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ARTICLE INFO ABSTRACT

Keywords: We report the first demonstration of all-polymer organic photodetectors (OPDs) with efficient short-wave
Organic photodetectors infrared (SWIR) detection beyond 1200 nm, surpassing current benchmarks for polymer-based photodetection
All-polymer blend

systems. By using a donor polymer poly[[6,7-bis[5-(2-hexyldecy])-2-thienyl][1,2,5]thiadiazolo[3,4-g]quinoxa-
line-4,9-diyl][2,2":5',2”-terthiophene]-5,5"-diyl] (PTTQ(HD)) and pairing it with an acceptor polymer fluorinated
poly[[1,2,3,6,7,8-hexahydro-2,7-bis(2-octyldodecyl)-1,3,6,8-dioxobenzo[lmn][3,8] phenanthroline-4,9-diyl]
[3,3"-bisfluoro-2,2"-bithiophene]-5,5-diyl] (F-N2200), we achieve favorable energy-level alignment, enhanced
exciton dissociation, and superior thermal stability. Compared to the fullerene-based PTTQ: [6,6]-phenyl-Cr1-
butyric acid methyl ester (PC71BM) reference, the PTTQ:F-N2200 devices exhibit extended external quantum
efficiency (EQE) response up to 1400 nm, improved responsivity (0.093 A/W at 1200 nm), suppressed dark
current density (3.83 x 1077 A/cm?), and a detectivity of 1.05 x 10! Jones, representing one of the highest
values reported for all-polymer systems. Structural analyses via grazing-incidence wide-angle X-ray scattering
(GIWAXS) and atomic force microscopy (AFM) reveal thermally induced molecular ordering and stable
morphology, correlating with significantly reduced shot noise and improved dynamic response, including a
—3 dB bandwidth of 155 kHz and response time below 1.5 ps. Furthermore, deep-level transient spectroscopy
(DLTS) and electrochemical impedance spectroscopy (EIS) measurements confirm the reduction of trap states
and suppression of non-radiative losses in the all-polymer system. This work sets a new benchmark for all-
polymer SWIR photodetectors and underscores their promise in high-speed, low-noise optoelectronics for
remote sensing, optical communication, and infrared imaging.

Short-wave infrared
Thermal annealing
Non-fullerene acceptor
Device stability

electronics, smart vehicles, artificial vision, real-time health monitoring,
and Internet of Things (IoT) applications. In particular, short-wave

1. Introduction

Organic photodetectors (OPDs) have emerged as promising candi-
dates for next-generation optoelectronic devices due to their tunable
spectral response, lightweight nature, mechanical flexibility, and
compatibility with solution-based, low-temperature fabrication [1-4].
These attributes make OPDs attractive for integration into flexible

infrared (SWIR, 1100-1800 nm) OPDs have attracted growing atten-
tion for use in advanced imaging, optical communication, and envi-
ronmental surveillance systems, owing to their unique ability to operate
in low-light or scattering-prone conditions. Recent efforts have focused
on extending OPD sensitivity into the near-infrared (NIR, 780-1100 nm)
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and SWIR ranges, enabling functionalities in fields such as biomedical
imaging, food inspection, and machine vision [5-11]. Achieving high
sensitivity in these regimes requires the development of low-bandgap
donor and acceptor materials with optimal charge transport properties
and structural stability [12,13]. The advent of non-fullerene acceptors
(NFAs) has significantly advanced organic optoelectronics, particularly
in organic photovoltaics (OPVs), by enabling materials with tailored
energy levels, enhanced molecular ordering, and broader absorption
windows. These innovations have also been leveraged to improve OPD
performance [14-19]. However, most high-performance OPDs to date
rely on small-molecule NFAs or fullerene derivatives such as phenyl C61
butyric acid methyl ester (PCBM), which are often limited by phase
instability, morphological degradation, and thermal vulnerability
[20-22]. In contrast, all-polymer photodetectors (PPDs), comprising
both polymeric donors and acceptors, offer inherent advantages in
mechanical and thermal stability due to the entangled and
semi-amorphous nature of polymer chains [23-28]. These features
suppress crystallization-driven aggregation and provide a more robust
morphology under processing or operational stress. H. Zhao et al. sys-
tematically investigated the influence of thermal stress on organic thin
films and found that excessive crystallization of Y6 occurred when the
annealing temperature exceeded 200 °C, leading to pronounced domain
phase separation and reduced efficiency of charge separation and
transport [29]. Similarly, M.-L. Huang et al. studied the effect of pro-
longed thermal stress (200 °C, 120 min) on photodetectors based on
non-fullerene acceptors (NFAs). Devices incorporating a cyclo-
pentadithiophene (CPDT) central donor core exhibited higher thermal
stability compared with those using a dithienobenzothiophene (DTBT)
core. Their findings revealed that thermal stress significantly influences
phase separation, long-range ordering, donor-acceptor molecular in-
teractions, and molecular reorientation, all of which contribute to per-
formance degradation at elevated temperatures. In contrast, PTzBI-Si:
N2200-based all-polymer system device showed excellent thermal sta-
bility at 200 °C, achieving a notable one-order reduction in dark current
after only 5 min of annealing [30]. C. Wang et al. demonstrated that
applying controlled thermal stress to all-polymer photovoltaic devices
can modulate the energy levels of organic semiconductors, thereby
reducing nonradiative recombination losses and weakening the depen-
dence of the open-circuit voltage (Voc) on light intensity [31]. More-
over, polymer-based systems offer greater chemical tunability and are
potentially compatible with scalable coating processes, making them
promising candidates for next-generation infrared OPDs. While early
reports have demonstrated the feasibility of PPDs in the visible and NIR
regions, their performance in the SWIR range has remained largely
unproven. To address this gap, we present a systematic study on
all-polymer SWIR OPDs using a low-bandgap donor polymer and a
polymeric acceptor, with particular emphasis on optimizing molecular
ordering and thermal processing to enhance device performance and
long-term stability.

In this work, we present an all-polymer OPD system based on a
photodiode architecture incorporating the narrow-bandgap donor
polymer poly(thieno[3,4-b]thiophene-co-quinoxaline) (PTTQ) and the
fluorinated polymeric acceptor F-N2200. The PTTQ, constructed from
thieno[3,4-b]thiophene-quinoxaline (TQ) building blocks, exhibits
strong SWIR absorption and has been recently employed in high-
efficiency low-bandgap optoelectronic devices [13,32]. F-N2200, a de-
rivative of the well-known poly{[N,N’-bis(2-octyldodecyl)-naph-
thalene-1,4,5,8-bis(dicarboximide)-2,6-diyl]-alt-5,5’-(2,2’-bithiophene)
(N2200) [33-35], incorporates fluorine atoms on its side chains, effec-
tively lowering the lowest unoccupied molecular orbital (LUMO) level
and promoting intermolecular interactions. The introduction of fluorine
not only modifies the intrinsic molecular properties of the acceptor
material such as reorganization energy and charge transfer integral but
also enhances backbone ordering, thereby improving charge-carrier
mobility, ambient stability, and ultimately device performance [36].
We demonstrate that thermal annealing serves as a critical
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post-treatment step that significantly improves the crystallinity of PTTQ
and facilitates favorable phase separation between donor and acceptor
components. This enhanced molecular ordering and packing behavior
leads to more efficient charge transport and reduced trap-assisted
recombination. Furthermore, both the pristine materials and their
blends exhibit excellent thermal robustness, maintaining stable micro-
structures and phase morphology even after exposure to elevated pro-
cessing temperatures. Such structural resilience directly contributes to
consistent optoelectronic performance, as evidenced by low dark cur-
rent, high responsivity, and detectivity exceeding 10'' Jones in the
SWIR region. To our knowledge, this is the first demonstration of an
all-polymer OPD system achieving sensitive broadband detection
beyond 1200 nm, marking a significant extension of spectral response
compared to previously reported polymer-based devices. Notably, the
optimized all-polymer devices maintain stable performance under
continuous optical illumination, highlighting their operational dura-
bility and potential for long-term deployment in practical applications.
These findings position all-polymer systems as a compelling materials
platform for developing high-performance, thermally robust SWIR OPD,
making the first demonstration of broadband spectral response
exceeding 1200 nm in polymer-only OPDs. The ability to enhance device
performance through a simple thermal annealing process further un-
derscores the compatibility with scalable, low-cost fabrication routes,
paving the way for next-generation flexible infrared photodetection
technologies.

2. Methodology
2.1. Materials

The donor polymer PTTQ (HD) and the acceptor polymer F-N2200
were purchased from 1-Material Inc., while PC71BM was obtained from
Luminescence Technology Corp. (Lumtec). Zinc acetate dihydrate was
sourced from Alfa Aesar. Other reagents, including 2-methoxyethanol,
ethanolamine, chloroform (CF), 1,8-diiodooctane (DIO), 1-chloronaph-
thalene (CN), and molybdenum trioxide (MoOs), were supplied by
Sigma-Aldrich. All chemicals and solvents were used as received without
additional purification.

2.2. Device fabrication

The OPDs were fabricated on glass substrates coated with indium tin
oxide (ITO, sheet resistance ~15 Q/sq). The substrates were sequen-
tially cleaned in an ultrasonic bath using deionized water, acetone, and
isopropanol for 30 min each, followed by drying with nitrogen gas. The
electron transport layer (ETL) of ZnO was formed via a sol-gel method,
wherein a precursor solution of zinc acetate in 2-methoxyethanol with
ethanolamine was spin-coated onto the cleaned ITO and subsequently
annealed at 170 °C for 30 min in ambient air to form a compact layer.
The deposition of the active layers and subsequent processing were
conducted entirely within a nitrogen-filled glovebox. For the active
layers, two distinct donor-acceptor systems were prepared: PTTQ:
PC7;BM with a weight ratio of 1:3 (total concentration: 32 mg/mL in CF
with 3 vol% DIO), and PTTQ:F-N2200 with a 1:1 ratio (16 mg/mL in CF
with 0.5 vol% CN). All solutions were stirred at 50°C for 12 h prior to use
to ensure complete dissolution and homogeneity. The resulting blends
were deposited onto the ZnO/ITO substrates via spin-coating at
3000 rpm for 30 s, forming films with thicknesses ranging from 120 nm
to 130 nm. To study the thermal effects on film morphology and device
performance, the as-cast active layers were annealed at selected tem-
peratures (100, 150, 200, and 250°C) for 10 min under inert atmo-
sphere. After thermal treatment, a 5 nm MoOs as hole transport layer
(HTL) and a 100 nm Ag electrode were sequentially deposited via
thermal evaporation. The active area of each device was defined as
0.04 cm? using a shadow mask.
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2.3. Characterization

UV-vis-NIR absorption spectra were collected using a JASCO V-750
spectrophotometer, and the external quantum efficiency (EQE) spectra
were recorded with an Enlitech QE-R system, calibrated using a silicon
photodiode (Hamamatsu S1337) to ensure measurement accuracy
across the 300 ~ 1400 nm spectral range. Current density-voltage (J-V)
characteristics under dark and illumination conditions were measured
using a Keithley 2636 A source meter. For noise analysis, the noise
current spectral density was evaluated in the white noise region using a
low-noise amplifier and a dynamic signal analyzer. Fourier-transform
photocurrent spectroscopy -enhanced EQE (FTPS-EQE, Enlitech) was
employed to probe sub-bandgap optical transitions and charge-transfer
(CT) states. Electrochemical impedance spectroscopy (EIS) was con-
ducted on a Solartron Materials Lab XM system over the frequency range
of 0.1 Hz to 1 MHz with a 1 V of AC perturbation to assess charge
transport and interfacial properties. Carrier mobility was further eval-
uated via space-charge-limited current (SCLC) measurements under
dark conditions, using electron-only and hole-only configurations. To
investigate transient response behavior, a pulsed laser diode (1310 nm,
Thorlabs) driven by a Tektronix AFG3102C function generator was used
to excite the OPDs, and the photocurrent response was recorded by a
high-speed current amplifier and oscilloscope. The —3 dB cutoff fre-
quency, indicating the bandwidth limit of the device, was extracted from
the frequency-dependent photoresponse. The linear dynamic range
(LDR) was obtained by illuminating the devices with a modulated
1300 nm LED source of variable intensity and recording the resulting
photocurrent at zero bias. Surface morphology was examined by atomic
force microscopy (AFM; Bruker) to evaluate the roughness and domain
features of the active layers before and after thermal treatment.

(a)
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Crystallographic information, including molecular orientation and n-n
stacking behavior, was analyzed via grazing-incidence wide-angle X-ray
scattering (GIWAXS) conducted at the National Synchrotron Radiation
Research Center (NSRRC, Taiwan).

3. Results and discussion

3.1. Characterization of post-treatment effects on morphology, noise, and
SWIR performance in all-polymer and fullerene-based OPDs

Fig. 1 illustrates the chemical structures of PTTQ, the fluorinated
polymeric acceptor F-N2200, and PC7;BM, along with the energy level
diagram of the OPD architecture and the absorption spectra of both neat
and blended films. As shown in Fig. 1b, F-N2200 exhibits a deeper
LUMO level (~ —4.2 eV) than PC,,BM, which is favorable for exciton
dissociation and efficient charge separation at the donor-acceptor
interface. Fig. 1c displays the ultraviolet-visible-near-infrared
(UV-vis-NIR) absorption spectra of pristine PTTQ films. The PTTQ film
shows broad and strong absorption from 300 to 1400 nm, with distinct
intramolecular charge transfer (ICT) features located at 400 ~ 600 nm
and 800 ~ 1400 nm. These spectral features are indicative of efficient
charge delocalization arising from its highly conjugated donor-acceptor
(D-A) backbone structure. Despite the favorable optical characteristics
of low-bandgap conjugated polymers such as PTTQ, their charge carrier
mobility is often limited. Previous studies by Yuen et al. on diketo-
pyrrolopyrrole (DPP)-based polymers have shown that thermal anneal-
ing at 150 ~ 200 °C can significantly improve both crystallinity and
carrier mobility through enhanced molecular ordering [37]. Inspired by
these insights, we applied post-annealing to PTTQ-based films over a
temperature range of 100 ~ 250°C to examine its effect on optical and

(b)
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Fig. 1. (a) Chemical structures of the donor polymer PTTQ (HD), the fluorinated polymeric acceptor F-N2200, and the fullerene derivative PC-+BM. (b) Energy level
diagram of the all-polymer and fullerene-based OPD systems. (c) UV-vis-NIR absorption spectrum of pristine PTTQ (HD) thin films under various thermal annealing
conditions. Absorption spectra of bulk heterojunction blend films of PTTQ (HD) with (d) PC;;BM and (e) F-N2200, respectively, after post-annealing at different
temperatures.
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morphological properties. As the annealing temperature increased, a
gradual red shift in the absorption maximum (Apax) of PTTQ was
observed, shifting from 1125 nm to 1150 nm, accompanied by a
decrease in the optical bandgap from 0.907 eV to 0.888 eV, as derived
from the absorption onset. This spectral evolution reflects increased
backbone planarity and enhanced n—r stacking interactions within the
polymer chains, suggesting improved crystallinity and thermal robust-
ness. When the annealing temperature exceeded 200°C, the optical
bandgap (E.pt) of the pristine PTTQ film remains nearly unchanged,
indicating that the molecular packing has reached a thermally stable and
ordered molecular packing at this temperature. Further heating pri-
marily promotes domain coarsening rather than additional n-conjuga-
tion extension, resulting in negligible changes in the bandgap. Fig. 1d
and e present the absorption spectra of the PTTQ:PC7«BM and PTTQ:
F-N2200 BHJ blends under various annealing temperatures. Both sys-
tems exhibit similar red-shift trends, confirming thermal treatment
promotes greater molecular ordering and enhanced n-x stacking. Like-
wise, the blend films of PTTQ:PC7+BM and PTTQ:F-N2200 show negli-
gible bandgap variation (< 0.1 eV) even after annealing at 250°C,
confirming the thermally stable and ordered structure of PTTQ within
the blends. However, as shown in Figure S1, PC«BM exhibits a notice-
able red shift in the absorption tail (500-600 nm) after thermal

(a) (b)

0.15
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annealing, corresponding to the shift observed around 600 nm in the
PTTQ:PCBM blend film. This behavior suggests that PC;;BM un-
dergoes domain coarsening when the annealing temperature exceeds
100°C. In contrast, F-N2200 shows almost no change in its optical
bandgap before and after annealing, indicating that the red shift
observed in the PTTQ:F-N2200 blend film primarily originates from
enhanced backbone planarity and increased molecular ordering of
PTTQ, which extends the effective n-conjugation after thermal anneal-
ing. Notably, the PTTQ:F-N2200 blends exhibit multiple absorption
shoulders in the 400-800 nm region, which may arise from microphase
separation and domain formation within the blend morphology. In
addition, thermogravimetric analysis (TGA, Figure S1c) was performed
for all three materials. The results show that the 95 % decomposition
temperatures (Tq) of PTTQ, PC»BM, and F-N2200 all exceed 300°C,
confirming their intrinsic chemical robustness. However, noticeable
domain coarsening occurs for PTTQ and PC71BM above 200 °C and 100
°C, respectively, whereas F-N2200 maintains excellent thermal stability
even at 250 °C. These findings reveal that despite similar decomposition
temperatures, the thermal morphological behavior diverges substan-
tially, which rationalizes the distinct optical evolution observed in the
respective blend systems. A summary of optical bandgap values for all
samples is provided in Table S1. Compared to previously reported

—_—
(2)
——

—&—PTTQ:PCBM (W/0)
—@—PTTQ:PCBM (100°)
—A—PTTQ:PCBM (150°)
~¥—PTTQ:PCBM (200°)

0.10

EQE (%)

R (AW)

0.05

~——PTTQ:PCBM (wio) 107 —
= PTTQ:PCBM (100°) & 1 = _4
——PTTQ:PCBM (150°) £ 10°] 7 =7
~——PTTQ:PCBM (200°) 3] —— / ==

< T —T Y/ =

‘S RS N // 7

B a0 ~N

2 1

-8 1074 |

T 10°] ——PTTQ:PCBM (wi0)

[} — —PTTQ:PCBM (100°C)

£ 10°]——PTTQ:PCBM (150°C)

5 ~— —PTTQ:PCBM (200°C)

10

800 1000 1200

Wavelength (nm)

T T
400 600 1400 200 600

(d) (e)

800
Wavelength (nm)

40 08 06 04 -02 00 02 04 06 08 10
Voltage (V)

1000 1200 1400

—
—h
N—

30 —8— PTTQ:F-N2200 (w/o) 0.15
—@—PTTQ:F-N2200 (100°)
25 —A— PTTQ:F-N2200 (150°) p
a —¥— PTTQ:F-N2200 (200°) /
4 PTTQ:F-N2200 (250°)
20 0.10 ]

EQE (%)

R (A/W)

0.05+

—8—PTTQ:F-N2200 (wio)

—@—PTTQ:F-N2200 (100°)

= PTTQ:F-N2200 (150°)

—ap—PTTQ:F-N2200 (200°)

PTTQ:F-N2200 (250°)
>

—e— PTTQ:F-N2200 (wio)
—e—PTTQ:F-N2200 (100°C)
—s—PTTQ:F-N2200 (150°C)

Current density (Alcmz)

. 10° { —=—PTTQ:F-N2200 (200°C)
PTTQ:F-N2200 (250°C)
v T T T T T -W' T T T T T T T T T
400 600 800 1000 1200 1400 200 500 200 1000 1200 1400 1.0 -08 06 04 -02 00 02 04 06 08 1.0
( ) Wavelength (nm) Wavelength (nm) Voltage (V)
g (h) (i)
PTTGPCEM PTTQFNZ200 10° 10°
. 10°] wio wio {PTTQ:PCBM PTTQ:F-N2200
w0 1 —100:C —100°C ~ 1079 Lightintensity (nWicm®) o~ 10"1 Light intensity (nWicm’)
°N 10°4 150°C —;ggg g 10° —— 50 v 3 — BW=1Hz
— ——500 10 —_
Iz 3 250°C N ‘1 —50 BW=1Hz N 1 =%
I 107% § 10° § 10"y — s
~ 1 < . » —05
I £ 01—
1 . w] —o.
g 107§ g 10 g 1079 o005
o . 3 107 3 1074  dark
) 1 ; N TN
2 T 1074 5 10 IR
2 . g g N
S ; > 10" S 10"
10" T T 1 Do T T T D
1 10 100 1000 2 4 6 8 10 2 4 6 8 10
Frequency (Hz) Frequency (Hz) Frequency (Hz)

Fig. 2. (a, d) External quantum efficiency (EQE), (b, e) responsivity (R), and (c, ) dark current density (J4) characteristics of OPDs based on PTTQ:PC,;BM (a—c) and
PTTQ:F-N2200 (d-f), measured under different thermal annealing temperatures at a reverse bias of —0.5V. (g) different temperatures noise current of PTTQ:PC,;BM
and PTTQ:F-N2200. (h-i) Frequency-domain signal current responses of PTTQ:PC,;BM and PTTQ:F-N2200 OPDs with zero bias under 1.3 pm light illumination

modulated at 6 Hz with various light intensities.
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polymer-based OPDs, which typically exhibit limited responsivity in the
near-infrared regime (typically <1100 nm), the thermally annealed
PTTQ:F-N2200 blends in this study exhibit broadened absorption
extending to ~1400 nm, together with enhanced molecular order,
enabling efficient and broadband SWIR detection.

Fig. 2 illustrates the EQE, responsivity (R), and dark current density
(Jg) of the PTTQ:PCBM and PTTQ:F-N2200 systems under various
thermal annealing temperatures. The device performance was optimized
by adjusting the active layer thickness, which ranged from approxi-
mately 120-130 nm (Figures S2-S3). EQE spectra measured at —0.1 V
reverse bias are shown in Fig. 2a and d for both unannealed and
annealed devices (100 ~ 250°C). EQE and R measured at 0 V are pro-
vided in Figure S4 for comparison. The photoresponse extended from
300 to 1400 nm, surpassing the upper detection limit (~1100 nm) of
commercial silicon photodetectors. For the PTTQ:PC71BM system, EQE
significantly decreased upon annealing above 200°C; therefore, EQE
data are shown only up to 200°C. Specifically, the EQE at 1200 nm
dropped from 4.89 % to 0.67 % after annealing. In contrast, the PTTQ:F-
N2200 system exhibited a monotonic increase in EQE with an increasing
annealing temperature, reaching an optimal value at 200°C, rising from
6.72 % to 9.65 % at 1200 nm. This increasement can be attributed to
improved molecular ordering, enhanced phase separation, and reduced
energetic disorder in the active layer, which facilitate more efficient
charge carrier mobility and collection [37,38]. These effects are
particularly pronounced in the all-polymer blend, which exhibits supe-
rior thermal stability and maintains favorable morphology under
high-temperature processing without phase degradation.

Fig. 2b and e show the responsivity (R) of devices, defined as the
ratio of photocurrent to the incident light power, and calculated using
the following formula [39]:

_ (EQEx 2)
" 100% x 1240

At a wavelength of 1200 nm, the responsivity of the PTTQ:PC71BM
device declines markedly from 0.047A/W to 0.00651 A/W, whereas the
PTTQ:F-N2200 device exhibits an increase from 0.065 A/W to 0.093 A/
W—an enhancement of approximately 50 %. This improvement high-
lights the superior charge separation and exciton dissociation efficiency
of the PTTQ:F-N2200 blend, which benefits from enhanced molecular
ordering and reduced trap-assisted recombination. To further elucidate
the charge transfer (CT) state energy levels of the two systems, Fourier-
transform photocurrent spectroscopy (FTPS) was employed. Gaussian
fitting analysis [40] revealed CT state energies (Ect) of 0.90 eV for
PTTQ:PC7:BM and 0.93 eV for PTTQ:F-N2200. As depicted in Figure S5,
the FTPS spectra show a relatively balanced signal intensity ratio be-
tween 1.0 eV and 1.9 eV for PTTQ:F-N2200, while PTTQ:PC71BM ex-
hibits a notably lower ratio. This suggests that the all-polymer system
achieves a more effective overlap between sub-bandgap CT excitation
and the main n-n* absorption transition, which contributes to broader
and more efficient photoresponse. Although FTPS primarily probes
sub-bandgap photoexcitation and is not directly proportional to overall
EQE, these results support the conclusion that the PTTQ:F-N2200 system
offers better energy-level alignment and stronger low-energy optical
activity. Fig. 2c and f illustrate the Jq4 of the devices, and the J4 increases
with annealing temperature in both systems. Under optimized condi-
tions at —0.1 V, the PTTQ:PC7,BM device exhibits a Jq of 1.62 x 107®
A/cm?, while the PTTQ:F-N2200 device showed a relatively lower value
of 3.83 x 1077 A/cm?. Despite this temperature-induced increase, the
all-polymer blend consistently exhibits an order-of-magnitude lower Jg,
attributed to its thermally robust morphology and suppressed leakage
pathways.

To investigate the origins of dark current generation, we compared
the noise current characteristics of both systems. Low-frequency flicker
noise (1/f noise), which typically arises from charge trapping and
interfacial disorder, was excluded in this analysis. We instead focused on
the white noise regime beyond the OPD cutoff frequency (~10 Hz), and
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calculated the root-mean-square noise current (In,;,s) over the 10 ~
1000 Hz bandwidth [41,42]. In this regime, the dominant contributors
to white noise are shot noise, associated with discrete carrier injection,
and Johnson-Nyquist thermal noise, which originates from random
thermal motion in resistive elements. According to Figure S6, unan-
nealed PTTQ:PC7;BM devices displayed no apparent white noise
plateau, with 1/f noise dominating the entire low-frequency spectrum.
Upon thermal annealing, however, the noise spectra evolved toward a
flatter frequency response, indicating a transition from
disorder-dominated flicker noise to a white-noise-limited regime. This
shift is likely due to improved molecular packing and crystallinity,
which suppress structural fluctuations and trap states. Under reverse
bias, the total noise was strongly influenced by shot noise. Fig. 2g shows
the noise characteristics of PTTQ:PCBM devices under different tem-
perature annealing at —0.5 V. The In,s increases dramatically from
1.37 x 1071% t0 6.53 x 10”7 A/Hz®® at 150°C, corresponding to a rise of
three orders of magnitude, reflecting pronounced carrier recombination
and current leakage. In contrast, Figure S7 demonstrates that the PTTQ:
F-N2200 system exhibits a distinct white noise plateau beyond 10 Hz
regardless of annealing treatment, indicating an intrinsically more or-
dered bulk morphology and lower trap density. Moreover, the In, s at
0 V remains nearly constant across different annealing temperatures,
rising only slightly from ~1.30 x 101 to 3.16 x 101> A/Hz%® at
250°C. Under -0.5 V, as shown in Fig. 2g, the PTTQ:F-N2200 devices
display a significantly suppressed increase in shot noise with annealing.
Even at 250°C, the In,ms rises from 7.15 x 107'® to 4.56 x 10-12
A/Hz%3 representing roughly one order of magnitude. The optimal
noise performance is achieved at 200°C, where the device exhibits the
lowest In;ms of approximately 1.78 x 107 * A Hz™' /?, confirming the
thermal robustness and superior morphological stability of the
all-polymer system. These findings demonstrate that the all-polymer
PTTQ:F-N2200 system more effectively suppresses disorder-induced
electronic noise and maintains thermally stable carrier transport char-
acteristics. The combination of enhanced molecular ordering, reduced
trap-assisted recombination, and lower leakage current results in a
consistently lower noise floor under a wide range of processing and
biasing conditions, making it highly suitable for sensitive SWIR detec-
tion. This noise suppression represents a significant advancement
compared to previously reported fullerene- or small-molecule-based
SWIR OPDs, which often suffer from elevated noise due to morpholog-
ical instability.

To further understand charge transport and interfacial behavior,
electrochemical impedance spectroscopy (EIS) analysis was conducted
(Figure S8). From the Nyquist plots, both systems showed similar
interfacial charge transfer resistance (R.), indicating comparable
charge exchange rates at the interface layers [43]. However, distinct
differences emerged in the capacitance-frequency (C-f) curves. In the
low-frequency region (~10 Hz), both systems exhibited capacitance
values around 10 nF. At high frequency region (>10 kHz), the PTT3Q:
F-N2200 devices maintained a more stable capacitance across the fre-
quency spectrum, suggesting improved dielectric stability and carrier
accumulation behavior. This response is attributed to better film uni-
formity and reduced trap density, which together suppress interfacial
polarization and carrier delay [44,45]. In contrast, the PTTQ:PC71BM
devices showed a more pronounced capacitance drop at high fre-
quencies, possibly due to higher trap densities and interfacial disconti-
nuities that hinder stable charge transport. To further evaluate the SWIR
detection capabilities of the devices, the specific detectivity (D,*) was
calculated using the following equation [41,42]:

o — (RXVAB ) \/AAf
n= in "~ NEP

where R is the responsivity (A/W), A is the effective device area (crnz), B
is the measurement bandwidth (Hz), and in is the noise current (A/
Hz>). Figure S9(a) presents the effect of thermal annealing on the
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detectivity of PTTQ:F-N2200 devices under —0.5 V. After annealing at
200 °C, D,* improved substantially in the SWIR region, from
1.76 x 10'°-1.05 x 10'*  Jones at 1200nm, and from
8.95 x 10°-6.75 x 10'° Jones at 1300 nm. These enhancements reflect
the synergistic effect of reduced dark current and enhanced responsivity,
stemming from improved molecular ordering and interfacial quality
induced by thermal annealing processing. In contrast, as shown in
Figure S9(b), the PTTQ:PCBM devices exhibited considerably lower
detectivity under the same conditions, with only 5.46 x 10’ and
3.14 x 107 Jones at 1200 and 1300 nm, respectively. The inferior per-
formance is attributed to the presence of deep trap states and morpho-
logical defects, which elevate background noise and limit detection
sensitivity. In contrast, the F-N2200-based all-polymer device is, to our
knowledge, among the first systems demonstrating D, * exceeding 10 ! !
Jones beyond 1200 nm, highlighting a substantial step forward for
scalable polymer-based SWIR OPDs. A comprehensive summary of EQE,
responsivity, and D, * as a function of annealing temperature for PTTQ:F-
N2200 and PTTQ:PC7,BM is summarized in Table 1 and Table 2, of-
fering a quantitative basis for evaluating the thermal processing effects
on overall device performance. According to the calculation derived
from the above equation, the PTTQ:F-N2200 OPD exhibits a noise
equivalent power (NEP) of 1.8 x 107> W Hz %> at a wavelength of 1.3
pm under OV bias, corresponding to a specific detectivity (D*) of
1.1 x 102 Jones. Based on this value, the device with an active area of
0.04 cm? is capable of detecting SWIR light (1.3 pm) with an intensity as
low as 4.5 pW cm 2. The NEP spectra were measured down to a low-
frequency range of 6 Hz, following the methodology reported in previ-
ous studies on similar photodetectors [39,46]. This confirms good con-
sistency between the calculated detection limit and the experimentally
observed device performance. Fig. 2h and i show the frequency-domain
responses of the PTTQ:PCBM and PTTQ:F-N2200 OPDs under 6 Hz
modulated illumination, recorded using an Agilent 35670A dynamic
signal analyzer. The red arrows indicate the frequency range where the
optical signal is effectively detected, while each colored curve represents
the noise spectrum obtained under different optical power levels
(controlled by neutral density filters). The results reveal that the supe-
rior detection limit of PTTQ:F-N2200 originates from its suppressed
noise current and enhanced responsivity. Under 6 Hz modulation, the
device maintains a linear photoresponse down to an incident light in-
tensity below 10 pW cm™2, which closely matches the calculated
detection limit of 4.5 pW cm ™2, verifying the reliability of both experi-
mental and calculated detectivity values.

To further validate the morphological stability of the blend films
under thermal annealing, we systematically remeasured the surface

Table 1
Performance parameters of organic photodetectors (OPDs) based on PTTQ:F-
N2200 under different thermal annealing temperatures.

Annealing  EQE*  R*» Dark i s (A/ D, 2
[{9) (%) (A/W)  current Hz°.%) (Jones)
density™
(A/cm?)
w/o 6.7/ 0.065/ 42x10°  715x107'%  1.76 x 10'°
3.1 0.032 /8.95 x 10°
100 8.2/ 0.079/ 6.8x10°° 3.50 x 1071®  4.54 x 10'°
4.4 0.046 /
2.63 x 101°
150 9.1/ 0.088/ 7.0x10°° 212x 1071 8.31 x 10%°
5.3 0.055 /
5.19 x 10'°
200 9.6/ 0.093/ 1.7 x107° 1.78 x1071®  1.05 x 10!
5.7 0.059 /
6.74 x 10'°
250 8.3/ 0.080/ 1.3x107* 456 x 10712 3,54 x 10° /
4.7 0.049 2.15 x 10°

a) wavelength = 1200 nm/1300 nm.
b) under a —0.5 V bias for devices.
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Table 2
Performance parameters of organic photodetectors (OPDs) based on PTTQ:
PC,,BM under different thermal annealing temperatures.

Annealing  EQE® R Dark iE) ms D,
°C) (%) (A/W)  current (A/Hz%%) (Jones)
density®
(A/em?)
w/o 4.8/2.6  0.047/ 1.2x107° 1.37x1071° 546 x 107 /
0.027 3.17 x 107
100 3.9/2.0 0.038/ 25x10° 2.71 x107° 1.48 x 106 /
0.020 8.11 x 10°
150 4.3/46  0.042/ 82x107° 6.53 x 1077 1.30 x 10* /
0.048 1.47 x 10*
200 0.6/0.3  0.006/ 1.8x10°* / /
0.003

“wavelength = 1200 nm/1300 nm. b) under a —0.5 V bias for devices.

morphology and phase images of the films (2 ym x 2 um, 256 x 256
pixels), including pristine PTTQ and F-N2200 films under different
annealing conditions. The domain sizes were quantitatively analyzed
using ImageJ [47,48], and fast Fourier transform (FFT) analysis was
performed on the phase images to extract quantitative information on
the size, orientation, and distribution of the lamellar and linear crys-
talline domains [49,50]. Fig. 3 shows the PTTQ:PCBM blend films
annealed at various temperatures. The root-mean-square (RMS) surface
roughness initially decreases after moderate annealing but increases
again above 150°C. The average domain size decreases from 39 nm to an
optimal 34 nm, then increases to 43 nm. This evolution indicates that
moderate annealing promotes molecular rearrangement and local
ordering, while excessive annealing induces PC7+BM domain coarsening
and aggregation, disrupting the charge transport pathways. Fig. 4 pre-
sents the AFM images of the PTTQ:F-N2200 films under different
annealing temperatures. The pristine film exhibits an RMS roughness of
approximately 1.053 nm, which gradually decreases with increasing
annealing temperature, reaching an optimal RMS of 0.833 nm at 200°C.
The average domain size remains nearly constant (~30 nm) before and
after annealing, suggesting that the blend morphology is thermally
robust and structurally stable. Even after annealing at 200°C, the surface
morphology remains uniform, confirming the excellent thermal and
morphological stability of all-polymer system. To further elucidate the
origin of the increased J4, we examined the morphology and FFT pat-
terns of the pristine PTTQ and F-N2200 films (Figures S10-S11). The
two materials exhibit distinct morphological characteristics. In the FFT
images, the equatorial streaks correspond to the lengths of linear crys-
talline domains, while the vertical streaks represent lamellar crystalline.
Upon annealing, pristine PTTQ evolves from a disordered to a lamellar
crystalline morphology, with its isotropy decreasing markedly above
250°C. In contrast, F-N2200 shows minimal morphological change upon
annealing, except for a slight deviation in the vertical axis angle, cor-
responding to different in-plane orientations of its linear crystalline
domains. These results provide clear insight into the donor-acceptor
distribution in the blend films. In Fig. 3, the PTTQ:PC7:BM blend exhibits
a spherical FFT pattern, reflecting its disordered crystallinity. After
annealing, the vertical streaks corresponding to PTTQ become more
pronounced, indicating improved ordering; however, excessive anneal-
ing causes PC7;+BM domain coarsening, which disrupts the PTTQ
ordering. In Fig. 4, the PTTQ:F-N2200 blend is mainly dominated by the
linear crystalline domains of F-N2200. Upon annealing, the lamellar
crystalline domains of PTTQ gradually grow, and at 250°C, the vertical
streaks become narrower, suggesting the onset of PTTQ domain coars-
ening, which leads to increased surface roughness. To investigate the
structural evolution and crystallization behavior of different
donor-acceptor systems under thermal annealing, we analyzed
grazing-incidence wide-angle X-ray scattering (GIWAXS) results for
pristine PTTQ, F-N2200, and their blend films with PC7;;BM and
F-N2200 at various annealing temperatures, as shown in
Figures S12-S15. Fig. 5a and c present the corresponding 2D GIWAXS
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Fig. 3. AFM height images, phase images, corresponding 2D FFT patterns, and calculated average domain sizes of PTTQ:PC;;BM blend films under different
annealing temperatures: (a) without annealing, (b) 100°C, (c) 150°C, (d) 200°C, and (e) 250°C.

patterns, while Fig. 5b and d show the out-of-plane (OP) and in-plane
(IP) 1D GIWAXS profiles of PTTQ:PC7«BM and PTTQ:F-N2200 blend
films, respectively, before and after annealing, illustrating the molecular
orientation and degree of crystalline order [35,51,52]. As shown in
Figure S12, the pristine PTTQ film exhibits a well-defined n-r stacking
peak along the OP (010) direction after thermal annealing, with a
scattering vector (q) of 1.7429 A~!, corresponding to a p-spacing of
~3.60 A and a crystalline coherence length (CCL) of ~11.5 A. These
values indicate strong intermolecular interactions and compact molec-
ular packing. Similarly, the pristine F-N2200 film (Figure S13) also
shows a pronounced n-7 stacking peak at q of 1.6815 AL corresponding
to a p-spacing of 3.74 A and a CCL of around 13.1 A, demonstrating a
well-ordered molecular arrangement even without blend. In the case of
the PTTQ:PCBM blend (Figure S14), the as-cast film exhibits a broad and
weak (010) peak at a lower g-value of 1.2666 A , corresponding to a
large p-spacing of ~4.96 A and a short CCL (~8.8 A), suggesting loose
molecular packing and limited domain size. Upon annealing at 100°C,
the (010) peak sharpens and shifts to q of 1.3284 A1 (d=4.73 10\), and
the CCL increases to 15.0 A, indicating enhanced molecular ordering.
However, further annealing above 150°C induces the appearance of
secondary diffraction features and scattering shoulders, suggesting
phase segregation or structural instability within the BHJ morphology.
In contrast, the PTTQ:F-N2200 blend film exhibits higher crystallinity
even in the unannealed state, with a n-t stacking peak at q of 1.6653 A~
(d=~3.77 A; CCL=~7.5 A). After annealing at 200°C, the (010) peak
shifts to 1.7429 A~} the p-spacing contracts to 3.60 A, and the full width
at half maximum (FWHM) narrows to 0.2978 A~!. This corresponds to a
CCL increase to 17.6 A, reflecting substantial enhancement in crystalline
PTTQ domain size and molecular ordering. Notably, after thermal
annealing of the PTTQ:F-N2200 blend film, the GIWAXS pattern reveals
a distinct (200) peak in the OP direction (as shown in Figure S15),
indicating the formation of an ordered lamellar stacking structure along
the vertical axis. This peak is likely associated with the layered

arrangement of side chains, suggesting enhanced molecular ordering
along the edge [53]. While such ordered lamellar structures are typically
favorable for vertical charge transport, excessive crystallinity and
interface regularity can also lead to the formation of trap states or po-
larization domains, especially along the vertical axis. This hypothesis is
consistent with the elevated noise current observed in PTTQ:F-N2200
devices after annealing 250°C (Fig. 2g,), suggesting a delicate
trade-off between crystallinity and noise suppression. Figure S7From the
above results, it can be inferred that the low bandgap nature of the
system is the primary factor limiting the dark current. However, if the
dark current mainly arises from a stable direct-current (DC) compo-
nent—such as a steady leakage pathway—it does not necessarily lead to
a significant increase in the noise current, since the current fluctuations
remain small [54]. This leakage pathway may originate from the
lower-bandgap PTTQ, where thermal annealing induces further
bandgap narrowing, thereby enlarging the leakage paths. In the PTTQ:
PC71BM system, beyond the bandgap reduction that increases the dark
current, the enlarged PC7;BM domain size further enhances noise cur-
rent due to increased charge transport fluctuation and recombination at
the donor-acceptor interfaces. Therefore, an appropriate annealing
temperature window should be carefully selected for each polymer
system according to its intrinsic thermal stability and morphological
evolution. In contrast, the effect of thermal stress on the noise current is
relatively small in all-polymer systems, which is advantageous for sup-
pressing noise in low-bandgap OPDs. These results collectively highlight
the superior thermal tolerance and processability of the PTTQ:F-N2200
system, supporting its potential for reliable, high-performance SWIR
photodetectors. Compared with previously reported fullerene- or
small-molecule-based systems, the demonstrated morphological and
crystalline stability under high-temperature processing establishes a
new benchmark for all-polymer infrared OPDs.



Z.-H. Huang et al.

Topographical

Phase

2D-FFT

Next Materials 10 (2026) 101451

10 nm

Ro Mwaoo~

50 pn!
fEhehuny I 00

PTTQ:F-N2200 (w/o)

PTTQ:F-N2200 (100°C)

Count
Count
8
Count

PTTQ:F-N2200 (150°C) PTTQ:F-N2200 (250°C)

PTTQ:F-N2200 (200°C) 60

Count
8

Count
8

20 40 60 80 20 40 60 80 20
Domain size (nm) Domain size (nm)

Domain size (nm)

60 a0 20 40 60 80 20 40 60 80
Domain size (nm) Domain size (nm)

Fig. 4. AFM height images, phase images, corresponding 2D FFT patterns, and calculated average domain sizes of PTTQ:F-N2200 blend films under different
annealing temperatures: (a) without annealing, (b) 100°C, (c) 150°C, (d) 200°C, and (e) 250°C.

4. Dynamic response, carrier loss analysis, and stability of SWIR
all-polymer vs. fullerene photodetectors

In addition to static electrical and noise analyses, we further evalu-
ated the device performance under practical photodetection conditions
by analyzing its light intensity response characteristics, including linear
dynamic range (LDR), response time, and —3 dB bandwidth, to assess its
dynamic light-tracking capability and signal processing potential.
Fig. 6a and b illustrate the LDR characteristics of the optimized devices
based on PTTQ:PC7:BM and PTTQ:F-N2200, which reached 78.6 dB and
101.4 dB, respectively, under 0 V bias. These results indicate that the
all-polymer device maintains linear photocurrent behavior over a
broader range of light intensities, enabling improved sensitivity in low-
illumination environments. According to the study by C. Labanti et al.
[55], the low-light response of OPDs is closely tied to the molecular
packing and phase morphology of donor-acceptor blends. We attribute
the observed performance discrepancy between fullerene- and
non-fullerene-based SWIR OPDs to differences in carrier recombination
dynamics and trapping behavior at the molecular level. To further
investigate the carrier loss mechanisms, we analyzed the dependence of
open-circuit voltage (Vo) and short-circuit current density (Jsc) on light
intensity. As shown in Fig. 6¢, the V, follows the expression [56,57]:

(nkT ),

VOC = n(I)

where n is the ideality factor derived from the slope of the V. -In(I) plot.
Fitting results yield n values of 2.57 and 1.93 for PTTQ:PCs+BM and
PTTQ:F-N2200, respectively, both exceeding the ideal value of unity and
suggesting pronounced non-radiative recombination [58]. The larger n
(> 2) in PTTQ:PC7;BM implies dominance of Shockley-Read-Hall (SRH)
mechanism [59,60], particularly under low-intensity illumination,

which limits photovoltage output and degrades device linearity.
Furthermore, Fig. 6d shows the Js. dependence on light intensity, fitted
with the relationship Js. « a. The a values for PTTQ:PC7«BM and PTTQ:
F-N2200 are 0.90 and 0.96, respectively. A higher a value indicates that
the all-polymer system experiences reduced bimolecular recombination,
enabling more efficient charge collection under weak light exposure. To
further clarify the device response under SWIR illumination, we
measured the photocurrent characteristics of the devices under a
monochromatic 1.3 um light source. As shown in Figure S16, the PTTQ:
PCBM device exhibits a much stronger light-intensity dependence
compared to the PTTQ:F-N2200 device. Consequently, under
low-intensity SWIR illumination, the PTTQ:PCBM device shows almost
no measurable photocurrent, while the all-polymer PTTQ:F-N2200
maintains detectable photoresponse, consistent with its superior ab-
sorption and charge-transport characteristics in the near-infrared re-
gion. To directly probe trap-mediated carrier loss, we employed
deep-level transient spectroscopy (DLTS) to quantify trap depth and
release dynamics [55,61]. As shown in Fig. 6e and f, the PTTQ:PC7;BM
device exhibited slower trap release times, consistent with a higher
density of deep traps that prolong carrier lifetimes and enhance
recombination losses. In contrast, PTTQ:F-N2200 exhibited faster tran-
sient recovery and shorter release times, implying a lower trap density
and enhanced electronic order, thereby improving charge mobility and
temporal response. These attributes collectively position the all-polymer
SWIR OPD as a competitive alternative to conventional fullerene- or
small-molecule-based systems, particularly in low-light and high-speed
detection scenarios.

Fig. 7a and b present the transient response characteristics of both
devices. The response time, defined as the duration for the output
photocurrent to transition from 10 % to 90 % (rise) or from 90 % to
10 % (fall) of its maximum value, is a key figure-of-merit for evaluating
photodetector speed. By applying pulsed laser excitation and recording
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Fig. 5. GIWAXS 2D diffraction patterns (a, ¢) and 1D profiles (b, d) of PTTQ:PC;;BM and PTTQ:F-N2200 blend films before and after annealing.

current transients, the PTTQ:F-N2200 device achieves rise/fall times of
0.75 /1.42 ps, significantly shorter than those of the PTTQ:PC7+BM de-
vice (2.36/ 1.59 ps).

Figure S17 shows the time-resolved photocurrent of PTTQ:F-N2200
devices under 1 kHz and 10 kHz square-wave modulation over 10 con-
secutives on-off cycles. The device exhibits stable and repeatable
switching behavior at both frequencies, demonstrating excellent high-
frequency response and operational reliability. This faster response is
attributed to reduced trap-assisted recombination and enhanced carrier
extraction behavior, in line with the DLTS and noise current analyses. In
the frequency domain, Fig. 7c compares the —3 dB bandwidths of both
devices. This parameter defines the cutoff frequency at which the output
signal drops to approximately 70.7 % of its maximum amplitude, indi-
cating the highest modulation frequency the device can effectively
handle. The PTTQ:F-N2200 device exhibits a —3 dB bandwidth of
approximately 155 kHz, markedly higher than that of the PTTQ:PC7;BM
counterpart, confirming its applicability in high-speed optical commu-
nication and rapid-response SWIR sensing systems. Furthermore, the
long-term operational stability of the devices under continuous illumi-
nation is assessed in Fig. 7d. Devices were exposed to light sources at
365 nm and 1310 nm for over 500 h, and the normalized photocurrent
was monitored over time. The normalized photocurrent decay profiles
reveal that PTTQ:F-N2200 devices maintain superior photostability
under both UV and SWIR irradiation conditions. Under 365 nm expo-
sure, the PTTQ:PC7,BM device exhibits significant photocurrent degra-
dation, while the PTTQ:F-N2200 device retains over 85 % of its initial
response. When illuminated at 1310 nm, both systems exhibit improved
stability; however, the all-polymer device consistently outperforms its
fullerene-based counterpart. The enhanced operational durability can be
attributed to the entangled polymer backbones and fluorination-induced
ordering in the PTTQ:F-N2200 system, which together resist

morphological relaxation, phase separation, and trap-state formation
under prolonged exposure to light and thermal stress. The enhanced
morphological and thermal stability provided by the all-polymer ar-
chitecture enables sustained charge transport efficiency and effectively
suppresses trap formation during prolonged operation. Such structural
robustness is essential for maintaining device performance and extend-
ing operational lifetime, highlighting the critical role of thermal and
morphological integrity in enabling reliable OPDs for long-term, real-
world SWIR applications. Figure S18 and Table S2 show the state-of-the-
art SWIR-OPDs, highlighting key performance metrics such as detection
wavelength, EQE, responsivity, detectivity. Collectively, these results
validate the effectiveness of polymer-based material design and position
all-polymer OPDs as a promising solution to meet the stringent demands
of next-generation broadband, flexible, and manufacturable SWIR op-
toelectronic technologies.

5. Conclusion

In summary, we have demonstrated that all-polymer OPDs based on
the low-bandgap donor polymer PTTQ and the fluorinated polymer
acceptor F-N2200 offer a promising strategy for high-performance SWIR
photodetection. The combination of the deeper LUMO level and
enhanced molecular ordering of F-N2200 enables more efficient exciton
dissociation and charge transport. Upon thermal annealing, the PTTQ:F-
N2200 blends exhibit improved crystallinity and phase separation,
resulting in broadened spectral response, enhanced EQE, and increased
responsivity, while maintaining low dark current and suppressed noise
levels. In contrast to the fullerene-based PTTQ:PC;1BM system, which
suffers from pronounced trap-assisted recombination and poor thermal
stability, the all-polymer devices exhibit significantly reduced trap
density and non-radiative recombination losses. These improvements
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Fig. 6. (a) Linear dynamic range (LDR) characteristics of PTTQ:PC7«BM and PTTQ:F-N2200 photodetectors measured under 0 V bias. (b) Dependence of open-circuit
voltage (Voc) on incident light intensity for both devices, fitted to extract ideality factors. (c) Log-log plot of short-circuit current density (Jsc) versus light intensity,
with slope () indicating recombination behavior. (d, e) Deep-level transient spectroscopy (DLTS) spectra revealing trap release kinetics for (d) PTTQ:PC-BM and (e)

PTTQ:F-N2200 devices after thermal annealing.

translate into faster response times, higher detectivity, and superior
long-term operational stability under continuous NIR and SWIR illu-
mination. Furthermore, the improved —3 dB bandwidth and LDR
demonstrate the potential of the PTTQ:F-N2200 system for high-speed,
low-noise photodetection in practical detecting environments. These
findings highlight the critical role of rational polymer molecular design
and thermal processing strategies in enabling efficient, scalable, and
durable SWIR OPDs. The demonstrated performance establishes a solid
foundation for advancing all-polymer OPDs toward next-generation
flexible and broadband optoelectronic systems.
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Fig. 7. (a) Rise time and (b) fall time of PTTQ:PC7:BM and PTTQ:F-N2200 photodetectors under 1310 nm LED illumination. (c) Frequency response characteristics
showing the -3 dB cutoff bandwidth of the devices. (d) Long-term photostability of PTTQ:PCBM and PTTQ:F-N2200 OPDs under continuous 365 nm and 1310 nm

illumination for 500 h.
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