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Ultra-Sensitive Short-Wave Infrared Organic Photodetectors
Enabled by a 𝝅-Conjugation Extended Proquinoid Electron
Acceptor

Yeonsu Choi, Se Jeong Park, Seunghyun Oh, Un-Hak Lee, Seunghyun Rhee,
Dong Ryeol Whang, Sein Chung, Juhyoung Jung, Kilwon Cho, Bo Ram Lee,
Sung Cheol Yoon, Jae Won Shim,* and Seo-Jin Ko*

Short-wavelength infrared (SWIR) light detection technologies have attracted
considerable attention due to their broad applications in bioimaging, sensing,
and optical communication. Despite this promise, achieving high-performance
organic SWIR photodetectors (SWIR OPDs) remains a major challenge
due to intrinsically weak photoresponse and sensitivity in this spectral region.
Herein, a novel proquinoid-type non-fullerene acceptor (NFA), denoted
as TQC-4Cl is reported, which exhibits an ultra-narrow band gap of 1.01
eV and a broad spectral response extending beyond 1200 nm, enabled via an
aromatic-quinoid transformation strategy. Thermal annealing of the TQC-4Cl
film significantly enhanced crystallinity and molecular ordering. Consequently,
the optimized TQC-4Cl-based SWIR OPDs exhibit an exceptionally low dark
current density (Jd) of 4.38 × 10−8 A cm−2

, noise current of 466 fA (at 4 Hz),
and a high external quantum efficiency (EQE) of 13.66% at 1200 nm at −0.5
V bias, resulting in a shot-noise limited specific detectivity (Dsh*) of 1.06 ×
1012 Jones and a noise current-based specific detectivity (Dn*) of 2.84 × 1011

Jones under the same bias conditions. The ideal phase-separated morphology
and high crystallinity of the photoactive layer provide the beneficial condition
enabling efficient charge extraction, suppressed bimolecular recombination,
and reduced energetic disorder. Furthermore, the devices demonstrated
long-term operational stability at 85 °C, underscoring their superior
thermal durability. This study not only marks the advancement toward
the realization of highly sensitive and thermally robust SWIR OPDs but
also contributes to the rational molecular design strategies for ultra-narrow
bandgap organic semiconductors for next-generation optoelectronic devices.

U.-H. Lee, S.-J. Ko
Department of Energy Science and Engineering
Daegu Gyeongbuk Institute of Science and Technology (DGIST)
Daegu 42988, Republic of Korea
E-mail: sjko927@dgist.ac.kr

The ORCID identification number(s) for the author(s) of this article
can be found under https://doi.org/10.1002/adfm.202517337

© 2025 The Author(s). Advanced Functional Materials published by
Wiley-VCH GmbH. This is an open access article under the terms of the
Creative Commons Attribution-NonCommercial License, which permits
use, distribution and reproduction in any medium, provided the original
work is properly cited and is not used for commercial purposes.

DOI: 10.1002/adfm.202517337

1. Introduction

The demand for short-wavelength infrared
(SWIR, usually 𝜆 = 1000 to 3000 nm) light
detection technology has risen owing to its
wide range of applications such as health
monitoring, remote sensing, bioimaging,
optical communications, military fields,
and night vision.[1] Traditionally, commer-
cial SWIR photodetectors have relied on
inorganic semiconductors such as germa-
nium (Ge) and III-V compounds (InGaAs),
which, while offering excellent perfor-
mance, suffer from inherent limitations
including high production cost, rigidity,
and complex fabrication processes.[2] In
contrast, organic photodetectors (OPDs)
have emerged as a next-generation plat-
form that combines mechanical flexibility,
solution-processability, and spectral tun-
ability, thereby enabling scalable fabrication
of lightweight and wearable optoelectronic
systems.[3] To date, considerable efforts to
boost the device performances of OPDs
have been made through the development
of advanced device architectures, includ-
ing photomultiplication-type designs.[4]

In addition to device-level advance-
ments, a variety of molecular design
strategies have been explored to innovate
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photoactive materials, particularly narrow band-gap organic
semiconducting materials (OSMs).[5] Among them, non-
fullerene acceptors (NFAs) have been considered as a promising
class of photosensitive materials, which exhibit suitable energy
levels, high crystallinity, and low exciton binding energy.[6] Most
NFAs are built upon donor–acceptor (D–A) conjugated frame-
works, which enhance intramolecular charge transfer (ICT)
and enable extended absorption into the near-infrared (NIR)
region.[7] However, despite significant advances, extending the
photoresponse of NFAs beyond 1000 nm to meet the stringent
performance requirements of SWIR OPDs remains a critical
challenge, primarily due to their intrinsic bandgap constraints
and insufficient 𝜋-electron delocalization.[8]

To overcome this bottleneck and enable efficient photodetec-
tion beyond 1000 nm, quinoidal (Q)-based NFAs have recently at-
tracted considerable attention as promising photoactivematerials
for SWIR OPDs.[9] Since the quinoid form is non-aromatic and
energetically unstable compared to the aromatic form, it tends
to recover the aromaticity by reorganizing the chemical bonding
with adjacent moieties.[10] Likewise, the loss of aromaticity for
neighboring rings is compensated by the reorganization of the
recovered quinoidal unit.[11] Such successive quinoid-aromatic
(Q-A) transformation facilitates the ideal 𝜋-electron delocaliza-
tion over whole conjugated backbone, achieving the very reduced
bond length alternation (BLA) with ultra-narrow band-gap and
long-wavelength absorption behavior.[12] Therefore, the explo-
ration of quinoid-type building blocks is a key strategy for the
realization of SWIR OPDs.
In addition to the intrinsic quinoidal units, proquinoid-type

molecules have been developed as a rational molecular design
strategy to reduce their band gaps.[13] The “proquinoid” struc-
ture refers to a molecular system showing typical aromatic-
ity but having the potential to undergo quinoid-like resonance
form.[14] Since the aforementioned Q-A transformation to lower
band gap is also effective for proquinoid-type molecules, they
also exhibit the ultra-narrow band gap properties for the conju-
gated polymers[15] as well as small molecules.[16] Recently, pro-
quinoid NFAs incorporating thieno[3,4-c]thiadiazole (TTD),[17]

[1,2,3]triazolo[4,5-f]-2,1,3-benzothiadiazole (TBz),[18] and benzo-
bisthiadiazole (BBT)[3b] have been developed as the state-of-the-
art photoactive materials for SWIR OPDs and showed obvious
sensitivity over 1000 nm wavelength. However, despite the pho-
toresponsivity in the desired absorption range, it still suffers from
the relatively low specific detectivity (D*) due to low responsivity
(R, < 0.1 A W−1) and extremely high dark current density (Jd , >
10−6 A cm−2 at -0.5 V) at reverse bias.[3b,19]

Among the various proquinoid-type moieties, thiadiazolo
quinoxaline (TQx) unit, which contains the electron-deficient
thiadiazole and quinoxaline moieties, is also a good candidate
for implementing SWIR absorption behavior.[20] The TQx moi-

D. R. Whang
Department of Advanced Materials
Hannam University
Daejeon 34054, Republic of Korea
S. Chung, K. Cho
Department of Chemical Engineering
Pohang University of Science and Technology
Pohang 37673, Republic of Korea

ety features an extended 𝜋-conjugation system and a deep low-
est unoccupied molecular orbital (LUMO) energy level, enabling
efficient charge transfer and exciton dissociation, which are
key factors for achieving high photodetection performance.[21]

Due to these desired optoelectronic properties, TQx unit has
been adopted as a monomer in conjugated polymers for SWIR
OPDs. Previous studies by Maes et al.[22] and Leem et al.[23] have
demonstrated that OPDs incorporating TQx-based copolymers
can achieve a high external quantum efficiency (EQE) of ≈20%
in the SWIR range. However, these devices also displayed high
dark current, resulting in inferior detectivity under reverse bias.
Thus, the development of new materials that satisfy both high
photoresponsivity and detectivity still remains a critical challenge
for advancing SWIR OPD technology.
In this work, a proquinoid-type NFA, TQC-4Cl, was devel-

oped as a highly sensitive photoactive material as an electron
acceptor with poly([2,6′-4,8-di(5-ethylhexylthienyl)benzo[1,2-
b;3,3-b]dithiophene]{3-fluoro-2[(2-ethylhexyl)carbonyl]thieno-
[3,4-b]thiophenediyl}) (PTB7-Th) as electron donor for SWIR
OPDs (Figure 1a). Guided by a molecular design strategy aimed
at reducing the band gap, TQC-4Cl shows an ultra-narrow optical
band gap (Eg

opt = 1.01 eV) with an extended light absorption
edge reaching up to a wavelength of 1233 nm. DFT calcula-
tions reveal that the frontier molecular orbitals (FMOs) exhibit
well-delocalized 𝜋-electron densities in both the LUMO and the
highest occupied molecular orbital (HOMO), which facilitate
efficient charge transport and enhanced oscillator strength.
The SWIR OPDs based on PTB7-Th:TQC-4Cl exhibited clear
photoresponse beyond 1200 nm, along with an exceptionally low
Jd below 10−7 A cm−2 at −0.5 V. Thermal annealing of the devices
improved molecular crystallinity and intermolecular packing,
leading to a red-shift in the EQE spectrum and an enhanced ex-
ternal quantum efficiency of up to 13.7% at 1200 nm. As a result,
the optimized TQC-4Cl-based organic photodetectors (OPDs),
exhibiting high EQE and effectively suppressed Jd, achieved a R
of 0.132 A W−1 and a noise current of 466 fA (at 4 Hz), yielding
a shot noise-limited specific detectivity (Dsh*) of 1.06 × 1012

Jones and noise current-based D* (Dn*) of 2.84 ×1011 Jones at
1200 nm wavelength under −0.5 V bias. These metrics represent
one of the highest values reported to date among SWIR OPDs.
The devices also showed excellent response speed, broad linear
dynamic range (LDR) up to 77.2 dB. Moreover, since exposure to
high temperatures could lead to material degradation and device
performance deterioration, high thermal stability of photoactive
materials is crucial for reliable and long-term operation.[24] The
TQC-4Cl-based OPDs maintained stable performance for over
1800 h under continuous thermal exposure at 85 °C, confirming
their excellent thermal durability. This work highlights the po-
tential of proquinoid-type organic semiconductors as promising
candidates for highly sensitive and thermally stable SWIR OPDs.

2. Results and Discussion

2.1. Molecular Design, Synthesis, and Optoelectronic
Characteristics

An A-D-Q-D-A type NFA, TQC-4Cl, was synthesized as the fol-
lowing design strategies to ensure SWIR light absorption be-
haviors: 1) the proquinoidal TQx unit as the central core of the
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Figure 1. a) Chemical structure of electron donor PTB7-Th and acceptor TQC-4Cl. b) calculated HOMO/LUMO electron distribution of TQC-4Cl. c)
Normalized absorption spectra of TQC-4Cl for chloroform solution and as-casted thin film. d) Temperature-dependent absorption spectra of TQC-4Cl
films. e) Energy level diagram of PTB7-Th and TQC-4Cl.

target molecule, which induces efficient electron delocalization
over the whole conjugated backbone; 2) the CPDT unit as a 𝜋-
bridge exhibiting low resonance stabilization energy as well as
the strong electron-donating property to enhance intramolecu-
lar charge transfer (ICT) effect; 3) a strong electron-withdrawing
end group to facilitate the aromatic-quinoid transformation in
the main backbone and to enable molecular planarity. The syn-
thetic route of TQC-4Cl is shown in Scheme 1. The brominated
proqunoidal TQx was coupled with compound 1 by Stille cou-
pling reaction to afford a compound 2 with a yield of 77%.
Then compound 2 was formylated by Vilsmeier-Haack reaction
with dimethyl formamide (DMF) and phosphorous oxychloride
(POCl3) to give compound 3, with a yield of 85%. Then, the tar-
get molecule TQC-4Cl was obtained via the Knoevenagel conden-
sation from compound 3 and 2-(5,6-dichloro-3-oxo-2,3-dihydro-
1H-inden-1-ylidene)-malononitrile (IC-2Cl) with a yield of 67%.
The chemical structures of the final product and intermediates
were characterized by 1H and 13C nuclear magnetic resonance
(NMR) spectroscopy, revealing that all compounds were success-
fully isolated (Figures S2–S8, Supporting Information). TQC-
4Cl showed high solubility in common organic solvents, such
as dichloromethane, chloroform, trichloroethylene, and toluene,
thereby providing versatility in the choice of solvents for solution-

based processing. The thermal property of TQC-4Cl was evalu-
ated by thermogravimetric analysis (TGA), where decomposition
temperatures (Td) of 346 °C with 5% weight loss were observed
(Figure S9, Supporting Information). Additionally, no thermal
transition of TQC-4Cl is observed between 25 and 280 °C in the
differential scanning calorimeter (DSC) curve, suggesting excel-
lent thermal robustness. The thermal stability of TQC-4Cl facil-
itates the fabrication of thermally stable OPDs in terms of both
processability and long-term thermal tolerance.[25]

Density functional theory (DFT) calculation was performed on
the B3LYP/6-31G** basis set in order to investigate the electronic
structure of TQC-4Cl. For computational simplicity, the alkyl
chainswere replaced bymethyl chains. Figures 1b and S10a (Sup-
porting Information) display frontier molecular orbitals (FMOs)
and the optimized geometry of TQC-4Cl, respectively. The elec-
tron clouds of FMOs, HOMO, and LUMO are well-distributed
over the entire conjugated backbone and well-overlapped with
each other. In addition, the optimized molecular structure ex-
hibits a highly planar molecular geometry with very small dihe-
dral angles between aryl rings approaching zero degrees owing to
the stabilized electron delocalization by quinoid-aromatic trans-
formation as well as the intramolecular electrostatic interactions
such as S─N and N─H non-covalent bonding.

Adv. Funct. Mater. 2026, 36, e17337 e17337 (3 of 12) © 2025 The Author(s). Advanced Functional Materials published by Wiley-VCH GmbH
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Scheme 1. Synthetic routes for TQC-4Cl.

The simulated absorption spectra of TQC-4Cl in the chloro-
form solvation model were obtained using time-dependent (TD)-
DFT calculations (Figure S11, Supporting Information). Accord-
ing to the simulated absorption spectra, the most intense absorp-
tion band at 1086 nm indicated the HOMO→ LUMO transition
peak, while the second and third bands at 636 and 565 nm were
ascribed to the HOMO→ LUMO + 4 and HOMO – 2→ LUMO
peaks, respectively. The intensity of oscillator strength, which is
proportional to the square of the transition dipole moment, is
generally determined by the electron cloud overlapping between
the lower state and upper state.[26] It is consistent with the pre-
dicted electron distribution results, where both electron clouds of
HOMO (lower state) and those of LUMO (upper state) are well-
delocalized and overlapped each other as mentioned above. As a
result, the electronic structure of TQC-4Cl is suitable for achiev-
ing highmolar absorptivity, facilitating high photoresponsivity in
SWIR region.
The experimental ultraviolet-visible (UV-vis) light absorption

spectra of TQC-4Cl in chloroform solution and as casted thin
film are recorded (Figure 1c), and the related parameters are sum-
marized in Table 1. In diluted chloroform solution, TQC-4Cl ex-
hibits an obvious 0-0 absorption peak at 954 nm as the maxi-
mum absorption wavelength (𝝀max), which suggests the strong

pre-aggregation states of TQC-4Cl in solution. In the film state,
TQC-4Cl shows a broad light absorption range from visible to
SWIR region owing to its distinct chemical structure, such as
highly planarity and favorable quinoid-aromatic transformation,
leading to effective electron delocalization along the conjugated
backbone. Compared with the solution state, TQC-4Cl shows sig-
nificantly red-shifted spectra with 𝝀max of 1086 nm. The onset of
absorption wavelength (𝝀onset) for TQC-4Cl was observed as 1233
nm, the corresponding optical band gap (Eg

opt) was calculated as
1.01 eV, which is one of the narrowest Eg

opt for NFAs covering
the SWIR range. In addition, the temperature-dependent absorp-
tion spectra of TQC-4Cl thin film were collected in the range of
pristine to 200 °C, revealing that the 𝝀max of TQC-4Cl film is se-
quentially red-shifted along with the increase of vibronic peaks
from 1086 to 1126 nm as the annealing temperature increased
(Figure 1d). It could be attributed to the planar structure of TQC-
4Cl beneficial for intermolecular packing and enhanced crys-
tallinity by thermal treatment. In order to obtain further insight
into the structural evolution, 2D grazing incidence wide-angle
X-ray scattering (GIWAXS) measurements were conducted. The
GIWAXS patterns revealed that TQC-4Cl films exhibited face-
on dominated bimodal molecular packing structures. Notably,
the crystallinity of TQC-4Cl films increased as the annealing

Table 1. Optical and electrochemical properties of TQC-4Cl.

𝜆max,abs
[nm]a)

𝜆max,abs
[nm]

𝜆edge
[nm]

Eg
opt

[eV]b)
EHOMO
[eV]c)

ELUMO
[eV]d)

Eg
CV

[eV]e)

Solution Film Film

TQC-4Cl 953 1086 1233 1.01 −5.47 −3.97 1.50
a)
From diluted chloroform solution;

b)
Eg

opt = 1242 / 𝜆onset eV;
c)
EHOMO = −(Eoxonset − E1/2(ferrocene) + 4.8) eV;

d)
ELUMO = −(Eredonset − E1/2(ferrocene) + 4.8) eV;

e)
Eg

CV

= ELUMO − EHOMO.
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Figure 2. a) OPD device architecture, b) J-V characteristics under dark conditions, c) EQE spectra under AM 1.5G illumination at 100 mW cm−2, and
d) corresponding responsivity spectra of the OPDs fabricated under varying annealing temperature. e) Calculated Dsh* of the OPDs under shot-noise-
limited conditions. Shot-noise was obtained at V = −0.5 V. f) Comparison of Dsh* attained at various incident wavelengths of previously reported OPDs.

temperature increased (Figure S13, Supporting Information). Al-
though the d-spacing, such as lamellar and 𝜋-𝜋 stacking dis-
tances, remained largely unchanged by thermal annealing up to
200 °C, the crystal coherence length (CCL) of TQC-4Cl is sig-
nificantly increased in both the in-plane (IP) (100) (from 72.5 to
202.0 Å) and out-of-plane (OOP) (010) (from 22.1 to 46.0 Å) direc-
tions. These results are in good agreement with the temperature-
dependent absorption spectra, suggesting that the thermal treat-
ment could be an effective strategy to enhance the molecular or-
dering and charge transport properties of TQC-4Cl films.
The frontier energy levels of TQC-4Cl were determined by

cyclic voltammetry (Figure S14, Supporting Information). The
oxidation and reduction potentials of TQC-4Cl film revealed
HOMO and LUMO energy levels of −5.47 and −3.97 eV, respec-
tively. They are suitable for energetic alignment with PTB7-Th
which HOMO and LUMO energy levels were obtained as -5.32
and -3.60 eV, respectively (Figure 1e). The significant energy bar-

rier between donor and acceptor possibly forms a favorable en-
ergy gradient and effectively suppresses the leakage current in
OPD devices.

2.2. Device Fabrication and OPD Characteristics

To assess the photodetection properties of TQC-4Cl, OPD devices
were fabricated in the structure of ITO/ZnO/PTB7-Th:TQC-
4Cl/MoOx/Ag (Figure 2a). To optimize the device performance,
composition ratio, and solution concentration of PTB7-Th:TQC-
4Cl were systematically investigated, and the corresponding re-
sults are provided in (Figures S15–S17, Supporting Information).
The photoactive layer was annealed at 70, 110, 150, and 200 °C to
examine the effect of thermal treatment on SWIR device perfor-
mance. The resulting parameters of OPDs with PTB7-Th:TQC-
4Cl blend are shown in Figure 2b–e, and the corresponding

Adv. Funct. Mater. 2026, 36, e17337 e17337 (5 of 12) © 2025 The Author(s). Advanced Functional Materials published by Wiley-VCH GmbH
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Table 2. Device performance of OPDs based on PTB7-Th:TQC-4Cl with different annealing temperatures at −0.5 V bias voltage.

Ann. Temp.
[°C]

Jd
[A cm−2]

EQE
[%]a)

EQE
[%]b)

R
[A W−1]a)

R
[A W−1]b)

Dsh*
[Jones]a)

Dsh*
[Jones] b)

Pristine 8.53 ×
10−9

10.93 1.58 0.097 0.015 1.71 × 1012 2.69 × 1011

70 9.81 ×
10−9

14.01 2.92 0.124 0.028 2.22 × 1012 5.04 × 1011

110 1.17 ×
10−8

14.79 7.54 0.131 0.073 2.11 × 1012 1.19 × 1012

150 2.07 ×
10−8

14.55 9.94 0.129 0.096 1.10 × 1012 8.20 × 1011

200 4.38 ×
10−8

15.80 13.66 0.140 0.132 1.40 × 1012 1.06 × 1012

a)
Measured at 1100 nm wavelength;

b)
Measured at 1200 nm wavelength.

values at 1100 and 1200 nm wavelength are summarized in
Table 2.
The dark current density (Jd) characteristics of the PTB7-

Th:TQC-4Cl based devices were evaluated by sweeping the volt-
age from −2 to 2 V, as shown in Figure 2b. At a reverse bias of
−0.5 V, Jd gradually increased with rising annealing temperature,
which can be attributed to the enhanced transport of thermally ac-
tivated carriers within the photoactive layer. The pristine device
exhibited 8.53 × 10−9 A cm−2, while the 200 °C annealed device
showed a 4.38 × 10−8 A cm−2. Although the Jd of the 200 °C an-
nealed device is higher, it still remains at a relatively low level,
maintaining a favorable dark current for the SWIR photodetector.
Under forward bias conditions, Jd values increased with anneal-
ing temperature, reflecting enhanced charge transport character-
istics influenced by improved molecular ordering and reduced
charge recombination losses, rather than a direct increase in ef-
fective mobility.[27]

To quantitatively assess the influence of thermal annealing on
the SWIR photo response, the EQE and R spectra of the SWIR
OPDs based on PTB7-Th:TQC-4Cl are examined in Figure 2c,d,
respectively. The R is defined by the following equation:

R =
EQE
100%

× 𝜆

1240 (nm W A−1)
(1)

where 𝜆 is the incident wavelength, any variation in EQE is re-
flected proportionally in R. As the annealing temperature in-
creases, both the EQE and R spectra exhibit a gradual red-shift
and enhanced magnitude throughout the NIR–SWIR region
(800–1200 nm), as shown in Figure 2c,d. "At 1100 nm, EQE re-
mained above 10% throughout the entire annealing temperature
series, increasing steadily from 10.93% in the pristine device to
15.80% after annealing at 200 °C. At 1200 nm, the EQE showed a
notable enhancement, rising from 1.58% in the pristine device to
2.92%, 7.54%, 9.94%, and 13.66% for devices annealed at 70, 110,
150, and 200 °C, respectively. As the R is directly proportional
to EQE, it exhibited a similar temperature-dependent trend. At
1100 nm,R increased from 0.097 AW−1 (pristine) to 0.140 AW−1

after annealing at 200 °C. At 1200 nm, R improved significantly
from 0.015 AW−1 in the pristine device to 0.028, 0.073, 0.096, and
0.132AW−1 for devices treated at 70, 110, 150, and 200 °C, respec-
tively. This pronounced enhancement in R constitutes a critical

figure of merit for high-performance OPDs, as it directly corre-
lates with device sensitivity. In particular, the markedly improved
R at 1200 nm highlights the strong potential of these devices for
short-wave infrared (SWIR) photodetection, where efficient pho-
ton harvesting in this spectral region is essential. However, fur-
ther increasing the annealing temperature beyond a threshold
(e.g., 250 °C) led to degradation in the optoelectronic properties
(Figure S18 and Table S6, Supporting Information).
The shot noise-limited specific detectivity, Dsh* of the SWIR

OPDs with PTB7-Th:TQC-4Cl blend was calculated from the R
and Jd using

Dsh
∗ = R

√
2qJd

(2)

where q is the elementary charge (1.602 × 10−19 C). As shown
in Figure 2e, all devices exhibited Dsh* exceeding 10

12 Jones at
1100 nm, registering values of 1.71 × 1012, 2.22 × 1012, 2.11 ×
1012, 1.10 × 1012, and 1.40 × 1012 Jones for the pristine, 70, 110,
150, and 200 °C annealed OPDs, respectively. At 1200 nm, the
device annealed at 200 °C achieved 1.06 × 1012 Jones at −0.5 V
reverse bias, remaining within the 102 Jones regime. Although
the 200 °C-annealed PTB7-Th:TQC-4Cl based device exhibited a
slight increase in Jd, the concurrent enhancement in R enabled
it to exceed the 1012 Jones level at 1200 nm. The Dsh* value of
the PTB7-Th:TQC-4Cl based device surpasses those previously
reported values for SWIR OPDs, as summarized in Figure 2f. To
evaluate the device reproducibility, Dsh* values at 1200 nm were
determined from the Jd measurements of ten independently fab-
ricated devices under each annealing condition; the correspond-
ing averages and standard deviations are presented in Figure S19
(Supporting Information). Furthermore, the device annealed at
200 °C, which exhibited the highest EQE across the SWIR re-
gion, maintained excellent electrical stability during reverse bias
sweeps from −0.5 to −5 V. Notably, the EQE at 1200 nm in-
creased progressively with increasing applied bias, from 15.18%
to 17.32%, 20.23%, 22.10% and finally reached 25.13% at −5 V
(Figure S20, Supporting Information) — a remarked high value,
thereby demonstrating the device’s superior operational robust-
ness under practical operating conditions.

Adv. Funct. Mater. 2026, 36, e17337 e17337 (6 of 12) © 2025 The Author(s). Advanced Functional Materials published by Wiley-VCH GmbH

 16163028, 2026, 5, D
ow

nloaded from
 https://advanced.onlinelibrary.w

iley.com
/doi/10.1002/adfm

.202517337 by D
aegu G

yeongbuk Institute O
f, W

iley O
nline L

ibrary on [08/02/2026]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

http://www.advancedsciencenews.com
http://www.afm-journal.de


www.advancedsciencenews.com www.afm-journal.de

Figure 3. a) AFMheight images, b) 2DGIWAXS images, and c) corresponding line-cut profiles of PTB7-Th:TQC-4Cl blended filmswith different annealing
temperatures; pristine, 70, 110, 150, and 200 °C.

2.3. Morphological and Crystallinity Characteristics

To investigate the film morphology of photoactive layers, atomic
forcemicroscopy (AFM)measurements were performed, and the
corresponding height images are shown in Figure 3a. The PTB7-
Th:TQC-4Cl blend films exhibited uniform and smooth surfaces
without excessive aggregation, which is favorable for efficient
charge transport. The root-mean-square roughness values were
measured to be 0.637, 0.634, 0.653, 0.657, and 1.280 nm for the
pristine and 70, 110, 150, and 200 °C annealed PTB7-Th:TQC-
4Cl films, respectively. While the films annealed up to 150 °C
exhibited no significant change in surface morphology, the film
annealed at 200 °C showed a pronounced increase in surface
roughness. This increase is likely attributed to enhanced molec-
ular crystallinity and the formation of a larger phase-separated
domain.
To acquire further understanding of film morphology, 2D-

GIWAXS measurement was performed. Figure 3b shows the
diffraction pattern images of PTB7-Th:TQC-4Cl blend films with
different annealing temperatures: pristine, 70, 110, 150, and
200 °C. The corresponding IP and OOP line profiles are provided
in Figure 3c. The detailed crystallographic parameters were sum-
marized in Table S7 (Supporting Information). TheGIWAXSpat-

terns revealed that all PTB7-Th:TQC-4Cl blend films displayed
face-on orientation with clear lamellar stacking (100) peaks in
the IP direction located at 0.27 Å−1 and 𝜋-𝜋 stacking (010) peaks
in the OOP direction located at 1.67 (pristine, 70 °C), 1.73 (110,
150 °C), and 1.74 (200 °C) Å−1

, respectively. Comparison with
the TQC-4Cl neat film shows that the crystalline structure of the
PTB7-Th:TQC-4Cl blend film is mainly attributed to TQC-4Cl,
with its (100) in the IP and (010) in the OOP diffraction peaks
positioned at 0.28 and 1.73 Å−1

, respectively. Moreover, thermal
annealing led to enhanced film crystallinity, as evidenced by the
gradually reduced 𝜋-𝜋 stacking distances from 3.76 Å (pristine,
70 °C) to 3.63 Å (110, 150 °C) and further to 3.61 Å (200 °C).
The CCL for the (100) diffraction in the IP direction also in-
creased with thermal annealing, calculated to be 60.8, 63.5, 74.4,
95.9, and 128.5 Å for pristine, 70, 110, 150, and 200 °C PTB7-
Th:TQC-4Cl films, respectively. While the CCL of blend films for
the (010) diffraction in the OOP direction remained similar at
lower annealing temperatures (13.5, 13.3, and 12.8 Å for pristine,
70, 110 °C), significantly larger values of 35.1 and 52.8 Å were ob-
served at 150 and 200 °C. These results indicate that the thermal
annealing process of photoactive layers promotes closer molec-
ular packing and larger crystalline domains, thereby improving
charge transport pathways, which contribute to enhanced charge

Adv. Funct. Mater. 2026, 36, e17337 e17337 (7 of 12) © 2025 The Author(s). Advanced Functional Materials published by Wiley-VCH GmbH
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Table 3. Charge-carrier dynamics and energetic disorder parameters for
PTB7-Th:TQC-4Cl OPD devices.

Ann. Temp. [°C] tex [μs] tre [ms] Eu
[meV]

Pristine 0.96 2.39 19.56

70 0.79 2.61 19.30

110 0.75 2.82 18.65

150 0.69 3.07 17.60

200 0.33 4.98 17.12

extraction (albeit with slightly increased Jd) and higher EQE. Elec-
trochemical impedance spectroscopy (EIS) measurements were
additionally performed under open-circuit conditions to confirm
the reduction of in-bulk deep-traps associated with enhanced
crystalline properties (Figure S23, Supporting Information). The
recombination resistance of the devices increasedmarkedly from
1.36 kΩ in the pristine device to 7.37 kΩ in the 200 °C-annealed
device, further supporting suppressed charge recombination and
improved charge transport.

2.4. Carrier Dynamics and Energetic Disorder

We investigated the charge carrier dynamics and energetic dis-
order in PTB7-Th:TQC-4Cl-based OPDs to elucidate the under-
lying mechanism behind the gradual enhancement of EQE de-
pending on the thermal annealing. The relevant data are sum-
marized in Table 3. Transient photocurrent (TPC) and transient
photovoltage (TPV) measurements are presented in Figure 4a,b,
respectively. As shown in Figure 4a, the charge extraction time
(tex) progressively decreased as the annealing temperature in-
creased from the pristine state to 200 °C. Specifically, tex was re-
duced from 0.96 μs in the pristine device with increasing anneal-
ing temperature, and exhibited a marked drop to 0.33 μs in the
device annealed at 200 °C. This abrupt reduction indicates a sig-
nificant improvement in carrier transport, likely due to the for-
mation of ideal percolation pathways facilitating efficient charge
carrier transport. A similar trend was observed in the TPV mea-
surements (Figure 4b), where the recombination time (tre) pro-
gressively increased from 2.39 ms as the annealing temperature
rose, with a substantial increase to 4.98 ms at 200 °C. These
results indicate that thermal annealing suppresses bimolecular
recombination and facilitates more balanced charge transport,
particularly at elevated annealing temperatures. According to the
changes of filmmorphology revealed by AFM andGIWAXSmea-
surements, the structural evolution driven by thermal annealing
provided the more efficient charge transport pathways as well as
the suppressed charge recombination sites with fewer trap-rich
interfaces.[28] Complementary photo-charge extraction by linearly
increasing voltage (CELIV) measurements (Figure S25, Support-
ing Information) corroborated that the intrinsic drift mobility
is effectively unchanged across the annealing series. The effec-
tive mobility (µeff) varied only within 2.3-3.6 × 10−4 cm2 V−1s−1,
from the pristine film to the device annealed at 200 °C. Such
marginal variation indicates that the thermal treatment does not

Figure 4. a) Transient photocurrent (TPC) and b) transient photovoltage
(TPV) decay kinetics of TQC-4Cl-basedOPDswith different annealing tem-
peratures. c) Urbach energy extracted from EQE spectra.

Adv. Funct. Mater. 2026, 36, e17337 e17337 (8 of 12) © 2025 The Author(s). Advanced Functional Materials published by Wiley-VCH GmbH
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Figure 5. a) Linear dynamic range (LDR) of TQC-4Cl-based OPD devices with different annealing temperatures under 𝜆= 980 nm illumination of varying
optical power at−0.5 V bias. b) Rise-fall response timemeasurements of the devices. c) Spectral noise density of the devices. d) ExtrapolatedDn* spectra.

create fundamentally faster transport channels; instead, the pro-
nounced improvements in tex and tre arise from a reduced trap
population and suppressed bimolecular recombination, revealed
by TPV measurements.
The improvements in film morphology and molecular order-

ing are closely associated with a reduction in energetic disor-
der as well as the favorable charge extraction and suppressed
bimolecular recombination, as evidenced by the Urbach energy
(Eu) extracted from the EQE spectra (Figure 4c). The Eu, which
quantifies the steepness of the exponential absorption tail near
the band edge, reflects the density of localized states induced by
structural disorder. It was calculated using the following relation-
ship:

ln
(
EQE

)
= c + hv

Eu
(3)

where c is a constant and hv is the photon energy.[29] The cal-
culated Eu decreases from 19.56 to 17.12 meV with increasing
annealing temperature. This reduction in energetic disorder sug-
gests a lower density of trap states within the active layer, which
in turn contributes to enhanced charge carrier mobility. This no-
ticeable improvement can be explained by the crystallinity and
surface morphology of the active layer.

2.5. Linearity, Response Speed, and Noise Performance

Figure 5a presents the photocurrent measurements of the de-
vices upon 𝜆 = 980 nm laser illumination at varying optical
power (Φopt). Φopt calibration using a neutral-density filter en-
abled the precise realization of the linear dynamic range (LDR)
of each device. The SWIR-optimumdevice exhibited the broadest

Adv. Funct. Mater. 2026, 36, e17337 e17337 (9 of 12) © 2025 The Author(s). Advanced Functional Materials published by Wiley-VCH GmbH
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Figure 6. Long-term stability test of SWIROPDs based on PTB7-Th:TQC-4Cl (fabricated with thermal annealing at 200 °C). The devices were continuously
aged at 85 °C conditions. (n = 4).

LDR of 77.2 dB, in which the extension occurred primarily at
high Φopt. This behavior is ascribed to annealing-induced reduc-
tions in deep tail states and energetic disorder in the photoac-
tive layer, corroborated by improvement of molecular crystalline,
mitigatedUrbach energy, and increased EIS recombination resis-
tance, which shifts the onset of photocurrent saturation to higher
Φopt. In Figure 5b, the transient photo-response (TPR) character-
istics of the PTB7-Th:TQC-4Cl based devices are evaluated. The
pristine device exhibits a pronounced leading-edge spike, which
progressively diminishes with increasing annealing temperature
and eventually becomes negligible in the 200 °C annealed device.
This spike can be attributed to a transient displacement current
induced by the pyroelectric effect, and its systematic attenuation
with increasing annealing temperature suggests a suppression of
pyroelectric contributions due to enhanced film crystallinity and
the elimination of locally non-centrosymmetric domains.[30] Con-
currently, the carrier-transport dynamics aremarkedly improved.
The rise time (Tr) decreases from 54.40 μs (pristine) to 53.60,
38.40, 35.20, and 16.00 μs for the 70, 110, 150, and 200 °C an-
nealed devices, respectively, while the fall time (Tf) shortens from
23.08 μs to 22.79, 22.79, 21.80, and 20.94 μs. These results demon-
strate that thermal treatment at 200 °C leads to a significant im-
provement in photo-response speed, supporting the conclusion
that structural optimization of the bulk heterojunction is criti-
cal for achieving fast and stable operation in high-performance
SWIR OPDs.
Next, device-intrinsic noise levels were obtained via noise spec-

tral density (Sn) measurements in the dark. For accurate assess-
ment of TQC-4Cl, ten high-resolution measurements were av-
eraged (Figure 5c). The low noise of the devices beyond the de-
tection capability of our equipment limited noise evaluation at
higher frequencies, representingwhite-noise – the seemingly sat-
urated Sn at>10Hz represents the equipment noise floor. There-
fore, RMS noise current (Irms) was yielded using Sn at 4 Hz, a fre-
quency at which all devices exhibited flicker noise. In correspon-
dence to Irms,shot, Irms showed an increasing trend with increasing
thermal annealing temperature, measured as 62.2, 122, 263, 351,
and 466 fA for pristine, 70, 110, 150, and 200 °C annealed OPD
devices. The lower interfacial trap densities as observed from
AFM topography images and higher charge mobilities of lower-
temperature-processed devices reduce random current fluctua-
tions from charge trapping—detrapping processes, thereby re-

ducing Irms pronouncedly at flicker-dominated frequencies, as
opposed to Irms,shot. Extrapolated D* based on Sn (Dn*) spectra
were achieved using the obtained Irms values, in which the SWIR-
optimum device demonstrated the highest Dn* of 2.84 × 1011

Jones, leveraging its high R (Figure 5d).

2.6. Thermal Stability and Long-Term Reliability

Finally, we evaluated the thermal stability of the PTB7-Th:TQC-
4Cl based OPD devices under continuous thermal stress. Both
pristine and optimized devices were subjected to accelerated ag-
ing by maintaining them at 85 °C in N2-filled glovebox. The
Dsh* and R of them were periodically measured at a wavelength
of 1200 nm over the course of the test for four distinct de-
vices, with the results presented as averages and standard devi-
ations (Figure 6; Figure S28, Supporting Information). Remark-
ably, both devices retainedDsh* values within the 10

11–1012 Jones
range for over 1800 h, indicating stable noise characteristics and
photo-response. Both devices also exhibited stable R throughout
the aging period, further supporting their robustness under pro-
longed thermal stress. This outstanding thermal stability high-
lights the practical potential of PTB7-Th:TQC-4Cl-based devices
for long-term operation in SWIR photodetection applications.

3. Conclusion

In summary, we have successfully synthesized and demonstrated
a novel proquinoid-type non-fullerene acceptor, TQC-4Cl, specif-
ically designed to overcome the intrinsic limitations of SWIR
OPDs. TQC-4Cl exhibits an ultra-narrow bandgap of 1.01 eV
and broad absorption extending beyond 1200 nm, enabled by
a quinoid–aromatic transformation strategy that enhances 𝜋-
electron delocalization across the conjugated backbone. Owing
to its highly planar molecular structure and excellent thermal ro-
bustness, the TQC-4Cl film showed significantly enhanced crys-
tallinity characterized by closed packing distances and enlarged
domain sizes upon thermal annealing treatment. When em-
ployed as the photoactive material with PTB7-Th, the optimized
SWIR OPDs demonstrated outstanding device performance. A
remarkably suppressed Jd of 4.38 × 10−8 A cm−2 was achieved

Adv. Funct. Mater. 2026, 36, e17337 e17337 (10 of 12) © 2025 The Author(s). Advanced Functional Materials published by Wiley-VCH GmbH
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at −0.5 V bias, representing the lowest value reported for SWIR
OPDs to date. In addition, it showed strong photo-response with
an EQE of 13.66% at 1200 nm, yielding Dsh* surpassing 1012

Jones (Dn* > 1011 Jones) under the same bias condition. The
systematic investigation of film morphology and charge trans-
port dynamics revealed that the superior performance of PTB7-
Th:TQC-4Cl-based SWIR OPDs stems from the formation of
an optimized phase-separated morphology and enhanced crys-
tallinity within the photoactive layer, which synergistically facili-
tates efficient charge extraction and mitigates the energetic dis-
order. Additionally, the thermal stability test conducted at 85 °C
demonstrated that the devices maintained stable performance
for over 1800 h, highlighting their potential for long-term op-
eration under harsh conditions. This work constitutes a signif-
icant breakthrough in advancing the development of highly sen-
sitive and thermally stable SWIROPDs, while simultaneously ex-
panding themolecular design landscape of ultra-narrow bandgap
organic semiconductors for next-generation optoelectronic tech-
nologies.
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