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polymer photodetector with detectivity across
scalable SWIR applications
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Developing cost-efficient, flexible, and Restriction of Hazardous

Substances (RoHS)-compliant short-wave infrared (SWIR) photo-

detectors compatible with roll-to-roll processing remains a

significant challenge. Here we present a simplified organic

‘metal–semiconductor–metal’ (MSM) photodetector featuring a

single solution-processed bulk heterojunction of a newly syn-

thesized thienoisoindigo-based ultralow-bandgap polymer, TIIG-

Se-DFT, blended with the nonfullerene acceptor (NFA) Y6. The TIIG-

Se-DFT polymer, incorporating selenophene and fluorinated thio-

phene units, combines a narrow bandgap of 0.96 eV with strong

absorption across 700–1600 nm and forms films with local mole-

cular order, enabling broadband light harvesting without multistep

layer stacking. Device simplicity is achieved using an interdigitated

Au electrode and a single solution-processed active layer, minimiz-

ing vacuum deposition and eliminating interlayer damage due to

solvent exposure. The resulting photodetector reaches a specific

detectivity (D*) of E2 � 1011 Jones at 1150 nm, retains 40.13 �
1010 Jones at the eye-safe 1550 nm telecom band, and delivers 86/

36 ls rise/fall times at 1 Vbias. Dark current is held to 4.6 �
10�8 A cm�2, and encapsulated devices preserve 495% responsivity

after 800 hours of ambient aging. The simplified, high-sensitivity

processing advances TIIG-Se-DFT:Y6 SWIR photodetectors toward

industrial scale suitable for wearables, light detection and ranging

(LiDAR), and optical communications.

1. Introduction

The near-infrared (NIR) and short-wave infrared (SWIR) spectral
windows (E700–1600 nm) are crucial for numerous emerging

technologies, such as optical communication, LiDAR, wearable
biomedical imaging, and environmental sensing. In particular,
the SWIR range enables deep tissue penetration, negligible
autofluorescence, and enhanced spatial resolution compared
to standard NIR approaches.1 The 1550 nm wavelength stands
out as it falls within an atmospheric transmission window, is
classified as eye-safe, and is widely used in long-range commu-
nications and imaging systems.2 While conventional inorganic
photodetectors, typically based on InGaAs, PbSe, and cadmium
compounds, offer excellent spectral response, their integration
in flexible and cost-sensitive applications is limited by high
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New concepts
This work presents a new concept for simplified and scalable organic
SWIR photodetectors by combining targeted polymer design with a
minimal device architecture. We developed a broadband photodetector
using a newly synthesized thienoisoindigo-based polymer (TIIG-Se-DFT)
with selenophene and fluorinated thiophene units, blended with Y6 into
a single bulk heterojunction. In contrast to typical vertical multilayer
stacks, our concept uses a horizontal MSM layout with interdigitated Au
electrodes and a single solution-processed absorber layer. This reduces
fabrication complexity, eliminates solvent-induced interlayer damage,
and enables compatibility with roll-to-roll processing. With broadband
absorption from 700 to 1600 nm and a specific detectivity of E0.2 � 1012

Jones at 1150 nm, the device reaches performance levels of industrial
relevance. This concept shows that combining ultralow-bandgap polymer
design with a simplified device layout is sufficient to access high SWIR
sensitivity and device stability. The concept provides a platform toward
RoHS-compliant, scalable NIR-to-SWIR detection for future wearable
sensing, LiDAR, and optical communication applications.
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production costs, rigidity, toxicity concerns, and constrained
scalability.3,4 These drawbacks underscore the urgent need for
environmentally friendly and affordable materials that meet the
requirements of next-generation technologies such as portable
photoplethysmography (PPG) and point-of-care diagnostics.5

However, the precise molecular design principles that enable
organic semiconductors to maintain high SWIR detectivity while
preserving processability remain underexplored. In this context,
organic photodetectors (OPDs) have emerged as promising
candidates due to their mechanical flexibility, biocompatibility
and processability via scalable fabrication technologies. These
attributes position OPDs for use in large, cost-sensitive markets,
including consumer electronics, wearable systems, and portable
diagnostic platforms.6 OPDs, particularly those employing bulk
heterojunction (BHJ) architectures, have attracted considerable
attention for their tunable optical properties, scalable solution
processability, and inherent compatibility with flexible sub-
strates.7,8 Nevertheless, achieving broad spectral sensitivity
extending into the NIR-to-SWIR region, while maintaining high
detectivity and ease of fabrication remains a persistent challenge
for existing OPDs. Current state-of-the-art organic thin film
SWIR photodiodes employ complex vertical multilayer stacks,
which require multiple vacuum-deposited layers or sequential
solution processing steps.9–11 These multilayer configurations
introduce significant fabrication complexity and raise concerns
regarding long-term device stability. In particular, sequential
deposition of solution-processed layers poses inherent risks:12–14

Solvent interactions during upper layer coating can disrupt pre-
viously deposited layers, leading to crystallization anomalies,
interfacial roughness, defect formation, and even partial dissolu-
tion or swelling of the underlying film. Together, these effects
compromise device integrity, electrical performance, and scalabil-
ity, limiting the broader adoption of such architectures in cost-
sensitive or flexible applications. To overcome these challenges,
we present a simplified lateral MSM device architecture utilizing
an interdigitated electrode (IDE) combined with a single,
solution-processed BHJ active layer. Compared with vertically
stacked multi-layer configurations, this lateral approach simpli-
fies fabrication and lowers manufacturing cost while maintaining
device performance compatible with integration into optoelec-
tronic integrated circuits.15,16 A key trade-off versus vertical PIN
photodiodes is that MSM detectors have no significant built-in
junction field and therefore typically require an externally applied
lateral field across the IDE gap (i.e., volt-level biasing) for efficient
extraction, whereas PIN diodes can operate at 0 V (photovoltaic
mode) or modest reverse bias.17,18 The higher bias can increase
power consumption and can raise dark current via bias-
enhanced injection and Schottky-barrier lowering.17,19 Further-
more, photoconductor-type MSM operation may exhibit gain
mechanisms arising from long-lived trapped carriers, potentially
resulting in a reduced temporal response compared to vertical
junction photodiodes.16,20 Nevertheless, restricting solution pro-
cessing to a single active layer avoids multi-step wet processing
and associated interlayer compatibility constraints, helping pre-
serve film morphology and improving reproducibility. This,
combined with only one vacuum-deposited electrode and

ambient-compatible coating, makes the approach well aligned
with scalable manufacturing routes.15,16 Therefore, the lateral
MSM configuration not only improves reproducibility and device
robustness but also marks a departure from conventional ver-
tical OPD stacks, positioning it as a promising platform for next-
generation SWIR sensing technologies.

Since its introduction, thienoisoindigo (TIIG) has emerged
as one of the most promising electron-deficient building blocks
in organic semiconductor research. Originally derived from
isoindigo, TIIG addresses key limitations of the parent struc-
ture, such as its twisted backbone and limited light absorption,
which arise from steric hindrance between the phenyl and
carbonyl groups.21 By substituting the terminal phenyl rings
with thiophene units, TIIG achieves improved molecular pla-
narity and stronger p-conjugation, resulting in narrower optical
bandgaps and broader absorption spectra.22 These improve-
ments promote greater charge delocalization and intermolecular
interactions, making TIIG-based materials excellent candidates
for organic field-effect transistors (OFETs),23 organic photovol-
taics (OPVs),24 and increasingly, in organic photodetectors. Com-
pared to isoindigo and other electron-deficient cores (e.g.,
diketopyrrolopyrrole, naphthalene diimide), TIIG offers several
advantages: (i) strong NIR optical absorption (lcut-off 4 1100 nm),
(ii) favorable edge-on stacking in thin films, (iii) high ambipolar
charge mobility, and (iv) broad chemical tunability via donor/
acceptor (D)–(A) backbone modifications.22,25 Incorporation of
selenophene units,26–29 fluorinated aryl rings such as fluoroben-
zenes and fluorothiophenes30,31 or fused aromatic units22,32 (e.g.
benzothienoisoindigo) further extended the absorption of thio-
phene- and TIIG-based materials into the SWIR region. These
structural modifications simultaneously improve the rigidity of
the backbone structure and the polymer stacking order as well as
narrow the optical bandgap. However, despite the remarkable
photophysical properties of TIIG-based conjugated materials and
their demonstrated NIR-SWIR absorption in solution and thin
films, reports of TIIG-based photodetectors, especially in the
SWIR regime, remain rare. To date, only four reports describe
TIIG-based infrared photodetectors. Among them, only the
work of Han et al.33 demonstrates SWIR detection extending
to E1600 nm. Their device employs a carefully designed vertical
multilayer architecture with multiple vacuum-deposited inter-
layers and electrodes, though such complexity could make large-
scale implementation more demanding. The other three studies
focus on NIR operation with limited detection range (lcut-off E
900 nm)34–36 falling short of the SWIR region. Han et al.
achieved this response by combining the TIIG acceptor with
larger fused donor motifs and thiophene bridging units to
extend p-conjugation, improve backbone linearization, and
reduce the bandgap in a complex vertical multilayer photodiode
architecture. In contrast, the present work combines selenium-
enhanced orbital delocalization and fluorine-induced confor-
mational locking in TIIG-Se-DFT to promote backbone planar-
ity, strengthen intramolecular charge transfer, and enable
intrinsic deep-SWIR absorption, together with a simplified
single-layer MSM architecture that avoids additional interfacial
layers and vacuum-steps. This approach reduces fabrication
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complexity and mitigates solvent-induced interlayer damage,
while maintaining efficient charge generation and extraction
within the bulk heterojunction. Although commercial InGaAs
SWIR photodetectors remain the benchmark for absolute per-
formance, recent laboratory-scale organic SWIR photodiodes
have reported specific detectivities up to 1.71 � 1013 Jones at
1110 nm and 1.1 � 1013 Jones at 1100 nm in optimized vertical
architectures.37,38 While MSM devices do not yet reach these
champion values, the present TIIG-Se-DFT:Y6 photodetector
still delivers technologically relevant SWIR performance in a
structurally simple single-layer architecture, highlighting its
promise for scalable manufacturing.

These observations served as motivation to develop TIIG-
based SWIR OPDs that convert intrinsic SWIR absorption into
broadband device response while supporting scalable, printing-
compatible processing and simplified architectures. In this
study, we introduce TIIG-Se-DFT, a new member of the TIIG
family. Incorporating selenophene and fluorinated thiophene
units yields a planar backbone, improved charge mobility, and
broadband absorption extending into the SWIR (E1600 nm).
The benchmark NFA Y6 was selected not as the primary deep-
SWIR absorber, but as a benchmark nonfullerene acceptor that
provides complementary absorption, favorable energy-level
alignment with TIIG-Se-DFT, and reliable electron-transport
pathways within the bulk heterojunction. The resulting photo-
detector demonstrates competitive SWIR performance. This is
highlighted by a specific detectivity of E0.2 � 1012 Jones at
1150 nm, and 40.13 � 1010 Jones at 1550 nm. The encapsu-
lated devices also exhibit rapid sub-100 ms response times, and
exceptional operational stability exceeding 800 hours under
ambient conditions. Through comprehensive structural, opti-
cal, and morphological characterizations, we validate the per-
formance and robustness of this scalable photodetection
platform. Our findings underscore the substantial potential of
TIIG-based polymers, particularly TIIG-Se-DFT, as sustainable,
high-performance solutions for biomedical diagnostics, optical
communications, and emerging wearable sensing applications.
Here, we show that the deliberate introduction of selenophene
and fluorinated thiophene units into a TIIG-based backbone
establishes a clear structure–property-performance correlation,
enabling deep SWIR absorption, suppressed dark current, and
long-term device stability.

2. Results and discussion
2.1. Design, synthesis, and comprehensive characterization of
the ultralow bandgap polymer TIIG-Se-DFT for NIR-to-SWIR
photodetection

The development of a simplified, scalable NIR-SWIR photode-
tector architecture requires low-bandgap polymers that com-
bine ambient-processable fabrication, RoHS compliance, and
broad spectral sensitivity, requirements that remain unmet by
conventional inorganic semiconductors. To address this gap,
we designed a new conjugated polymer that exhibits extended
NIR-SWIR absorption and compatibility with cost-effective

manufacturing. Our molecular design integrates three chemi-
cally synergistic building blocks (Fig. 1): a thienoisoindigo-
based (A) unit (TIIG),39 a fluorinated thiophene functionaliza-
tion unit (DFT) and a selenophene-based (D) unit (DTD-Se). The
TIIG unit was selected for its pronounced electron-deficient
character and high electronegativity contributing to a robust,
planarized backbone.39 The DTD-Se unit features an electron-
rich selenophene moiety, enhancing molecular orbital overlap
and facilitating efficient intramolecular charge transfer.26–29

Strategic incorporation of the DFT unit optimized the polymer’s
electronic and morphological properties. Owing to fluorine’s
high electronegativity and compact van der Waals radius, intra-
molecular F� � �S/H contacts are favored, increasing backbone
planarity and promoting charge delocalization. These combined
effects intensify intermolecular noncovalent interactions, yield-
ing a reduced optical bandgap and stronger absorption in the
NIR-SWIR range.30,31 The TIIG : DTD-Se : DFT molar ratio of
1 : 0.80 : 0.20 was selected to balance backbone planarity and
conformational flexibility. The DTD-Se unit modulates electronic
delocalization and torsional freedom, whereas DFT contributes
greater conformational locking and segment directionality. Pre-
liminary evaluation of alternative DTD-Se/DFT ratios (e.g., 0.5/0.5
and 0.7/0.3) indicated that higher DTD-Se content increased
torsional disorder and broadened absorption, while higher
DFT fractions led to slightly blue-shifted absorption consistent
with increased rigidity. The 0.80/0.20 composition provided the
best compromise between aggregation, energetic alignment, and
device performance. The resulting polymer, TIIG-Se-DFT, was
synthesized via a Stille coupling reaction (Fig. 1).

Calculations based on the extended tight-binding semi-
empirical xtb method40 and oB97X-D4/def2-SVP level41 density
functional theory were used to examine oligomers and the
stacking of TIIG-Se-DFT derived fragments. To keep the models
tractable and reduce computational complexity, branched alkyl
groups were replaced with methyl substituents, as also reported
in the literature for similar molecules.9 Fig. 2a and b show the
optimized geometries of a selected dimer and trimer, high-
lighting backbone planarity and torsional angles for the relevant
repeat units (TIIG-DFT, TIIG-DTD-Se, and their combinations).
The dimers illustrate the typical dihedral arrangements between
repeating units, while the trimers capture conformational
features emerging at the 3-unit level, including partial self-
stacking tendencies. The latter are shown in the SI (Fig. S1) to
provide an additional view of the oligomer conformations. To
further substantiate the proposed role of intramolecular nonco-
valent interactions in enforcing backbone planarity, electrostatic
potential (ESP) maps were computed for the presented dimer and
trimer and mapped onto the electron density isosurface. Distinct
regions of electrostatic complementarity are observed between
adjacent units, supporting the presence of stabilizing S� � �O and/
or Se� � �F interactions. In addition, localized positive potential at
C–H sites in proximity to electron-rich atoms suggests the
possible contribution of weak interactions.

In addition, key dihedral angles between repeating units
(TIIG-DFT, DFT-DTD-Se, TIIG-DTD-Se) were extracted from these
optimized oligomers and are provided in Table S1 (in SI),
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revealing the range of backbone torsion present in the various
arrangements. To further evaluate torsional flexibility along the
polymer backbone, representative syn and anti conformers were
analyzed for the key inter-unit linkages (TIIG–DFT, DFT–DTD-Se,
and TIIG–DTD-Se). The corresponding dihedral angles and
relative energies were extracted from the optimized dimer struc-
tures and are summarized in Table S2 (in SI). For all three
linkages, the calculated energy differences between syn and
anti conformations are small (o1 kcal mol�1), indicating rela-
tively shallow torsional potentials and suggesting that the back-
bone can readily adopt near-planar conformations. Such

conformational flexibility is expected to facilitate effective p-
conjugation and intermolecular electronic coupling in the poly-
mer backbone.

The influence of backbone planarity on the electronic prop-
erties of the polymer was further analyzed by computing the
frontier molecular orbitals (HOMO and LUMO) of a trimer, a
dimer, the repeat units and the individual donor/acceptor
segments (TIIG, DFT, DTD-Se). Torsional distortions between
adjacent units reduce p-orbital overlap, effectively shortening
the conjugation length, increasing the bandgap, and diminish-
ing intrachain electronic coupling. In contrast, near-planar

Fig. 1 Molecular building blocks and Stille coupling synthetic route of the novel TIIG-Se-DFT polymer. (a) A thienoisoindigo-based acceptor unit (TIIG,
pink) to enforce backbone planarity, and drive NIR absorption. (b) A 3,4-difluorothiophene unit (DFT, blue) whose F� � �X (X = H, S) interactions lock the p-
conjugated (D)–(A) backbone in a planar geometry. (c) A benzo[1,2-c:4,5-c0]dithiophene-4,8-dione donor unit (DTD-Se – teal/orange) flanked by
selenophenes to enhance p-overlap, lower the bandgap, and red-shift into the NIR-SWIR. Monomers: 3,4-difluoro-2,5-bis(trimethylstannyl)thiophene
(DFT) and 1,3-bis(5-trimethylstannylselenophen-2-yl)-5,7-bis(2-ethylhexyl)benzo[1,2-c:4,5-c0]dithiophene-4,8-dione (DTD-Se) are polymerized with
the 2,20-dibromo-4,40-bis(2-octyldodecyl)-[6,60-bithieno[3,2-b]pyrrolylidene]-5,50(4H,40H)-dione acceptor (TIIG) under Pd-catalysed Stille conditions.
(d) Product: TIIG-Se-DFT low-bandgap (D)–(A) polymer.
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conformations maximize p-conjugation and promote delocali-
zation of the frontier orbitals along the backbone, consistent
with efficient intrachain charge transport. HOMO and LUMO
energies of the individual segments, as well as of dimers and
trimers, were extracted to illustrate the evolution of electronic
levels with increasing oligomer length. Comparison of the
segmental and repeat unit orbitals reveals the expected donor–
acceptor character and highlights the alignment of energy levels
that facilitates intrachain charge-transfer interactions (Table S3
in SI).

Fig. 2c–e depicts top and side views of dimer stacks
assembled from the (A) repeating unit (TIIG-DFT) and the (D)
repeating unit (TIIG-DTD-Se), respectively: TIIG-DFT//TIIG-DFT,
TIIG-DTD-Se//TIIG-DTD-Se, and the mixed TIIG-DFT//TIIG-DTD-
Se pair. The like-like assemblies (Fig. 2c and d) converge to nearly
cofacial, coplanar arrangements with dihedral angles approach-
ing 01, consistent with local p–p stacking, especially favored by
the sulfur–fluorine interactions in the TIIG-DFT units. The
hetero-stack (Fig. 2e) is more twisted, exhibiting reduced planar-
ity. However, this might also be associated with the different unit
sizes leading to a folding up of the larger unit at the edges.
Consistent with these geometries, the like-like stacks are the
most stabilized (lowest interaction energies), whereas the hetero-
stack is probably less favored. Such enforced coplanarity is
expected to promote wavefunction delocalization and strengthen
intermolecular p–p coupling, which can promote charge trans-
port along stacked pathways and support locally higher order
domains, especially when used in a donor-rich heterojunction
blend. Accordingly, increased local ordering may narrow

energetic disorder and reduce trap-mediated losses, consistent
with the improved detectivity in the final devices.

Gel permeation chromatography (GPC) analysis determined
the polymer’s molecular weight (Mn) as 38 kDa with a dispersity
(Ð) of 2.3, which is appropriate for device grade polymer thin
films, ensuring optimized morphological and electronic char-
acteristics. UV-vis-NIR spectra of TIIG-Se-DFT in solution and
thin film (Fig. 3a) show a pronounced absorption band cen-
tered at 930 nm. From the solution to the film, an extended
absorption profile with a lcut-off of up to 1600 nm was observed.
Efficient light harvesting is further evidenced by the high film
absorption coefficient a E 1.1 � 105 cm�1 (for details see
Section 2: comprehensive BHJ blend characterization for
advanced NIR-to-SWIR photodetection and Fig. S2).

Cyclic voltammetry (Fig. 3b) revealed HOMO and LUMO
energy levels of �4.71 eV and �3.72 eV, corresponding to an
electrochemical bandgap Eel

g of 0.99 eV for the TIIG-Se-DFT
polymer. Tauc analysis (Fig. 3c) yielded an optical bandgap
Eop

g of 0.96 eV, consistent with the electrochemical bandgap.
This value does not directly correspond to the long-wavelength
absorption cut-off (lfilm

cut-off = 1600 nm), which extends further
into the SWIR due to sub-bandgap absorption. Together, these
results highlight the material’s potential for extended NIR-SWIR
photodetection, particularly within technologically important
ranges extending beyond conventional silicon detectors. The
thermal properties, which significantly influence long-term
device stability and fabrication conditions, were analyzed using
thermogravimetric analysis (TGA) and differential scanning
calorimetry (DSC). The TGA measurement demonstrates good

Fig. 2 Computationally optimized geometries and electrostatic surface potential (ESP) maps of (a) a selected dimer and (b) a selected trimer.
Computationally optimized stacks of individual repeating unit: (c) TIIG-DFT//TIIG-DFT (repeating units A//A) and (d) TIIG-DTD-Se//TIIG-DTD-Se are
cofacial and nearly coplanar (E01), whereas (e) the mixed TIIG-DFT//TIIG-DTD-Se is more twisted. Like–like (c and d) stacks are energetically favoured,
consistent with stronger p–p coupling and better charge transport.
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thermal stability with a very high decomposition temperature,
whereas just 5% weight loss is observed at 325 1C (Fig. 3d). The
DSC thermogram shows no apparent thermal transition in the
range of 25 to 300 1C (Fig. 3e), suggesting a highly stable,
predominantly amorphous morphology with no evidence of
long-range crystallinity over this range. Consequently, the key
attributes of TIIG-Se-DFT include a facile synthesis via Stille
coupling, an ultralow bandgap, a high absorption coefficient,
high thermal stability, and good solution processability. A
summary of key optical and thermal properties is provided in
Table 1. Y6, used as the acceptor component in the final BHJ
devices, is a well-established nonfullerene acceptor with widely
reported thermal and structural properties. Literature DSC
measurements show a defined melting transition at 295.5 1C
and moderate crystallinity.42

Fourier-transform infrared (FTIR) spectroscopy further con-
firmed the chemical integrity and functionality of the TIIG-Se-
DFT polymer, revealing distinct vibrational modes corresponding

to its molecular backbone (Fig. S3). The strong absorption band
at 1678 cm�1 corresponds to the CQO stretching vibration of the
lactam (ketone) group in the thienoisoindigo (TIIG) unit, con-
sistent with reported values around 1671 cm�1.43 The peaks at
1363 cm�1 and 1308 cm�1 are assigned to aromatic C–N stretch-
ing within the TIIG backbone, comparable to the C–N–C stretch-
ing observed at 1294 cm�1 in similar systems.43 Vibrational
bands at 1148 cm�1 and 1109 cm�1 can be attributed to C–F
stretching from the fluorinated thiophene units, while additional
peaks at 821, 783, and 756 cm�1 arise from C–H out-of-plane
bending modes in the TIIG and thiophene rings. The aliphatic
C–H stretching vibrations at 2958, 2924, and 2853 cm�1 confirm
the presence of side-chain functionalities.44

Comprehensive chemical, structural, thermal, and optoelec-
tronic analyses confirm that TIIG-Se-DFT is a well-defined,
conjugated ultralow bandgap polymer engineered for high
performance NIR-SWIR photodetection. Its tailored molecular
design delivers strong NIR-SWIR absorption, favorable energy

Fig. 3 (a) UV-vis-NIR absorption spectra of the polymer in solution and thin-film state. (b) Cyclic voltammogram (CV) of the TIIG-Se-DFT film. (c) Tauc
plot diagram confirming an optical bandgap Eop

g of approximately 0.96 eV. (d) TGA measurement demonstrating good thermal stability of the TIIG-Se-
DFT polymer with a decomposition temperature at 325 1C with 5% weight loss. (e) The corresponding DSC graph showcasing no apparent thermal
transition observed in the range of 25 to 300 1C. Detailed molecular and photophysical parameters are summarized in Table 1.

Table 1 Key molecular and photophysical parameters of the TIIG-Se-DFT polymer

D–A polymer Mn
a Ða lsol

cut-off [nm]b lfilm
cut-off [nm]c a-Abs-Coeff. [cm�1] HOMOd [eV] LUMOd [eV] Eel

g [eV]e Eop
g [eV]f Td [1C]g

TIIG-Se-DFT 38 2.3 1415 1600 1.1 � 105 �4.71 �3.72 0.99 0.96 325

a Molecular weight (Mn) and polydispersity (Ð) were determined by GPC. b lsol
cut-off determined from dichlorobenzene solution. c lfilm

cut-off of the
film coated onto a glass substrate. d HOMO and LUMO energy levels obtained by referencing the onset oxidation and reduction potentials to the
ferrocene/ferrocenium (Fc/Fc+) redox couple, using EHOMO = �(Eox,onset + 4.8) eV and ELUMO = �(Ered,onset + 4.8) eV. e Electrochemical bandgap: Eel

g =
Eox/onset � Ered/onset.

f Optical bandgap: Eop
g was determined from Tauc plot analysis of the thin-film. g Decomposition temperature (Td) obtained

from TGA analysis.
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level alignment, and good thermal stability, making it well
suited for integration into advanced solution-processed organic
photodetectors for applications in optical communications,
biomedical diagnostics, flexible electronics, and wearable
health monitoring.

2.2. Comprehensive BHJ blend characterization for advanced
NIR-to-SWIR photodetection

Current state-of-the-art organic thin film SWIR photodiodes
employ a PIN stack, anode/interfacial layer/active layer/interfacial
layer/cathode, so even the most minimalist design contains Z5
vertically stacked films (Table S4). Three of these layers, the
transparent and reflective electrodes (ITO plus Au, Ag, or Al) and
charge selective interlayers such as MoO3, BCP, or C60, must still
be deposited from the vapor phase to reach high performance.
Vapor deposition is preferred because it delivers ångström-level

thickness control and virtually defect-free interfaces. However, the
capital cost, limited throughput, and poor scalability of vacuum
tools hinder large area manufacturing, especially in cost-sensitive
markets such as consumer electronics and automotive sensing,
wearables, IoT nodes, and low-cost machine vision. Solution
processing is compatible with low-cost production, but in multi-
layer stacks each new wet layer is cast in the presence of solvents
that can redissolve or swell the underlying film and disturb crystal
nucleation, so the probability of pinholes, interface roughening,
and lattice disorder grows quasi-exponentially with every addi-
tional coat.12–14 To address these issues, we restricted solution
processing to a single active layer and reduced vapor deposition to
a single electrode. Our device adopts a lateral MSM architecture
with interdigitated electrodes (Fig. 4a) combined with a single BHJ
layer comprising the low-bandgap polymer TIIG-Se-DFT blended
with the NFA Y6 (Fig. 4a and b).

Fig. 4 Lead-free, solution-processed, single film NIR-SWIR OPD based on the TIIG-Se-DFT:Y6 blend: (a) Device schematic of the interdigitated MSM
design for single layer thin film deposition enabling scalable production for consumer electronics, driver assistance, wearables, IoT nodes, and low-cost
machine vision. (b) Chemical structures of the BHJ components: the TIIG-Se-DFT polymer (R1 = C10H21, R2 = C8H17, R3 = C4H9, R4 = C2H7) and the NFA
Y6. (c) UV-vis-NIR absorption spectra of the donor (TIIG-Se-DFT, blue) and acceptor (Y6, red) highlighting their complementary, broadband absorption
that extends deep into the SWIR. (d) Energy-level diagram for TIIG-Se-DFT and Y6, indicating efficient charge separation. The HOMO and LUMO levels of
TIIG-Se-DFT were obtained from cyclic voltammetry measurements, whereas the Y6 energy levels were taken from literature.46
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Optical characterization (Fig. 4c) demonstrates complemen-
tary absorption of the blend components: Y6 absorbs strongly
in the 700–950 nm region with a peak at 840 nm, aligning well
with previous reports.45 TIIG-Se-DFT extends absorption into
SWIR, showing a peak at 930 nm and a lcut-off around 1600 nm.
The films exhibit high absorption coefficients of 2.3 � 105 cm�1

for Y6 and 1.1 � 105 cm�1 for TIIG-Se-DFT (Fig. S2), enabling
effective IR photon harvesting and enhanced detection sensi-
tivity. The energy-level alignment between TIIG-Se-DFT and
Y646 suggests a facilitated efficient exciton dissociation and
charge transfer at the (D)–(A) interface (Fig. 4d). The TIIG-Se-
DFT polymer’s narrow optical bandgap (E 0.96 eV) supports
photodetection beyond the 1100 nm silicon limit, extending
well into the SWIR region. FTIR spectroscopy confirms the
presence and uniform distribution of the (D)–(A) components
within the BHJ film (Fig. S5). Characteristic peaks for Y6 (CQO
stretch at 1695 cm�1, S–N stretch at 1535 cm�1) and TIIG-Se-
DFT (1635 cm�1, 756 cm�1) are distinctly observed, indicating
successful incorporation and blending.

In summary, the key advantages of our approach are: a
single active layer solution-processed under mild conditions
(r100 1C, atmospheric pressure) combined with strong SWIR
sensitivity, device simplicity, and environmental safety. Com-
pared to conventional multilayer OPDs, our simplified method
reduces fabrication complexity, cost, and reliance on vacuum
deposition, while maintaining high SWIR performance. More-
over, avoiding toxic heavy metals such as Pb, Cd, or Hg ensures
RoHS compliance and environmental safety, positioning our
platform for diverse, high-volume applications. Table 2 reports
competitive SWIR performance and scalability of our device
versus TIIG-based state-of-the-art OPDs, enabled by minimal use
of vacuum processes. Details of the device architectures are
provided in Fig. S4. Employing NFAs like Y6 additionally pro-
vides broader absorption, improved morphological stability, and
energy level tunability compared to fullerene acceptors such as
PCBM, enhancing overall optoelectronic performance.47

To assess both the morphology and compositional unifor-
mity of the active layer, NanoFTIR combined with AFM was
performed on the TIIG-Se-DFT:Y6 blend films. Fig. S6 in the SI
presents the topography (left) and optical phase (right) images
of the TIIG-Se-DFT:Y6 film, revealing smooth and continuous
surface morphology. Additionally, near-field NanoFTIR spectra
acquired from two points (Fig. S6: region (I), dark green; region
(II), bright green) showed nearly identical spectral features

which confirms the formation of a spatially homogeneous
BHJ. The lower panel highlights the far-field FTIR measure-
ments for the single-component films: TIIG-Se-DFT (blue) and
Y6 (red), revealing that both materials, TIIG-Se-DFT (1643 cm�1)
and Y6 (1681 cm�1), are effectively integrated into the BHJ. The
phase-uniform NanoFTIR response indicates a spatially homo-
geneous BHJ at the nanoscale for the optimized TIIG-Se-DFT : Y6
film (6 : 1 ratio). Complementary GIWAXS was performed on the
device-relevant donor-rich TIIG-Se-DFT : Y6 blend (6 : 1) as well
as on the neat components (Fig. S7a–c). The blend shows a
distinct p–p stacking feature, evidencing short-range p–p order-
ing in the solid state.48,49 Importantly, comparison with the neat
films indicates that the donor-rich blend more closely resem-
bles the neat TIIG-Se-DFT pattern (Fig. S7a and c), while the
crystallinity and long-range ordering of neat Y6 is strongly
attenuated under these donor-rich blending conditions (Fig. S7b
and c). The p–p intensity is distributed over the full azimuthal
range indicating slight face-on, but mostly isotropic orientation.
Overall, these results support the presence of locally p-stacked
domains in the final photoactive layer used in the champion
devices and are consistent with our quantum-chemical calcula-
tions on the donor polymer. This suggests a tendency to form
local p-stacked aggregates (Fig. 2). Variations in molecular weight
are therefore expected to influence phase separation, domain
formation, aggregation behavior, and film formation, thereby
affecting charge-transport pathways and overall device perfor-
mance. The mostly isotropic, well-intermixed blend morphology
favors balanced carrier pathways which is critical for achieving
both high detectivity and fast transient response. Collectively, the
analyses of optical absorption, energetic alignment, chemical
integration, and morphology emphasize that TIIG-Se-DFT:Y6
forms a promising, cost-effective BHJ system for high-perfor-
mance organic NIR-SWIR photodetectors.

Fig. S8 illustrates the energy-band diagrams of the MSM
photodetector under applied bias in the dark (Fig. S8a) and
under illumination (Fig. S8b). In the MSM architecture, the two
Au electrodes form back-to-back Schottky contacts50 with the
TIIG-Se-DFT:Y6 bulk heterojunction, such that the dark current
is governed primarily by Schottky-barrier-limited carrier injec-
tion.17,18 Under applied bias (Fig. S8a), one contact is effectively
forward biased while the other is reverse biased. Under SWIR
illumination (Fig. S8b), excitons generated in the donor–accep-
tor blend dissociate at the interface, and the resulting carriers
are separated and transported laterally by this external field.

Table 2 The best TIIG-based NIR-SWIR OPDs benchmarked against device structure: vacuum- vs. solution deposited layers

TIIG-family
Spectral
response [nm]

D* 1200 nm
[Jones]

D* 1550 nm
[Jones]

Solution
depos. layers

Vapor
depos. layers Device type Process-complexity level

TIIG-Se-DFT (this work) 400–1600 0.93 � 1011 1.24 � 109 1 1 MSM (IDE)

TRA-TIIG-TRA36 300–900 No SWIR No SWIR 2 3 Vert. stack

TIIG-T-OC34 300–900 No SWIR No SWIR 3 2 Vert. stack

TIIQ35 NA NA NA 1 3 Vert. stack

PDT33 400–1600 6.03 � 1011 6.00 � 1010 2 3 Vert. stack

Single solution layer + 1 metal. Z2 vacuum step stacks. Z3 vacuum step stacks.
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Consistent with this mechanism, the responsivity of the TIIG-
Se-DFT:Y6 MSM-IDE devices rises with both increasing applied
bias and decreasing inter-finger gap (Fig. S9), confirming that
stronger lateral fields and shorter carrier transit paths improve
carrier collection efficiency.51,52 These results support field-
assisted photoconductive MSM operation.

2.3. Photodetector characterization

Devices were fabricated with TIIG-Se-DFT : Y6 BHJs spanning
(D)–(A) weight ratios of 2 : 1, 4 : 1, and 6 : 1 to pinpoint the
optimum photodetector composition. As detailed in Fig. S10,
raising the donor fraction progressively amplifies the SWIR tail
while the Y6 network still furnishes continuous electron path-
ways. The 6 : 1 blend (Fig. 5) emerges as a clear ‘‘sweet spot’’: its
specific detectivity at the eye-safe 1550 nm line is E3 � and
E9 � higher than those of the 4 : 1 and 2 : 1 devices, respec-
tively, and its spectrum shows markedly enhanced photocur-
rent, consistent with lower noise density. Concurrently, the
Y6 Q-band shoulder at E900 nm red-shifts and diminishes,
reflecting dilution of pure Y6 domains and stronger (D)–(A)
electronic coupling. Attempts to increase the donor fraction
further (8 : 1) led to aggregate-rich films with negligible photo-
conductivity, underscoring that 6 : 1 provides the optimal bal-
ance between SWIR photon harvesting and charge transport.
Fig. 5a illustrates the dark current density–voltage ( J–V) char-
acteristics of the optimized device. The photodetector demon-
strates near-symmetric response under positive and negative
bias and low dark current densities of approximately 4.6 �
10�8 A cm�2 at 1 Vbias and 4.7 � 10�7 A cm�2 at 5 Vbias,
respectively. This low dark current is crucial for high sensitivity.
The responsivity (R) curve presented in Fig. 5b shows the device’s
efficiency in converting incident photons into electrical signals.
The photodetector exhibits a wide spectral responsivity, extend-
ing broadly from 400 nm into the SWIR region, with a notable
maximum responsivity (Rmax) of approximately 0.05 A W�1

observed at around 1150 nm. The comparatively large active-
layer thickness (E920 nm, Fig. S11) is beneficial for SWIR

detection, as it increases the optical path length and enhances
absorption in the long-wavelength region. This is consistent with
previous reports demonstrating that increasing the active-layer
thickness is necessary to improve absorption and photocurrent
generation in SWIR semiconductor devices.53

This performance significantly exceeds the detection cap-
ability of conventional silicon-based photodetectors, which
typically show a steep drop-off beyond E1000 nm. Hence, the
developed organic photodetector represents a promising can-
didate for SWIR detection applications, particularly where
flexibility and cost-effectiveness are desired. In Fig. 5c, the
specific detectivity (D*) curves are presented under applied
biases of 1 V, 2 V, and 5 V. Notably, the organic photodetector
achieves D* values higher than 1 � 1011 Jones in the critical
wavelength range between 1050 nm and 1190 nm at 5 Vbias.
This exceptional detectivity is primarily attributable to the
device’s low dark current, a consequence of the polymer’s deep
HOMO level (�4.71 eV) and its planar backbone geometry
enabled by F� � �X (X = S, H) and Se interactions. These features
minimize thermal excitation and suppress leakage pathways,
enhancing the signal-to-noise ratio. At 1550 nm, the device
maintains a responsivity of E0.02 A W�1, comparable to one of
the best TIIG-based SWIR detectors reported by Han et al.,
which uses a complex vertical five-layer stacked structure. This
sustained SWIR response, despite reduced photon energy,
highlights efficient exciton dissociation and low recombination
losses, a direct outcome of optimized (D)–(A) alignment and
balanced charge mobility. These enhancements underscore the
effectiveness of our molecular engineering and MSM architec-
ture in overcoming the long-standing tradeoffs between spec-
tral reach, signal strength, and fabrication simplicity in organic
SWIR photodetectors.

2.4. Scientific background on photodetector metrics

To evaluate the optoelectronic performance of the polymer
SWIR photodetector, several key figures of merit are consid-
ered, including on:off ratio, responsivity (R), specific detectivity

Fig. 5 Photodetector characterization of optimized BHJ (TIIG-Se-DFT : Y6, 6 : 1) organic photodetector. (a) Dark current–voltage (J–V) characteristics
measured under bias voltages ranging from�5 V to +5 V, highlighting low leakage currents essential for high device sensitivity. (b) Spectral responsivity of
the optimized organic photodetector (blue solid line), demonstrating a broad photoresponse extending from 400–1600 nm, with a maximum
responsivity (Rmax E 0.05 A W�1) around 1150 nm, surpassing the NIR detection limits of commercial silicon photodiodes (black line, K1713-08
Hamamatsu). (c) Specific detectivity spectra under varying bias conditions (1 V, 2 V, and 5 V), revealing significant D* exceeding 1 � 1011 Jones in the
critical NIR-SWIR region (1050–1190 nm) and maintaining values above 1.3 � 109 Jones at technologically relevant wavelengths up to 1550 nm.
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(D*), noise current, and temporal response. These parameters
provide a quantitative framework for benchmarking detector
efficiency, spectral reach, and noise performance under prac-
tical illumination conditions.

on:off ratio: is defined as the ratio of the photocurrent Iph

generated under incident photon-radiation to the dark current
Idark, reflecting the amplification efficiency of photogenerated
charge carriers54 according to eqn (1):54

on:off ¼ Iph

Idark
(1)

This figure of merit reflects the detector’s ability to clearly
distinguish between illuminated and dark states. A high on:off
ratio is essential for improving the contrast and accuracy in
switching and imaging applications.

Responsivity (R): quantifies the efficiency with which inci-
dent optical power is converted into electrical current.55 The
responsivity of a photodetector is the ratio of its output
electrical signal, a current Iout, to the input optical signal
expressed in terms of the incident optical power Pin according
to eqn (2):54

R ¼ Iout

Pin
; with Pin ¼ Fph � A� hc

l
(2)

where A is the detector area, Fph is the photon flux density
(photons m�2 s�1), h is Planck’s constant, c is the speed of light,
and l is the incident light wavelength. Responsivity is a
wavelength-dependent parameter. High values in the SWIR,
particularly at 1550 nm, are critical for applications in fiber-
optic communication, LiDAR, and SWIR imaging.

Specific detectivity D*: is used to compare photodetectors
with very different physical and operational characteristics and
is expressed in units of Jones [cm Hz

1
2 W�1]. The area A = 1 cm2

and the electrical bandwidth Df is 1 Hz. The sensitivity of the
detector can be defined as the minimum detectable optical
input power that can be sensed with a signal to noise ratio of
unity. This power is called the noise-equivalent-power PNEP of
the detector. The specific detectivity is given by eqn (3):55

D� ¼ R

Inoise
; with PNEP ¼

Inoise

R
(3)

Temporal response (rise/fall time): rise time refers to the
time it takes for the photocurrent to increase from 10% to 90%
of its maximum value upon exposure to a light pulse. Con-
versely, fall time is the duration required for the photocurrent
to decrease from 90% to 10% after the light is removed.54 These
parameters are essential for characterizing the dynamic beha-
vior and switching speed of photodetectors. Fast rise and fall
times indicate efficient charge transport and minimal recom-
bination losses, making them critical for real-time applications
such as optical communication, LiDAR, pulse-resolved sensing,
and biomedical signal monitoring. In this work, sub-100 ms rise
and fall times demonstrate the photodetector’s capability to
operate effectively under high speed or pulsed illumination
conditions.

2.5. Technological evaluation and application prospects

To comprehensively evaluate the application potential of the
new TIIG-Se-DFT:Y6-based organic photodetector, detailed
device characterizations were conducted to assess performance
across critical NIR and SWIR application domains (Fig. 6).
Particular attention was given to quantitative metrics such as
specific detectivity, linear dynamic range, temporal response,
and physiological signal fidelity, parameters that determine
device viability in fields such as fiber optic communication,
biomedical diagnostics, and eye-safe remote sensing (e.g.,
LiDAR at 1550 nm). Specific detectivity measurements across
critical technological wavelengths, 850, 900, 1000, 1100, 1200,
1300, 1400, 1500, and 1550 nm, demonstrate consistently high
performance throughout the targeted NIR-SWIR spectral range
(Fig. 6a). Notably, the device achieved D* values above 1.3 �
109 Jones at 1550 nm, a wavelength where organic detectors
typically underperform due to intrinsic absorption limits and
carrier mobility loss. This highlights the system’s robustness in
eye-safe, long-range optical communication. Reaching sus-
tained D* beyond 1400 nm underscores the efficacy of TIIG-
Se-DFT:Y6 in extending photoresponse into the SWIR window
relevant for atmospheric transparency and telecommunication
applications. Photocurrent linearity with increasing optical
intensity (Fig. 6b) confirms a broad dynamic range with mini-
mal trap filling, highlighting efficient exciton dissociation and
stable charge transport. This response supports accurate optical
signal quantification under varying illumination, vital for bio-
medical diagnostics and photometric sensing. The approxi-
mately linear photocurrent–voltage relationship (Fig. 6c)
reflects efficient field-assisted charge extraction under applied
bias. This supports the material’s use in tunable detection
schemes where signal gain or operating regime must be dyna-
mically adjusted, as in adaptive biomedical sensors or optical
feedback circuits. Fig. 6d exhibits a bias-enhanced photocon-
ductive I–V response, consistent with field-assisted charge
extraction and Schottky-limited contact injection at the Au/BHJ
interfaces.50 In the lateral MSM layout, the two contacts effec-
tively form back-to-back Schottky junctions. Under bias, one
contact is forward biased while the other is reverse biased, so
the reverse-biased barrier predominantly limits leakage and
thereby reduces the dark current. This behavior yields a high
on:off ratio (E150; Fig. 6d), robust signal detection under low-
flux conditions relevant to wearable diagnostics, night-time
imaging, and precision sensing. The interdigitated geometry
also produces a measurable zero-bias photocurrent, indicating
efficient carrier separation by built-in interfacial fields, which
supports low-power operation (e.g. at r1 V). Lastly, the near-
symmetric response under positive and negative bias implies
comparable interfacial barriers at both electrodes, enabling
polarity-independent operation (forward or reverse bias) with-
out degrading the measured output.50

Transient response measurements at 1200 nm (modulated
at 200 Hz, 1 Vbias) revealed fast rise (E86 ms) and fall (E36 ms)
times (Fig. 6e), confirming efficient charge generation and
extraction, likely aided by strong (D)–(A) coupling and sup-
pressed recombination. These sub-100 ms dynamics validate the
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device’s capability for real-time biomedical imaging and wear-
able pulse sensing. In contrast to traditional InGaAs or PbSe
photodetectors, which require high temperature and vacuum
processing, our single layer polymeric system achieves compar-
able SWIR detectivity using low-cost, RoHS-compliant materi-
als, marking a decisive step toward sustainable photonics.
Lastly, to evaluate long-term viability, packaging stability tests
were performed: TO-8 metal can encapsulation (Fig. 6f, green)
preserved over 95% responsivity after 800 hours in dark
ambient conditions, confirming environmental robustness
and packaging compatibility for SWIR deployment. In contrast,
unencapsulated devices (Fig. 6f, red) failed within several hours
due to moisture and oxygen access. These results highlight the
importance of robust encapsulation strategies, confirming TO-
8 metal can packaging as a reliable solution for achieving
industrial-grade stability in organic devices. Additional stability
measurements on an independently fabricated batch, encapsu-
lated with Kapton foil, UV-curable epoxy, and a glass cover,
showed good stability over a 400 hours test period in air at 80 1C
(Fig. 6f).

In summary, the TIIG-Se-DFT:Y6 system sets high perfor-
mance standards for organic photodetectors, demonstrating
broadband NIR-to-SWIR detection up to 1600 nm, sub-100 ms
response times, low dark currents, and high operational stabi-
lity. Its simplified single film MSM device architecture ensures
solution-processability, RoHS compliance, and scalability, mak-
ing it highly suitable for wearable diagnostics, SWIR-LiDAR,
and cost-sensitive photonic applications.

3. Conclusion

In this study, we designed, synthesized, and characterized a novel
ultralow bandgap thienoisoindigo-based conjugated polymer, TIIG-
Se-DFT, tailored for broadband NIR-SWIR photodetection. Through
the strategic incorporation of electron-rich selenophene units and
fluorinated thiophene moieties, TIIG-Se-DFT achieves a low optical
bandgap of 0.96 eV, high absorption coefficients, high thermal
stability and an extended absorption edge beyond 1600 nm, sur-
passing the spectral limits of conventional silicon-based detectors.

Fig. 6 Comprehensive characterization and application-oriented evaluation of TIIG-Se-DFT:Y6-based organic photodetectors: (a) Specific detectivity
measured at key wavelengths across the NIR-range: 850 nm (2.8 � 1010 Jones), 900 nm (4.1 � 1010 Jones), 1000 nm (6.9 � 1010 Jones), 1100 nm (1.7 �
1011 Jones), 1200 nm (9.4 � 1010 Jones), 1300 nm (7.2 � 1010 Jones), 1400 nm (1.3 � 1010 Jones), 1500 nm (4.3 � 109 Jones), and 1550 nm (1.4 � 109

Jones), demonstrating consistently high detectivity values. (b) Photocurrent linearity as a function of optical intensity at 1150 nm (1 Vbias), indicating
efficient photon to electron conversion. (c) Photocurrent versus applied bias voltage at 1150 nm illumination, highlighting strong linear response and
effective charge transport. (d) (J–V) characteristics comparing dark and illuminated conditions, illustrating a high photo to dark current ratio (E1.5 � 102),
essential for sensitive and low-noise detection. (e) Temporal response analysis under pulsed illumination at 1200 nm (200 Hz, 1 Vbias), revealing fast rise
(E86 ms) and fall (E36 ms) times. (f) Long-term stability tests of devices under three conditions: TO-8 metal-can encapsulation vs. glass-cover vs no
encapsulation. TO-8 packaging (Fig. 6f, green) yields the highest stability, supporting its suitability for industrial applications. A batch, sealed with Kapton
foil, UV-curable epoxy, and a glass cover, also maintained stable performance during 400 hours of testing in air at 80 1C as shown by the champion
device (Fig. 6f, blue).
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When blended with the nonfullerene acceptor Y6 in a solution-
processed BHJ and integrated into a simple metal-semiconductor–
metal device architecture, the resulting photodetector exhibits a
peak specific detectivity of E2 � 1011 Jones at 1150 nm and
maintains strong detectivity (E0.13 � 1010 Jones) at 1550 nm, a
wavelength critical for fiber-optic communication, LiDAR, and
biomedical imaging. Application driven assessments revealed fast
transient response (rise/fall times of E86/36 ms), linear photocur-
rent behavior, and a strong signal-to-noise ratio, demonstrating
suitability for low-power, real-time sensing platforms.

The simplified device architecture features a single solution-
processed active layer, effectively avoids challenges with sequen-
tial multilayer solvent processing, such as crystallization distur-
bances, defect formation, and solvent-induced interlayer damage.
It also eliminates the need for complex multilayer vacuum
deposition, offering a pathway toward cost-effective, scalable,
and environmentally friendly fabrication, compatible with roll-
to-roll manufacturing. Consequently, TIIG-Se-DFT:Y6 emerges as
a resource-efficient, scalable, and robust photodetection platform
ideally suited for flexible electronics, wearable diagnostics, and
cost-effective NIR-SWIR detection technologies.

4. Experimental section
4.1. Materials

All commercially available solvents, reagents, and chemicals
were used as received without further purification unless other-
wise stated. 1,3-Bis(5-trimethylstannylselenophen-2-yl)-5,7-bis-
(2-ethylhexyl)benzo[1,2-c:4,5-c0]dithiophene-4,8-dione (DTD-Se),
3,4-difluoro-2,5-bis(trimethylstannyl)thiophene (DFT) and (E)-
2,20-dibromo-4,40-bis(2-octyldodecyl)-[6,60-bithieno[3,2-b]pyrrol-
ylidene]-5,50(4H,40H)-dione (TIIG) were purchased from Ossila
and Solarmer. Unless otherwise stated, all reactions were car-
ried out under argon using standard Schlenk line techniques.

4.2. TIIG-Se-DFT synthesis

In a microwave vial, 1 mmol of TIIG was mixed with DTD-Se and
DFT in a molar ratio of 1 : 0.80 : 0.20. The solid powder mixture
was dissolved in anhydrous chlorobenzene (0.5 mL) followed by
addition of tetrakis(triphenylphosphine)palladium(0) (2 mol-%,
5.02 mg), the resultant mixture was degassed for 30 min with
argon and securely sealed. The glass vial was placed into a
microwave reactor and heated at 140 1C for 2 min, 160 1C for
2 min, and followed by 180 1C for 30 min. After being cooled to
room temperature, the reaction mixture was precipitated into a
mixture of methanol (200 mL) and concentrated HCl (2 mL) and
stirred for 1 h at RT. The precipitate was filtered and extracted
(Soxhlet) with methanol, acetone, n-hexane, chloroform. The
remaining polymer was dissolved in chlorobenzene and pre-
cipitated into methanol, filtered and dried under vacuum to
achieve the desired polymers as a dark green solid.

4.3. Preparation of BHJ blends

The blends were prepared by dissolving the donor polymer and
the NFA acceptor separately in dichlorobenzene with final

concentrations for TIIG-Se-DFT (20 mg mL�1) and Y6
(20 mg mL�1), in a nitrogen-filled glove box. The solutions were
stirred for 12 h at 70 1C, and then the donor and acceptor inks
were mixed (2 : 1, 4 : 1, 6 : 1, 8 : 1 vol vol�1) and stirred (2.5 h) to
form the final blend ink.

4.4. Device fabrication

Interdigitated gold electrodes were cleaned prior to casting by
sequential ultrasonication: 10 min in distilled water, 10 min in
acetone, and 10 min in isopropanol. Final blend inks were then
cast onto the interdigitated electrodes. To remove residual
solvent and densify the films, the devices were annealed at
100 1C for 10 min under an inert atmosphere. For TO-8
packaging, devices were mounted on TO-8 sockets and encap-
sulated with caps equipped with an IR-transparent sapphire
window under argon.

4.5. UV-vis-absorption spectroscopy

The absorption was measured in a QS quartz glass cuvette and
on coated glass substrates with the PerkinElmer Lambda 1050
UV/vis/IR absorption photometer with an integrating sphere
equipped with a Si-PMT and an InGaAs detector.

4.6. Computational

The optimized segments, repeating units, dimer and trimer
alignments were obtained by initially modelling the molecules
using Avogadro2 version 1.1. To reduce computational complex-
ity, branched alkyl chains were replaced with methyl groups, as
also reported in the literature.9 The geometry of the units was
pre-optimized using a universal force field (UFF) with conjugated
gradient method. The units were again preoptimized by the
extended tight binding semi-empirical xtb program package40

using the ANCopt optimizer with 5 � 10�6 Eh energy conver-
gence and 1 � 10�3 Eh a�1 gradient convergence. Afterwards an
extensive conformer search was performed using the Conformer-
Rotamer Ensemble Sampling Tool (CREST) at the GFN2-xTB
level56–58 in a 6 kcal mol�1 energy window at room temperature
(298.15 K). The respective lowest conformers as well as selected
higher order conformers were final geometry optimized by
density functional theory at the oB97X-D4/def2-SVP level41 using
ORCA 6.1.59 followed by frequency calculations at the same level
to ensure true minima. The resolution-of-identity (RI) approxi-
mation with the corresponding def2/J auxiliary basis set was
employed together with the RIJCOSX approximation to acceler-
ate the evaluation of Coulomb and exchange integrals. Single-
point energies were performed on the oB97X-D4/def2-TZVP
level. To support the noncovalent dimer interactions, the
oB97X-D4 functional includes D4 dispersion correction. All
structures were fully optimized using tight convergence criteria
for both the self-consistent field (SCF) procedure and geometry
optimization TightSCF and TightOpt settings. For the stacking
experiments the units were placed perpendicular against each
other according to three different repeating unit combinations
(TIIG-DFT and TIIG-DFT, TIIG-DTD-Se and TIIG-DTD-Se as well
as TIIG-DFT and TIIG-DTD-Se), as shown in Fig. S13, and again
optimized starting with the CREST conformer search. Molecular
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structures and electrostatic potential surfaces were visualized
using UCSF ChimeraX (version 1.11.1).60

4.7. Gel permeation chromatography (GPC)

Number-average (Mn) was determined by Agilent Technologies
1200 series GPC running in chlorobenzene at 80 1C, using two
PL mixed B columns in series, and calibrated against narrow
polydispersity polystyrene standards.

4.8. Fourier-transform infrared spectroscopy (FTIR)

Measurements were performed with a Bruker Vertex 70 FTIR
instrument by focusing the light of a globar as a MIR light
source through a KBr beam splitter with integrated gold
mirrors and an ATR sample stage with a Ge crystal. The spectra
were recorded with an N2 cooled MCT detector at a resolution
of 2 cm�1 and averaged over 128 scans.

4.9. Atomic force microscopy (AFM) and nanoFTIR

The AFM and near field optical measurements were carried out
using a commercial NeaSNOM system (Attocube Systems AG).
The AFM was operated in tapping mode with Arrow-NCPT
probes (Nanoworld). The free tapping amplitude of 80 nm
was used. A broadband mid-IR laser source from Toptica
Photonics AG is coupled to the asymmetric Michelson inter-
ferometer of the NeaSNOM and detected with a mercury
cadmium telluride detector.

4.10. Grazing-incidence wide-angle X-ray scattering (GIWAXS)

Measurements were carried out on an Anton-Paar SAXSpoint
2.0 with a Primux 100 microfocus source using Cu-Ka1 radia-
tion (l = 1.5406 Å) and a Dectris Eiger R 1 M 2D detector. The
incident angle was 0.41 and the sample-detector distance was
140 mm.

4.11. Thermogravimetric analysis (TGA) and differential
scanning calorimeter (DSC)

Measurements were performed using a Netzsch Jupiter ST
449 C instrument equipped with a Netzsch TASC 414/4 con-
troller. The samples were heated from room temperature to
900 1C under nitrogen flow (25 mL min�1) at a heating rate of
10 K min�1.

4.12. Cyclic voltammetry (CV)

Measurements of polymer films were performed under argon
atmosphere using a CHI760E Voltammetry analyzer with 0.1 M
tetra-n-butylammonium hexafluorophosphate in acetonitrile as the
supporting electrolyte. A platinum disk working electrode, a plati-
num wire counter electrode, and a silver wire reference electrode
were employed, and the ferrocene/ferrocenium (Fc/Fc+) was used as
the internal reference for all measurements. The scanning rate was
100 mV s�1. Polymer films were cast from chloroform solutions on
a Pt working electrode (2 mm in diameter).

4.13. J–V curves

Were recorded with a Keithley 2401 source meter and a 170 W
halogen lamp on a Bentham Instruments power supply.

4.14. Responsivity and detectivity

Were recorded with a home-built setup, consisting of a 170 W
halogen lamp on a Bentham Instruments power supply. The
light was chopped at a frequency of 100 Hz and a Quantum
Design MSH 300 monochromator was used. The signal was
amplified by a Stanford Research Systems SR830 Lock-In
amplifier. The home-built setup is calibrated with an InGaAs
photodiode from Hamamatsu (800–1800 nm). A Keithley 2401
source meter was used to apply bias voltage. A set of optical
bandpass filters from Hamamatsu (850–1550 nm) was used to
carry out the filter experiments. For light-intensity dependency
measurements the home-built setup was equipped with a set of
optical density filters (Thorlabs).

4.15. Response time

Rise and fall times of the detector were measured using a
1200 nm LED (Thorlabs, LED1200L) at a modulation frequency
of 200 Hz. A waveform generator (Keysight 33500B) and an LED-
Controller LDC202C (Thorlabs) were used to modulate the light
frequency. An oscilloscope (Keysight InfiniiVision DSOX2024A)
was used to measure the response time.
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