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ABSTRACT
Expanding the absorption window of organic photodiodes (OPDs) over the 1000 nm benchmark is essential for bioimaging
and medical applications. However, progressing into this wavelength range has proven to be a challenging task due to the
scarcity of near-infrared (NIR) semiconducting polymers and small molecules with suitable energy alignment and processability.
OPDs based on low-bandgap donor polymers generally present low responsivities and, therefore, low detectivities in the NIR.
Photomultiplication (PM) has been introduced as a promising strategy to increase the external quantum efficiency (EQE) above
unity. However, its application has beenmainly limited to OPDs operating in the visible range andwith response speeds within the
millisecond range. In this work, we present PM-OPDs utilizing an equal donor (D):acceptor (A) ratio in the bulk heterojunction
photoactive layer. This changes the common understanding of PM-OPDs, in which heavily unbalanced D:A ratios were needed to
impose trap-assisted charge tunnelling injection at high reverse bias. Here, the NIR polymer TQ-3T was used with nonfullerene
acceptor Y6. PM-OPDs with an EQE of above 1100% at 840 nm and 31% at 1100 nm at -10 V, and fast response times of 73 µs were
achieved.We also demonstrate ultrathin (<3 µm) flexible PM-OPDs based on the TQ-3T:Y6 blendwithout any drop in performance
compared to rigid samples with a stable dark current density after 1000 bending cycles. Finally, we demonstrate an application of
the PM-OPD as a flexible and pulse oximeter and large-area image sensor for accurate vein recognition.
This is an open access article under the terms of the Creative Commons Attribution License, which perm
cited.
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1 Introduction

In recent years, photodiodes have established themselves as
an essential component in everyday technology. Their range
of applications spans optical communication [1], environmental
monitoring, and most importantly, medical care and medical
imaging [2, 3]. In the near-infrared (NIR) region, inorganic
photodiodes based on InGaAs or germanium currently lead
the optical sensor market because of their outstanding carrier
mobility and stability [4, 5]. With the exception of few emerg-
ing quantum dots technologies [6–8], most inorganic materials
present major drawbacks such as expensive fabrication processes
and mechanical rigidity [9], making traditional PDs unsuitable
for future generation applications such as bioelectronics and
skin-grafted sensors [10, 11]. Organic photodiodes (OPDs) are
a promising candidate to address the limitations of traditional
photodiodes, by accommodating the fast-growing demand for
lightweight and cost-effective sensors that can be scaled [12] and
flexible [13, 14]. To maximize the light-to-current conversion,
an organic photoactive layer typically comprises a bulk hetero-
junction (BHJ) of an electron-donor (D) and electron-acceptor
(A) material. By adopting this device architecture, OPDs present
notable advantages such as photon-to-charge carrier conversion
yield approaching unity and solution processability, which allows
deposition of the photoactive layer onto a selection of surfaces,
and a tunable absorption [15, 16], spanning from broadband to
detection windows as narrow as a few nanometers. All of these
are key qualifications for wearable electronics, flexible imagers
and on-the-go monitoring.

For biosensing [17] and imaging [18, 19] in particular, it is essential
to assess two main factors: the OPD detection window and an
enhanced responsivity at such wavelengths. The ideal detection
window for a bioimaging sensor is in the NIR-II range (from
1100 to 1300 nm), to allow better tissue penetration, minimize
light attenuation and improve contrast compared to visible light
[20, 21]. However, the synthetic challenges of developing low-
bandgap, solution-processable donor polymers [22–24] result in
a scarcity of NIR materials with an absorption onset above the
1000 nm benchmark. Therefore, there is a limited amount of
well-performing OPDs that operate in the NIR-I (800–1100 nm)
and NIR-II range [25, 26]. In previous work, we reported two
NIR OPDs based on thiadiazoloquinoxaline-thiophene (TQ-T)
[27] and terthiophene (TQ-3T) [28] polymers with a non-fullerene
acceptor (IEICO-4F) showing a photocurrent response up to
1800 nm and a moderately high specific detectivity (D*) of 1010
Jones at 1200 nm (TQ-3T:IEICO-4F). The small bandgap for
both donor polymers can be attributed to the strongly accepting
TQ monomer, which combines electron-deficient thiadiazole
and quinoxaline moieties. Electron withdrawing units mostly
contribute to a low lying lowest unoccupied molecular orbital
(LUMO) level, however, the open-shell ground state character of
TQ encourage a quinoidal structure along the backbone affecting
the highest occupied molecular orbital (HOMO) [29, 30]. This
molecular design allows the readily tuning of the bandgap, and
the TQ monomer favors the addition of solubilizing alkyl chains
which improve polymer solubility. However, the shallow HOMO
levels of these TQ-based polymers hinder the desired ohmic
contact with current hole-transporting layers (HTLs), resulting in
higher dark current density (Jd) values. Nonetheless, detectivity
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(D*) can be still enhanced by increasing the external quantum
efficiency (EQE), and therefore the responsivity (R).

The photomultiplication (PM) effect has emerged as a potential
solution to enhance the photoresponse of an OPD without
compromising its simple structure. In literature, OPDs are dif-
ferentiated into photodiode-type OPDs with an EQE below 100%
and PM-OPDs showing an EQE above 100% [31, 32], affirming
that it is impossible to obtain PM OPDs with the same simple
structure of a standard OPD [33]. As a result of such high EQEs,
PM-OPDs have demonstrated state-of-the-art responsivities, with
values exceeding 124 A W−1, [34] albeit with the drawback of a
higher dark current and longer response times on the order of
milliseconds compared to the photodiode-type OPD counterpart
[35, 36]. The working mechanism of PM OPDs entails trapping
one of the photogenerated charge carriers in either the active layer
or at an interfacial blocking layer. Such trapped charges lower
the injection barrier for the opposite carriers, enabling tunnelling
from the electrode and thereby generating a photocurrent gain in
which several charges may be collected for each absorbed photon
[37]. The PM effect can be obtained through several strategies,
such as introducing further charge blocking layers into the OPDs
architecture to enhance the charge injection at reverse bias [38,
39], or by incorporating quantum dots [40], as well as adding
dopants [41]. So far, the most common strategy to achieve PM
is introducing traps into the active layer by implementing a
heavily unbalanced D:A ratio (e.g. 100:1 by weight) in the BHJ
[42–45], such that one phase cannot form a continuous charge
extraction pathway and therefore acts as a trap site. While useful
for PM, such unbalanced D:A ratios exhibit an increase in charge
recombination and consequently dark current values, as well as
reducing response speeds [46].

In this work, we present a NIR-II PMOPD for biomedical sensing
with a photoresponse up to 1450 nm, employing a balanced TQ-
3T:Y6 (D:A) ratio of 1:1 and a simple device OPD architecture.
The PM effect in an inverted configuration OPD was achieved
by tuning the energy alignment of the donor polymer TQ-
3T and hole blocking layer MoOx, as well as exploiting the
electron and hole mobility mismatch between the non-fullerene
acceptor (NFA) Y6 and TQ-3T.We discovered that the non-ohmic
contact formed between MoOx and the HOMO of TQ-3T causes
a selective charge accumulation of holes at the interface of the
active layer, while allowing the extraction of tunnelling electrons
through the LUMO of Y6. Additionally, TQ-3T acts as a trapping
material because of its low hole mobility, resulting in an EQE
of above 1100% in the visible range and of 31% at 1100 nm at -
10 V. Sub-millisecond response times are retained with rise and
fall times of 73 and 76 µs, respectively. To prove the viability of
our PM-OPDs, we demonstrate ultrathin and flexible TQ-3T:Y6
PM OPDs with a highly stable dark current density over 1000
cycles of repeated bending stress. The flexible OPD was used as
photoplethysmogram (PPG) sensor to record the heartbeat and
calculate the blood saturation as a pulse oximeter. Finally, an
application of TQ-3T:Y6 PM OPD as a large-area flexible active-
matrix image sensor for vein authentication was reported. These
unprecedented applications of a PM-OPD inultrathin and flexible
technologies, as well as in conformable skin sensors, uncovers yet
unexplored research prospects regarding the photomultiplication
effect in the biomedical field.
Advanced Energy Materials, 2026
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FIGURE 1 OPDmaterials characterization. (a) Chemical structures of TQ-3T and non-fullerene acceptor Y6. (b) Schematic of a charge-extraction
limited PM-OPD highlighting the adopted inverted architecture. (c) Normalized visible-IR absorption spectra of TQ-3T and Y6. (d) (left) Schematic
showing the energy levels of the OPDmaterials. The ionization energy (IE) and electron affinity (EA) of Y6 and TQ-3T were measured using ultraviolet
photoelectron spectroscopy (UPS) and low-energy inverse photoelectron spectroscopy (LE-IPES), respectively (Figures S2 and S3) [47, 48], and (right)
schematic of the expected band-bending under high reverse bias. (e) C-AFM images of TQ-3T:Y6 1:1 (wt/wt) blend at (i) +2 V illustrating the hole
collection network and at (ii) -2 V illustrating the electron collection network. (f) Time-of-flight secondary ion mass spectrometry (ToF-SIMS) depth
profile of ITO/ZnO/TQ-3T:Y6 1:1 (wt/wt) sample.
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2 Results

2.1 OPDMaterial Characterization

TQ-3T (Figure 1a) was synthesized (Figure S1) and blended in
a bulk heterojunction with commercially available NFA Y6 in
a 1:1 ratio (wt/wt). Figure 1b shows the device architecture of
our charge-extraction limited PM-OPD and Figure 1c shows the
normalized absorption spectra of the donor (D) and acceptor (A)

material used in our PM-OPDs.

Advanced Energy Materials, 2026

v

Conventionally, highly unbalanced D:A ratios (on the order of
100:1 to 100:16 [49]) are necessary to obtain PM in OPDs. The
acceptor molecules, present in smaller quantities, act as a trap
in the photoactive layer, hindering hole extraction. The trapped
charges bend the energy levels, lowering the barrier for hole
injection, such that under large reverse bias additional holes can
tunnel into the active layer, leading to a large photocurrent gain.
In contrast, in this work we used a balanced D:A (1:1, wt/wt) ratio
in a bulk heterojunction to achieve PM, exploiting the inherent
mobility imbalance between the two materials, and electron
3 of 12
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tunnelling induced by charge accumulation at the TQ-3T/MoOx
interface due to the large energy offset (Figure 1d).

BHJ films were prepared using a blade coating method in air
as it allowed higher control over the active layer thickness
as compared to the spin-coating method. 2D grazing-incidence
wide-angle X-ray scattering (GIWAXS) and conductive atomic
force microscopy (C-AFM) analysis provided complementary
insights into the morphology and charge transport pathways of
the photoactive layer. GIWAXS images (Figure S4) confirmed that
TQ-3T preferentially adopts a face-on orientation in thin films
and demonstrated that the deposition technique had no signifi-
cant influence on the solid-statemorphology ormicrostructure of
the TQ-3T:Y6 blend. C-AFM further confirmed the homogeneity
of current distribution across the BHJ, with Figure 1e showing the
collection pathways under both forward (holes) and reverse biases
(electrons). Topographic AFM imaging (Figure S5) of the TQ-
3T:Y6 1:1 (wt/wt) blend at 0 V confirms the overall smoothness
of the film.

Finally, time-of-flight secondary ion mass spectrometry (ToF-
SIMS) was performed on TQ-3T:Y6 1:1 (wt/wt) (Figure 1f) to gain
a better insight into vertical phase distribution of the BHJ. The
results showed no evidence of phase stratification of either TQ-3T
or Y6, proving that both components were homogeneouslymixed
without any preferential accumulation at the interfaces.

2.2 PM-OPDs Device Fabrication and
Characterization

Given the similar materials distribution and microstructure, we
fabricated inverted architecture OPDs with TQ-3T:Y6 in ratios of
2:1, 1:1 and 1:2 (wt/wt). The OPD structure consisted of indium
tin oxide (ITO)/ZnO (30 nm)/Active layer (700 nm)/MoOx
(10 nm)/Ag (100 nm). The photodetection ability of TQ-3T:Y6-
based OPDs was evaluated by measuring current density-voltage
(J-V) characteristics under both dark and one sun illumination
(AM1.5G) conditions. The devices with D:A ratios of 2:1, 1:1, 1:2
(wt/wt) delivered a dark current density (Jd) of 1.3 × 10−4, 2.7
× 10−4, 1.2 × 10−3 A cm−2 at -2 V and a photocurrent (JL) of
2.7 × 10−3, 7.3 × 10−3, 1.5 × 10−2 A cm−2 at -2 V under AM1.5G
illumination (Figure 2a, Figure S6, and Table S1 for photovoltaic
parameters), respectively. The relatively high dark currents are
attributed to the ultralow bandgap of TQ-3T [28]. As the bandgap
of the donor polymer gets smaller, thermal excitation of electrons
into theLUMOandback injection of electrons from the electrodes
becomes more likely, resulting in higher values of dark current
density [46].

Besides dark current density, EQE and spectral responsivity (SR)
are essential OPD figures of merit used to quantify the photon-to-
electron ratio of the detector. SR is closely related to the EQE and
can be calculated from the following equation.

SR
(
AW−1) =

𝐼ph

𝑃in
= EQE

𝜆q

ℎc
(1)

where Iph is the output photocurrent, Pin is the input optical
power, c is the speed of light, h is the Planck’s constant, and q
is the elementary electric charge.
4 of 12
As shown in Figure 2b, the TQ-3T:Y6 OPD of 1:1 (wt/wt) D:A
ratio showed an EQE spectra of 1129% at 840 nm, and specifically
an EQE of 31% at 1100 nm in the NIR-II region at -10 V.
Applying a higher reverse bias is necessary to allow effective
charge extraction, this mechanism will be explained more in
detail below. The calculated responsivity at -10 V was 7.6 A W−1

at 840 nm and 0.26 A W−1 at 1100 nm (Figure S7). TQ-3T:Y6 is
the first reported OPD with a balanced D:A ratio to achieve PM
effect without the introduction of dopants, additives, or blocking
layers, into the device architecture. To understand the underlying
mechanism of this effect in our OPDs, we fabricated devices
with different structures, including varied electron transporting
layers (ETL), hole transporting layers (HTL) (Figures S8–S10),
and alternative acceptors (Figure S11 and Table S2). Our aim
was to determine whether the PM effect originated from electron
tunneling, with MoOx acting as a blocking layer due to its energy
misalignment with TQ-3T. In our hypothesized scenario, the
energeticmismatchwould lead to hole accumulation at the donor
polymer/MoOx interface, with these carriers remaining trapped
even under the large band bending induced by reverse bias. On
the other hand, MoOx does not block electrons which are able to
tunnel through the LUMO of Y6 and be successfully extracted.
Our second supposition was that TQ-3T acted as a trap in a
BHJ with Y6 due to its low hole mobility (5.63 × 10−7 cm2 V−1

s−1) compared with the much higher electron mobility of Y6
(1.84 × 10−4 cm2 V−1 s−1), as determined by space charge limited
current (SCLC) measurements (Figure S12). After a careful study
(see Supporting Information), we were able to confirm that the
PM effect occurred as a result of a synergetic contribution of
both factors, proving the 1:1 (wt/wt) TQ-3T:Y6 offers the optimal
trade-off between absorption and gain.

Specific detectivity (D*), calculated with the equation below, is
an essential parameter to assess the light-sensing applications of
OPDs.

𝐷∗ (Jones) =
SR

√
𝐴Δ𝑓

𝑖n
(2)

where A is the active area of the photodiode, Δf is the detection
bandwidth and in is the noise current spectral density. Figure 2d
shows both the calculated D* from shot noise (dashed), which is
directly linked to the Jd of the device, and themeasured detectivity
(solid) from measured noise spectral density (Figure 2c). The
measured detectivity considers both the flicker noise and thermal
noise which have a significant impact on the overall value
of detectivity, explaining why the calculated detectivity usually
results in an overestimation of the measured data [50]. TQ-3T:Y6
1:1 (wt/wt) delivered a measured specific detectivity of 1.5 × 1010
Jones at 840 nm and 5.1 × 108 Jones at 1100 nm at -10 V.

The current bottleneck for PM-OPDs to be competitive for optical
communication and video applications is their slow response
rate. PM-OPDs feature slow response speeds in the order of
milliseconds, limited by both the photo-carrier lifetime and the
time required for trap filling and band bending. In contrast, our
balanced D:A BHJ utilized mobility imbalance and interfacial
energetics. This allows PM effect without deep trapping, thereby
retaining response times on the order of microseconds and allow-
ing more efficient charge extraction. To confirm the suitability
of our OPD in video and imaging applications, we examined
Advanced Energy Materials, 2026
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FIGURE 2 Device characterization. (a) Current density–voltage characteristics of TQ-3T:Y6 (2:1, 1:1 and 1:2, wt/wt) OPDs under AM1.5G
illumination and in dark conditions. (b) Bias-dependent EQE at -2 and -10 V for TQ-3T:Y6 2:1, 1:1, and 1:2 (wt/wt) OPDs. (c) Bias-dependent noise
current spectral density of TQ-3T:Y6 1:1 (wt/wt) OPDs. (d) Shot-noise limited (dashed) and measured (solid) specific detectivity (D*) of TQ-3T:Y6 1:1
(wt/wt).
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the dynamic characteristics of TQ-3T:Y6. Figure 3a shows the
response to IR illumination of 1100 nm under increasing reverse
bias of TQ-3T:Y6 (1:1). Transient photocurrent measurement was
key to understanding themechanismof charge accumulation and
extraction of the PM effect found in our OPDs. At low values of
reverse bias (-2 V), charges accumulate and are not extracted, in
line with EQE values below 100%. However, as reverse bias is
increased, holes continue to accumulate at the donor interface,
while electrons can successfully tunnel through the Y6 LUMO
and be extractedmore effectively, showing that the threshold bias
to ignite the PM effect, and the associated band-bending, in our
OPD is about -5 V (Figure 3d). Consequentially, the traces at -
10 V are indistinguishable from the ones at -5 V. The rise tr and
fall tf times of TQ-3T:Y6 2:1, 1:1, 1:2 (wt/wt) (Figure 3b) at -10 V
under 1100 nm illumination are 218 and 299 µs, 73 and 76 µs, and
finally 77 and 70 µs, respectively. Finally, for imaging applications
OPDs should have a bandwidth greater than 10 kHz. The cut-off
frequency refers to the frequency of an incident modulated light
Advanced Energy Materials, 2026

e

at which the photocurrent of the OPD is diminished by 3 dB of
its original low-frequency value. The bandwidth of TQ-3T:Y6 1:1
(wt/wt) at -10 V under 1100 nm IR illumination was evaluated to
be 43 kHz (Figure 3c), further demonstrating that our OPDs can
be used for video applications. PM-OPDs with EQEs exceeding
1100% at 840 nm and response times in the order of microseconds
are achieved, finally closing the gap in the PM field for real-world
imaging and sensing technologies (Table S3).

2.3 Ultra-Thin Flexible PM-OPDs and
Conformable Large-Area Image Sensor

As a proof of concept, we implemented TQ-3T:Y6 in an ultrathin
and flexible PM-OPD, to demonstrate the potential of this mate-
rial for conformable biomedical monitoring. An OPD with same
device architecture of Figure 1b was fabricated on an ultrathin
parylene substrate (1 µm) (Figure 4a). Current density–voltage
5 of 12
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FIGURE 3 OPD dynamic measurements and schematic diagram of PM effect. (a) Transient photocurrent measurements of TQ-3T:Y6 1:1 (wt/wt)
at increasing reverse bias under 1100 nm illumination. (b) Transient photocurrent measurements with rise and fall times of TQ-3T:Y6 2:1, 1:1, and 1:2
(wt/wt) at -10 V under 1100 nm illumination. (c) Cut-off frequency at increasing reverse bias of TQ-3T:Y6 (1:1) under 1100 nm illumination with -3 dB
damping. (d) Schematic of the bias-induced band bending (i) at no applied bias (0 V), (ii) at low reverse bias (-5 V) and finally (iii) at high reverse bias
(-10 V) at which selective electron charge extraction and hole blocking is achieved.
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characteristics in both light and dark conditions were evaluated
(Figure S13) and were consistent with the OPDs devices based on
glass even after removal from their temporary glass support. The
stability of the dark current densitywas tested at different bending
radii, spanning from 25 to 0.5 mm. J–V characteristics were found
to be stable under bending stress with a 10% improvement of
its original value at the 0.5 mm radius. The smallest radius of
0.5 mm was then selected to test the flexible stability of TQ-
3T:Y6 over 1000 cycles in air (Figure 4b). Again, the dark current
density of TQ-3T:Y6 remained stable over the increasing bending
cycles, with a 15% improvement of its original value by the 1000th
cycle. The suitability of the TQ-3T:Y6 blend into flexible OPDs
can be attributed to the largely amorphous nature of TQ-3T as
shown in the GIWAXS analysis, which indicates a disposition
of the material to be docile to bending stress which is ideal in
skin sensor applications. The superior stability of dark current
density in our PM-OPDs was further proved by measuring the
J–V characteristics of the device after storing it in air for 10
months. The performance showed a 1.49 fold increase compared
to the freshly measured PM-OPDs at -2 V and a 2.71 fold increase
at -10 V of dark current density (Figure S14).

As tissue penetration increases with wavelength, photoplethys-
mogram (PPG) measurements were recorded at three different
6 of 12
wavelengths, 780, 940, and 1100 nm. When a fingertip is placed
between the light source and the OPD, the volumetric changes
in blood capillaries result in an altered transmittance to the NIR
light, leading to a change of the photocurrent response of the
OPD. Here, the PPG waveforms at increasing reverse bias (Figure
S15) of a healthy volunteer in the fourth-decade age group were
recorded, and the heartbeat was calculated to be of an average
of 60 bpm. As expected, at -10 V, where band bending allows for
PM, the PPG waveform is more clearly resolved compared to -
2 V, allowing the systolic and diastolic peaks to be distinguished
at all three wavelengths. This is consistent with the PM effect
achieved at higher reverse bias. The acceleration plethysmogram
(APG) (Figure 4c) is obtained through the second derivative of
the PPG waveform and gives important insights into the cardiac
cycle as well as arterial health. The APG signal at 1100 nm
measured at -10 V is the only measurement that shows all four
systolic waves, early systolic positive wave (a), early systolic
negative wave (b), late systolic re-increasing wave (c), and the
late systolic re-decreasing wave (d), as well as one diastolic wave,
the early diastolic positive wave (e). The highly resolved peaks at
1100 nmare consistentwith the deeper tissue penetration of SWIR
light, and the enhanced photoresponse of our PM-OPD under
increased reverse bias. The PPG waveform can also be used in
pulse oximetry as an aid to extract the arterial oxygen saturation
Advanced Energy Materials, 2026

e C
om

m
ons L

icense



FIGURE 4 Ultrathin flexible OPD for biometric monitoring and vein authentication. (a) (Top) Device architecture of our ultrathin flexible PM-
OPD and (bottom) our ultrathin flexible PM-OPD detached from glass support showing full flexibility over the 0.5 mm radius structure. (b) (Bottom)
Normalized dark current density of flexible OPD upon decreasing bending radii and (top) normalized dark current density of flexible OPD at 1, 10, 100
and 1000 bending cycles onto the 0.5 mm radius prop. (c) Bias-dependent APG signal at 780 nm, 940 nm and 1100 nm, highlighting the key elements of
a cardiac cycle. (d) Image sensor fabricated onto the 126 × 168 LTPS TFTs flexible substrate. Scale bar, 1 cm. (e) Resolution chart of flexible image sensor.
Scale bar, 1 cm. (f-i) Imaging of hand veins and (ii) imaging of wrist veins. Scale bar, 1 cm.
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(SpO2). The AC/DC ratio at different wavelengths is obtained
by superimposing the pulsatile component AC onto the lower-
frequency DC component [51]. The SpO2 of 97% was calculated
according to the equation below:

SpO2 =
𝜀𝜆1,HB − 𝜀𝜆2,HB𝑅(

𝜀𝜆1,HB − 𝜀𝜆1,HB O2
)
+
(
𝜀𝜆2,HB O2 − 𝜀𝜆2,HB

)
𝑅

(3)

where R is the ratio of AC to DC at two different wavelengths
(in our case at 780 nm and 940 nm), εHbO2 and εHb are the
absorption coefficients of oxyhemoglobin and deoxyhemoglobin,
extracted from [52].

Finally, a conformable flexible image sensor based on our TQ-
3T:Y6 PM-OPD combinedwith a low-temperature polycrystalline
silicon (LTPS)-based thin-film transistors (TFTs) backplane [53,
54] was developed. The imager had an active area of 3 cm × 4 cm
with a total of 126 × 168 pixels, each pixel with a size of 235 µm
(Figure 4d,e). Figure 4f-i,ii shows veins located in on the hand
and the wrist of two different subjects. The conformable sensor
resulted in a notably resolved image of both hand and wrist veins
under 850 nm NIR light at 0 V. The imaged veins successfully
show the key elements for vein authentication such as the vein
branch point, branching angle and several veins.

3 Conclusion

We demonstrated that blending TQ-3T and Y6 in a 1:1 (wt/wt)
ratio yields OPDs with PM, achieving an EQE of over 1100%
at -10 V. We believe that these findings broaden the general
understanding of PM, showing it can be achieved without
highly unbalanced D:A ratios and within a conventional archi-
tecture. The PM effect arises from a competition between
the mobility imbalance of the two materials, TQ-3T and Y6,
as well as the electrons tunnelling through Y6, while the
HTL MoOx acts as a hole blocking layer considering its wide
energy offset with TQ-3T. When sufficiently high reverse bias is
applied, band bending is effectively achieved, allowing charges
to be extracted. Our OPDs resulted in response times on the
order of microseconds, amongst the fastest reported for PM-
OPDs, confirming the suitability of our OPDs in imaging and
sensing applications. Given the largely amorphous nature of
TQ-3T, we fabricated flexible PM-OPDs with a highly stable
dark current density upon bending, demonstrating how TQ-
3T:Y6 can be used for conformable biometric applications.
Accurate heartbeat measurements in PM mode with highly
resolved cardiac cycle features were recorded. An application
of our PM-OPD as a flexible pulse oximeter was also demon-
strated. Finally, we have developed a, flexible active-matrix
image sensor based on a 126 × 168 LTPS TFTs. Our flex-
ible and conformable imager could capture detailed images
of both hand veins and wrist veins, establishing TQ-3T:Y6
as a promising material combination for vein authentication.
This application marks a significant advancement in wearable
biometric imaging systems enabled by a new PM mechanism
based on selective charge extraction that was established in our
work.
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4 Methods

4.1 Materials

TQ-3T was synthesized following the procedure by Jacoutot et al.
[28]. Y6 was purchased from Ossila.

4.2 Ultraviolet–Visible Spectroscopy (UV–Vis)
Measurement

The UV–Vis measurement was carried out using SHIMADZU
UV-2600i from 400 to 1400 nm with medium scan speed. UV–
is samples were prepared by spin coating organic materials onto

glass substrateswith additional thermal annealing treatment. The
absorption background of glass substrate was extracted before
measurement.

4.3 Ultraviolet Photoelectron Spectroscopy
(UPS) and Low-Energy Inverse Photoelectron
Spectroscopy (LE-IPES)

UPS and LE-IPESmeasurements were performed on thin films of
TQ-3T (deposited on clean ITO using ChCl3). UPSmeasurements
were performed in an ultrahigh-vacuum chamber (base pressure,
10−10 mbar) using an ARGUS-CU analyzer equipped with a 128-
channel stripped anode detector (Scienta Omicron), calibrated
against the Fermi edge of clean polycrystalline silver. UPS
measurements were conducted using a low-intensity UV light
source (He I) with an excitation energy of 21.22 eV and a pass
energy of 2 eV.

LE-IPES measurements were performed in isochromatic mode
utilizing a home-built ultra-high vacuum setup, operational at a
base pressure of 10−9 mbar. Photons emitted were captured using
a solid-state photomultiplier tube (PMT) detector (Hamamatsu
R585), positioned external to the vacuum. The detector was
equipped with a Semrock 280 nm bandpass filter, which allowed
a narrow wavelength window of 10 nm, with an integration
time of 10 s to a maximum of 15 s. UPS measurements were
first performed, and samples were then transferred from the
UPS to the LE-IPES manipulator within the controlled ultra-
high vacuum environment, without ambient air exposure. IE
and EA of Y6 were determined on thin films deposited from a
ChCl3 solution, on Au-coated Si substrates, as reported earlier.
The UPS and LE-IPES spectra were fitted with Gaussian peaks
and a Tougaard background for determining the onset energies.
Reproducibility of IE and EA values determined using UPS and
LE-IPES is ± 0.05 eV and ± 0.1 eV, respectively [47, 48].

4.4 Conductive Atomic Force Microscopy
(C-AFM)

The C-AFM measurements were carried out in a nitrogen-
filled glove box using an MFP-3D system (Asylum Research)
mounted on an Olympus inverted optical microscope with a
Advanced Energy Materials, 2026
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Xenon lamp illumination source (Newport Oriel Instruments).
Gold/chromium-coated silicon conductive AFM probes with a
resonant frequency of 20 kHz and a spring constant of 0.3
N m−1 (MikroMasch) were used to acquire all C-AFM and AFM
surface images. The setup allows for the simultaneous measure-
ment of nanoscale current and surface topography mapping in
contact mode.

4.5 Time-of-Flight Secondary IonMass
Spectrometry (ToF-SIMS) Measurement

ToF-SIMS measurements were conducted on ITO/ZnO/TQ-
3T:Y6 1:1 (wt/wt) sample. The samples were depth profiled using
an IONTOF ToF-SIMS V instrument. A 25 keV Bi+3 ion beam
in HCBM was used to analyze the sample, over a 150 × 150
µm2 areawith 128× 128 pules. The samples were sputtered using a
10 keV Ar15000+ GCIB over an area of 500 × 500 µm2. Final sputter
crater depths were measured using the Zygo NexView optical
interferometer.

4.6 Grazing IncidenceWide-Angle X-Ray
Scattering (GIWAXS) Measurement

GIWAXS measurements were performed at the non-crystalline
diffraction beamline (BL11-NCD-SWEET) at ALBA Synchrotron
Radiation Facility in Spain. The incident X-ray beam energy was
set to 12.4 keV and the angle of incidence set at 0.12◦. A detector
(Rayonix LX255-HS) with a resolution of 1920 × 5760 pixels was
used to collect the scattered patterns. The data was calibrated
using Cr2O3 as standard (NIST) resulting in a sample-to-detector
distance of 204.84 mm. The exposure time was set to 1 s.

4.7 Organic Photodiodes (OPDs) Fabrication

Organic photodiodes were fabricated in a cleanroom envi-
ronment using an inverted structure (glass/ITO/ZnO/active
layer/MoOx/Ag). Indium tin oxide (ITO, 15 Ω sq−1) was pre-
patterned on 12 mm × 12 mm glass substrates. The substrates
underwent a cleaning process involving sonication in acetone
for 10 min, followed by detergent and deionized water. After
an additional 10-minute sonication in acetone, the substrates
were cleaned with isopropanol and immediately subjected to an
8-minute UV-ozone treatment.

A 40 nm thick ZnO layer was deposited on the ITO through
spin-coating at 4000 rpm for 40 s, using a zinc acetate dihydrate
precursor solution. The coated substrates underwent thermal
annealing (TA) treatment at 180◦C for 10 min. The active layer
solution, comprising a blend of donor (TQ-3T) and acceptor
(Y6) in chloroform, was prepared in a 1:1, 2:1 and 1:2 ratio
(wt/wt) at a concentration of 30 mg mL−1. The solutions were
stirred overnight in the glove box at room temperature and
heated to 50◦C for 2 h before blade-coating to ensure complete
dissolution.

The active layer solutions were doctor blade-coated onto the
ZnO from the warm solution in air, at a speed of 70 mm
s−1. The resulting active layers underwent TA treatment on a
Advanced Energy Materials, 2026
programmable heat plate in a N2-filled glove box at 100◦C for
10 min. For thermal evaporation, a 10 nmMoOx layer followed by
a 100 nm Ag layer were sequentially deposited. The MoOx layer
was deposited at a rate of 0.15 Å s−1, and the Ag layer deposition
speed ranged from 0.5 to 1 Å s−1. Each pixel’s area, defined by a
shadow mask, was 0.048 cm2.

4.8 Organic Photodiodes (OPDs)
Characterization

J–Vmeasurements were conducted using a Keithley 4200 Source-
Measure unit (scan rate 25 mV s−1). An Oriel Instruments Solar
Simulator with a Xenon lamp and calibrated to a silicon reference
cell was used to provide AM1.5G irradiance.

Responsivity was measured using an integrated system from
Quantum Design PV300 with a modulation frequency of 90 Hz.
All the devices were tested in ambient air.

Dynamic measurements were performed using a digital oscil-
loscope (Siglent, SDS6054A). The OPDs were illuminated with
an 880 nm and 1100 nm LED driven by a function generator
(ThorLabs DC2200). For the determination of the rise and fall
time, a 1 kHz square wave pulse was applied to the LED using
the function generator. For the determination of the cut-off
frequency, sinusoidal functions with a frequency of 1 kHz were
used to drive the LED connected to a digital oscilloscope (Siglent,
SDS6054A). All the devices were tested in ambient air at room
temperature.

4.9 Noise Spectral Density Measurement

The devices were connected to a Zurich MFLI 500 and to a
Keithley 2400. A bias of -2 and -10 Vwas appliedwith theKeithley
2400, while the dark current signal over time was recorded
with the lock-in using an effective bandwidth of 172 Hz. The
noise spectral density spectra have been obtained by conducting
the Fast Fourier Transform (FFT) of the dark current over
time. The measurement was conducted in ambient air at room
temperature.

4.10 Charge Carrier Mobility Measurement

The mobility of each pristine material and blends was mea-
sured using steady-state space-charge limited current (SCLC)
method. To make sure device electrodes can inject the desired
charge carrier while blocking the carrier with different polar-
ity, hole-only (glass/ITO/active layer/MoOx/Ag) and electron-
only (glass/ITO/ZnO/active layer/Ca/Al) deviceswere fabricated.
Devices were placed in the sample chamber and then measured
in the dark from 0 to 10 V under nitrogen environment.

4.11 Flexible Organic Photodiodes (OPDs)
Fabrication

The flexible OPDs were fabricated following a similar process
reported by Wijaya et al. [55] onto a 1-µm parylene and a 500-nm
9 of 12
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SU-8 epoxy layer. First, the supporting glass substratewas cleaned
by immersing it in a degreasing agent (Furuuchi Chemical,
Semicoclean 56) and ultrasonicating it at 45◦C for 5min. The glass
was then repeatedly rinsed by immersing it in ultrapure water
for 30 s and ultrasonicating it again at 45◦C for 5 min. Finally, it
was treated with Ar plasma ashing at 300 W for 5 min. The glass
substrate was then spin-coated with a fluorinated polymer (a mix
of 3 M Novec 1700 and Novec 7100, in a volume ratio of 1:6) at
2000 rpm for 30 s. Next, parylene (Daisan Kasei, diX-SR, 2 g) was
deposited via chemical vapor deposition. The deposited parylene
was annealed at 180◦C for 30 min in a glovebox. Subsequently,
a layer of epoxy (MicroChem, SU-8 3005) was spin-coated at
5000 rpm for 60 s to form a 500-nm-thick planarization layer.
The epoxy film was exposed to ultraviolet light, annealed at 95◦C
for 3min and at 180◦C for 30min. The active layer was blade-
coated on top of ZnO thin film. 10 nm of MoOx and 100 nm of Ag
were thermally deposited. Contacts of the ultrathin OPDs were
electrically connectedwith thin Auwiring on a 12.5 µmpolyimide
film using anisotropic conductive film (3 M, ECATT 9703) tapes
as extended contact parts.

4.12 Flexible Imager Fabrication

The flexible image sensor is fabricated following the similar
process reported by Yokota et al. [2] andWang et al. [54]. First, the
LTPS TFT backplane is fabricated on a polyimide substrate. Each
pixel consists of an n-type metal-oxide-semiconductor (NMOS)
TFTwith a double-gate structure. And the gate driver is formed by
CMOS circuits using both p-typeMOS andNMOS TFTs. A planar
layer is deposited on the TFT backplane, followed with the OPD
layer formed on top. The active layer was blade-coated on top of
ZnO thin film. 10 nm of MoOx and 100 nm of Ag were thermally
deposited. Last, an encapsulation layer of 1.5 µm of parylene is
further formed via chemical vapor deposition.

4.13 Image Sensor Signal Recording and
Postprocessing of Veins Images

This device has a one-transistor-one-capacitor structure, and the
image is read in progressive scan mode. The sampling timing
is 18 ms, and a sampling rate of 55.6 Hz. The flexible image
sensor uses a special readout system to store the raw 10-bit image
signal from the analog-to-digital converter to the computer. The
vein was observed using transmitted light. View control film
(Shin-Etsu Polymer Co., N-VCF1003000-PC100-X) was used as a
flexible louvre to transmit only the vertical component of the light
transmitted from the hand or wrist. The vein was imaged using
all sensors (126× 168) under an LEDwith a wavelength of 850 nm
(NISSIN ELECTRONIC CO., LTD., IRTE-3041).

The raw image sensor’s data were post-processed through a series
of three to four steps. First, vertical stripe artifacts were removed
by subtracting the average intensity across the 168-pixel width
from each frame. Second, contrast was enhanced using contrast-
limited adaptive histogram equalization (CLAHE) [56]. Third,
Frangi filtering [57] was applied to enhance vein structures.
Finally, binary segmentation of veins and surrounding tissueswas
performed using either global [58] or local Otsu thresholding [59].
(Main figures display images processed up to the third step).
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