lhermal =
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Fig. 3 | NIR-I and NIR-II dual-mode narrowband OPD. a Photoresponsivity, R(A),
b noise spectral density, S,,, and ¢ the specific detectivity, D*(A) measured for the
NIR-I and NIR-Il dual-mode narrowband OPD, operated under forward biases of 1.0
and 2.0V, and reverse biases of -1.0 and 2.0 V.

where I is the dark current, B is the measurement bandwidth, k is the
Boltzmann constant, and Ry, is the shunt resistance. The ig,,, is deter-
mined by the charge injection and ierma iS caused by the thermal
excitation®. The ighor and the igerma are considered as the main sour-
ces of the noise current in OPDs, which is independent of frequency.
On the contrary, the 1/f noise and i, depend on the frequency, they
become the kay noise factor in an OPD operated under high biases®**.,
S results measured for the dual-mode narrowband OPD operated
under different forward and reverse biases are shown in Fig. 3b. The

electron injection in the OPD, from Ag side, is significantly influenced
by the forward bias. Under reverse bias, frequency dominated noise
current indicates the intensive trap and de-trap process introduced by
the fabrication process. The lower dark current in the OPD, operated
under forward bias, is closely related to a 3.5 um thick front PM6:IT-4F
layer, as compared to the relatively thinner PTB7-Th:COTIC-4Cl:Y6
layer (670 nm). Overall, an S, of 4.4 x 10 A/HZ"? was obtained for the
dual-mode narrowband OPD operated under a forward bias of 1.0V,
and an S, of 1.2x10™2A/Hz"? is obtained for the dual-mode narrow-
band OPD operated under a reverse bias of -1.0 V at the frequency of
100 Hz. A D* of 6.0x10" Jones was obtained for the narrowband
spectral response in the NIR-I (780-900 nm) range when the dual-
mode narrowband OPD is operated under a forward bias, and a D* of
8.0 x10? Jones was obtained for the narrowband response in the NIR-II
(1000-1200 nm) region when the OPD is operated under a reverse
bias, as shown in Fig. 3c.

The spectral rejection ratio (SRR) of the NIR-I and NIR-II dual-
mode narrowband OPD is analyzed. SRR is the ratio of responsivity at
the target wavelength to the untargeted wavelength described by
following expression':

R (Ata rget)

SRR(/ltarget'Aref)= RQA f)
re

@)

where the R(A¢arged) is the photoresponsivity measured for the OPD in
the targeting wavelength range, the R(A,¢) is the responsivity out of
the detection wavelength range. SRR calculated for the NIR-1 and NIR-II
dual-mode narrowband OPD, with the configuration of glass/ITO/ZnO
(10 nm)/PM6:IT-4F (1:1) (3.5um)/MoOs3 (5 nm)/PTB7-Th:COTIC-4Cl:Y6
(1:1.05:0.45) (670 nm)/ZnO (10 nm)/Ag, operated under a forward bias
of 1.0V and a reverse bias of 1.0 V are shown in Fig. 4a and b. At the
NIR-I detection mode, a high SRR of 1027 was obtained at the
wavelength of 580 nm, revealing a low crosstalk at the visible regime
due to the CCN effect. The current density-voltage (/-V) character-
istics, measured for the NIR-I and NIR-Il dual-mode narrowband OPD in
the dark, under illumination of an 830 nm LED light source and a
1100 nm LED light source, are shown in Supplementary Fig. 5a and b. A
dynamic range (DR) of 85dB for NIR-I (830 nm) is achieved for the
dual-mode narrowband OPD operated under a forward bias of 3.0V,
and a similar DR of 83 dB in NIR-II (1100 nm) is obtained for the dual-
mode narrowband OPD operated under a reverse bias of 3.0V, as
shown in Supplementary Fig. 5¢ and d.

The response time of the dual-mode narrowband OPD was
examined by recording the time that the photocurrent changes from
the 10% to 90 % for rise time (t;) and 90 % to 10 % for fall time (tp)*>. The
response time of the NIR-l and NIR-II dual-mode narrowband OPD
operated under a forward bias of 1.0 V and a reverse bias of -1.0 V was
examined using illumination of an NIR-I (830 nm) LED source and an
NIR-II (1100 nm) LED light source. The dual-mode narrowband OPD has
arise time of 1.4 ms and a fall time of 1.1 ms when it is operated under a
forward bias of 1.0V for detecting the NIR-I light, as shown in Sup-
plementary Fig. 6. The dual-mode narrowband OPD has a rise time of
1.4 ms and fall time of 1.5 ms when it is operated under a reverse bias of
-1.0V for detecting NIR-II light. The slower response time, observed
for the dual-mode narrowband OPD operated under forward bias, is
related to the increased charge transfer processes in the thick CCN
photoactive layer, leading to an f34g of 0.7 kHz for the dual-mode
narrowband OPD operated under a forward bias of 1.0 V, and an f:34g of
1.1 kHz for the OPD operated under a reverse bias of -1.0 V, as shown in
Supplementary Fig. 7.

Transient photoresponse measured for the NIR-I and NIR-II dual-
mode narrowband OPD operated at 1.0 V and -1.0V, under illumina-
tion of an NIR-I (830 nm) LED light source and an NIR-II (1100 nm) LED
light source is shown in Fig. 4c and d. Under illumination of an 830 nm
LED light source, the dual-mode narrowband OPD, operated under
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narrowband OPD operated at 1.0 V and -1.0 V, under illumination of ¢ an NIR-I
(830 nm) LED light source and d an NIR-II (1100 nm) LED light source.

forward bias, has a strong spectral response to the NIR-I light. Whereas
it has a very weak response to NIR-I light when the OPD is operated
under reverse bias. When the dual-mode narrowband OPD was
exposed to a 1100 nm LED light source and operated under a reverse
bias of 1.0V, an obvious photoresponse was observed. On the con-
trary, a weak spectral response to NIR-II light was seen when the OPD
was operated under a forward bias of 1.0 V. The dual-mode narrow-
band OPD reveals the clear NIR-I (830 nm) and NIR-II (1100 nm) nar-
rowband spectral selective responses, depending on the polarity of the
bias applied across the device. The CCN/photodiode-type dual-mode
narrowband OPD offers device design freedom and fabrication flex-
ibility, enabling spectral selective detection across distinct bands by
utilizing various BHJ combinations. For example, the bias-switchable
dual-NIR narrowband spectral responses of a CCN/photodiode-type
OPD with a combination of a PM6:Y6 (1:1.2)-based CCN junction, pre-
pared using a precursor solution with a weight ratio of PM6 to Y6 of
1:1.2, and a PTB7-Th:COTIC-4ClLY6 (1:1.05:0.45)-based photodiode
junction, were examined. The dual-mode narrowband spectral
response in the NIR region, having a peak wavelength of 900 nm and
an FWHM of 46 nm, is clearly seen when the PM6:Y6/PTB7-Th:COTIC-
4ClL:Y6-based dual-mode narrowband OPD is operated under a forward
bias of 3.0 V. Similarly, a narrowband spectral response in the NIR-II
region, having a peak wavelength of 1100 nm and an FWHM of 62 nm,
is achieved when it is operated under a reverse bias of -3.0 V, as shown
in Fig. 5a. We also examined the spectral selective photoresponses of
the dual-mode narrowband OPD that are operated at a forward bias
and a reverse bias, under illumination of an NIR-I (910 nm) LED light
source and an NIR-II (1200 nm) LED light source. The results are shown
in Supplementary Fig. 8.

The spectral crosstalk, C K; of the dual-band narrowband OPDs
was examined by analyzing the overlap in their spectral responses. This
overlap reflects the spectral selective detection capability, which
occurs when detecting electromagnetic waves in one band that include
an undesired photocurrent contribution from light in another band.

C K; can be calculated using the following expression®:

RA, V)
RA, V)

Cyl=—20x ’Iog 8)

where R(A, V1) and R(A, V) are the responsivities of the OPD measured
under different operating voltages, such as a forward bias of 3.0 V and
a reverse bias of -3.0V, at the wavelength A. Figure 5b shows the
wavelength-dependent spectral crosstalk of the dual-NIR narrowband
OPD over a broad wavelength range covering visible light and NIR
light. The results clearly show that the dual NIR narrowband OPD
exhibits negligible wavelength-dependent spectral crosstalk over the
NIR ranges when operated under different biases of 3.0 Vand -3.0 V. A
CiV of >-30dB is obtained for the dual-NIR narrowband OPD,
demonstrating its clear spectral selective narrowband detection
capability.

An imaging measurement setup, as shown in Fig. 6a, was used to
demonstrate the capabilities of self-aligned image analysis in NIR-I and
NIR-II using the dual-mode narrowband OPD. An image was taken of
the HKBU mask, with its upper part (e.g., the letters HK) covered by a
1000 nm bandpass filter, as shown in Fig. 6b. The HKBU mask is
exposed to the incoming light covering wavelengths of NIR-I1and NIR-II
ranges. When the dual-mode narrowband OPD is operated under a
forward bias of 1.0V, it is in its NIR-I detection mode, e.g., responses to
810 nm part of the incoming light. Only BU part of the mask can be
detected by the OPD in its NIR-I mode, although the 1100 nm part of
the incoming light passes through the 1000 nm bandpass filter, but it
cannot be detected by the OPD. Therefore, an image for the part of the
mask not covered by the 1000 nm bandpass filter (i.e., the letters BU)
can be produced by the dual-mode narrowband OPD operated under
forward bias. When a reverse bias of —1.0 V is applied to the dual-mode
narrowband OPD, it operates in its NIR-Il detection mode. In this mode,
the entire HKBU image can be produced, as shown in Fig. 6¢. This is
because the dual-mode narrowband OPD has a high spectral response
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uration of glass/ITO/ZnO/PM6:Y6 (1:1)/MoO5/PTB7-Th:COTIC-4Cl:Y6 (1:1.05:0.45)/
ZnO/Ag.

to the 1100 nm part of the incoming light, which is exposed to both the
covered and uncovered regions of the HKBU mask. The results reveal
the advantages of the dual-mode narrowband OPD for use in self-
aligned imaging analyses in NIR-I and NIR-Il. The demonstrated per-
formance underscores the potential of this technology for a wide
range of imaging analyses in distinct bands.

Currently, the performance of dual-mode narrowband OPDs with
spectral selective detection over broad wavelength ranges, such as
short wavelength/long wavelength visible light range and visible/NIR,
has been reported. However, reports on dual-mode narrowband
spectral selective detection are rather rare. The results of this work
provide an exciting option for realizing bias-switchable dual-mode
narrowband spectral selective detection in distinct bands by adjusting
the polarity of the bias across the device. This technology has sig-
nificant potential for a plethora of applications, including encrypted
optical communication, bioimaging, security monitoring, self-aligned
imaging in distinct bands, and miniaturized, portable, and non-
invasive health monitoring systems.

In summary, we have successfully developed dual-mode narrow-
band OPDs for self-aligned imaging in the NIR-I and NIR-II regions,
employing a CCN/photodiode double BHJ configuration. This design
enables dual-mode narrowband spectral selectivity by strategically
combining broadband absorbing materials. When operated under a
forward bias, the front BHJ, enhanced by the CCN effect, exhibits a
narrowband spectral response in the NIR-I range, with an FWHM of
38 nm and a D* of 6x10'1 Jones. In contrast, when under a reverse bias,

the OPD delivers narrowband spectral detection in the NIR-Il range,
with a responsivity of 50 mA/W. The bias-switchable dual-mode nar-
rowband OPD provides a significant technical advantage for self-
aligned imaging across distinct NIR-I and NIR-Il bands, ensuring mini-
mal spectral crosstalk. This capability paves the way for exciting
applications in high-resolution bioimaging and secure optical com-
munication, highlighting the potential of these OPDs in advanced
technological fields.

Methods
Device fabrication
ITO-coated glass substrates with a sheet resistance of 10 Q/sq were
used for device fabrication. The ITO/glass substrates were cleaned by
ultrasonication sequentially in detergent solution, deionized water,
acetone, and isopropanol, each for 30 min. The ZnO nanoparticle
solution was obtained from Sigma-Aldrich. The blend solution of PM6
(from eflexpv) and IT-4F (from Lumtec) was prepared by dissolving
PM6 and IT-4F in chloroform (CF) with a weight ratio of 1:1, resulting in
a concentration of 60 mg/ml. A 0.2vol% 1,8-diiodooctane additive
solution was added to the PMé6:IT-4F (1:1) solution for device fabrica-
tion. The ternary functional layers were prepared using a blend solu-
tion of PTB7-Th (from 1-materials), COTIC-4Cl (from 1-materials), and
Y6 (from eflexpv), formulated by dissolving PTB7-Th, COTIC-4Cl, and
Y6 in CF solvent with a weight ratio of 1:1.05:0.45, resulting in a con-
centration of 40 mg/ml. A 2vol% 1-chloronaphthalene solution was
added to the ternary PTB7-Th:COTIC-4Cl:Y6 (1:1.05:0.45) blend solu-
tion for device fabrication.

A 10 nm thick ZnO electron-transporting layer (ETL) was depos-
ited on the ITO/glass substrate by spin-coating at 2500 rpm for 50 s. A
3.5 um thick PM6:IT-4F photoactive layer was formed on the ZnO ETL
by spin-coating the PM6:IT-4F blend solution at 100 rpm for 50 s, fol-
lowed by annealing at 100 °C for 10 min. The glass/ITO/ZnO/PM6:IT-4F
samples were then transferred to an adjacent vacuum chamber with a
base pressure of <4.0 x 107 Pa for depositing a 5 nm thick MoOj; hole-
transporting layer (HTL) by thermal evaporation. A 670 nm thick PTB7-
Th:COTIC-4CL.Y6 (1:1.05:0.45) photoactive layer spin-coated on the
surface of a pre-cleaned silicon wafer, cleaned with acetone and iso-
propanol, each for 30 min. This layer was then transferred onto the
surface of the ITO/ZnO/PM6:1T-4F/MoO3 multilayer, forming a double
BHJ configuration with the layer structure of glass/ITO/ZnO (10 nm)/
PM6:IT-4F (3.5 um)/MoOj3 (5 nm)/PTB7-Th:COTIC-4CL.Y6 (670 nm). A
10 nm thick ZnO ETL was then deposited on the double BHJ stack by
spin-coating at 2500 rpm for 50s. Finally, a 100 nm thick Ag upper
electrode was deposited on the ZnO ETL by thermal evaporation. The
dual-mode narrowband OPDs have an active area of 3.0 mm x 3.0 mm,
defined by the overlapping area between the front ITO and upper Ag
contacts.

Device characterization

The responsivity of the OPDs was measured using a quantum efficiency
measurement system comprising a xenon lamp (Zolix), a mono-
chromator (Bentham TMc300), a Stanford Research System (SRS)
preamplifier (model SR570), a chopper (SR540), and an SRS lock-in
amplifier (model SR830). The -V characteristics of the OPDs were
measured using a source meter (Keithley 2400). The photocurrent for
image analysis in the imaging measurement setup was measured using
a preamplifier (model SR570) and a lock-in amplifier (model SR830).

Optical simulation

The distribution of optical density and absorption profile in the NIR-I
and NIR-II dual-band narrowband OPDs was calculated using open-
source software, a general-purpose photovoltaic device model
(gpvdm), over the wavelength range from 350 to 1200 nm. The optical
constants, including the wavelength-dependent refractive indexes,
n(M), and extinction coefficients, k(A), of the photoactive layers PM6:1T-
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produced by the OPD operated under a forward bias of 1.0 V. ¢ The entire HKBU
image produced by the OPD operated under a reverse bias of -1.0 V.

4F (1:1) and PTB7-Th:COTIC-4CLY6 (1:1.05:0.45), as shown in Supple-
mentary Fig. 7, were obtained by ellipsometry measurements.

Data availability

The data that support the findings of this study are presented in the
main text and Supplementary Information file. All the data are available
from the corresponding authors on request.
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