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Halide perovskites have shown tremendous potential as active materials in various optoelectronic devices,
including solar cells, light-emitting diodes and photodetectors. However, their relatively large bandgaps —
typically limited to ~1.40 eV (~885 nm) — constrain their use as near-infrared (NIR) photodetectors. Here,
we present a novel two-dimensional (2D) hybrid perovskite (PDA),Pbl, (PDA = 6-phenyl-3,5-
(poly-PDA) Pbls (polyPDA =
polymerized PDA). This material can be incorporated into NIR photodetectors exhibiting record-high
responsivities of up to 107 A W™ and external quantum efficiencies of up to (128.0 + 3.6)% at 980 nm
under a 4 V bias. Notably, the devices can be fabricated, operated, and stored entirely under ambient air
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Introduction

Metal halide perovskites (MHPs) are promising candidates for
multiple applications such as solar cells," light-emitting
diodes,> phosphors and various other optoelectronic applica-
tions.* Among these, photodetectors — devices that detect and
quantify incident radiation - have garnered increasing interest
due to their broad applicability in communications,* security,
imaging, and sensing technology.” To date, MHPs and MHPs-
inspired materials have shown great promise for photo-
detection in several regions of the spectrum, including ionizing
radiation, X-ray, UV and visible light.*® Nevertheless, there have
been relatively few reports on near-infrared (NIR) detection,
primarily because MHPs exhibit limited absorption in this
spectral region due to their relatively large bandgaps (~1.40 eV,
~885 nm, at best).” Furthermore, the few perovskite-based
devices capable of detecting NIR radiation typically rely on tin
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conditions, highlighting their stability and processability.

or tin-lead perovskites, which significantly limit air process-
ability and stability.*

Previously, it has been shown that the incorporation of
molecules with two adjacent C=C triple bonds, also known as
dyines, into a layered perovskite and their subsequent poly-
merization by means of thermal treatment allows for the
improvement of conductivity generating free carriers, and most
importantly, extending the absorption edge of materials well
into the NIR region of the spectrum.'>*> Motivated by this, we
decided to explore this approach to fabricate NIR-
photodetectors, which, as discussed earlier, are traditionally
inaccessible to MHPs and MHPs-inspired materials.

Herein, we report on a novel material: (PDA),Pbl, (PDA = 6-
phenyl-3,5-hexadiynylammonium), which upon thermo-
polymerization forms (poly-PDA),Pbl, (poly-PDA = polymer-
ized PDA), can be used as active material in ultraresponsive NIR-
photodetectors. These devices achieve remarkable responsiv-
ities of up to 10" AW " and external quantum efficiencies (EQE)
of up to 128.0 £ 3.6% at 980 nm. Furthermore, they exhibit
responsivities comparable to state-of-the-art devices,**** while
being fully air-processable and maintaining stability for up to
two months in ambient conditions.

Results and discussion

First, we synthesized 6-phenyl-3,5-hexadiynylamine in a two-
step synthesis with an overall yield of 64% (see ESIf for full
synthetic procedure). To synthesize (PDA),Pbl,, the free amine
is dissolved in ethanol and mixed with a solution of PbI, and HI.
From this mixture, (PDA),Pbl, crystallizes as yellowish plate-
like crystals, which were first characterized using single-
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Fig. 1

(a) and (b) Crystal structure of (PDA),Pbl, seen from b and c, respectively (a and b). Hydrogen-bonds were omitted for clarity. Purple:

iodine, light blue: lead, dark blue: nitrogen, grey: carbon. (c) Selected Csp---Csp distances found within the structure of (PDA),Pbl,, dark blue:

nitrogen, grey: carbon, white: hydrogen.

crystal X-ray diffraction (SC-XRD) and powder X-ray diffraction
(PXRD).

These characterization techniques confirmed the formation
of a two-dimensional (2D) perovskite that incorporates PDA in
between the layers (Fig. 1a and b) and the phase purity of the
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Fig. 2 (a) Schematic representation of the polymerization process of
(PDA),Pbl, to form (poly-PDA),Pbl,. (b) Powder X-ray diffraction of
(PDA),Pbl, (blue line), (poly-PDA),Pbl, (red line) and the calculated
PXRD pattern of (PDA),Pbl, crystal structure. Inset: photographs of
(poly-PDA),Pbl, and (poly-PDA),Pbly.
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obtained solid (Fig. 2). Similarly, from the single crystal X-ray
structure, it can be observed that triple bonds remain such,
with the expected short C=C distances of 1.193 and 1.206 A and
nearly 177.14 and 177.25°. From the single-crystal X-ray struc-
ture it is also notable that the PDA ligands show significant
interdigitation and short Csp---Csp of 3.91, 3.86 and 3.85 A
(Fig. 1c), suggesting that a post synthetic polymerization is
feasible. We then looked for possible polymerization events
using differential scanning calorimetry (DSC), showing an
endothermic event at 180 °C, which prompted us to try thermal
treatment at this temperature (Fig. S167).

After four hours of treatment, a drastic colour change was
observed resulting in a black crystalline solid, from here on
referred to as (poly-PDA),Pbl,. Notably, (poly-PDA),Pbl, main-
tains its crystallinity, as seen from its physical appearance, and
from its powder X-ray diffraction (PXRD) (Fig. 2). Further,
a slight elongation of the c-axis of about 0.5 A is observed, as
evidenced by a shift in the <n00> diffraction planes towards
smaller angles. The small shift in those planes is also consistent
with a polymerization process.

To analyse the nature of the organic fragment and corrobo-
rate that the polymerization occurs upon thermal treatment, we
performed a '*C Attached Proton Test (APT) Nuclear Magnetic
Resonance (NMR) spectroscopy. We found seven additional
signals that are absent in the starting ligand's spectrum prior to
thermal treatment, supporting the hypothesis that the thermal
treatment generates structural modifications on the organic
part of the material (Fig. S131). The signals observed at 6 131.9-
131.7 ppm, 6 129.0-128.8 ppm, 6 126.7 ppm, and ¢ 103.4 ppm
correspond to C-H carbons, and the singlet at 38.6 ppm could
be related to a new quaternary carbon or CH,, indicating the
formation of new sp® hybridized bond. The emergence of these
signals is consistent with the polymerization reaction within the
crystal structure. Then, NMR (*H) analysis was performed to
determine the polymerization yield, using quantitative with
1,2,4,5-tetrachloro-3-nitrobenzene as standard (TCNB) obtain-
ing 83% yield of the polymerized organic fragment (Fig. S141).

To evaluate the effect of heat treatment on the optical
absorption of the material, we performed UV-Vis-NIR spectros-
copy analysis before and after the treatment (Fig. S9t). Before

© 2025 The Author(s). Published by the Royal Society of Chemistry
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treatment, the absorption spectra of (PDA),Pbl, showed the
characteristic absorption features of a lead-iodide 2D hybrid
perovskite, with an estimated bandgap of 2.3 eV (Fig. S107). After
treatment the material had a black colour and the absorption
spectrum covered a much wider range of wavelengths, from UV to
near infrared, with a bandgap of 1.2 eV (Fig. S117).

Motivated by its absorption, we decided to test (poly-PDA),-
Pbl, as an active photodetector material. Devices were fabricated
using interdigitated gold electrodes (100 nm thick) deposited on
glass substrates via photolithography (Fig. 3a and b). The fabri-
cation process was optimized to enable polymerization of
(PDA),PbI, directly on the substrate, while maintaining the
crystallinity and integrity of the material and the films, which are
critical for device performance. Films were deposited via drop-
casting and gradually heated from 25 to 110 °C, a significantly
lower temperature than the required for the bulk material (180 °©
C),' as supported by UV-Vis-NIR analysis (see ESI S187).

To verify the photodetectors’ functionality and determine
their sensitivity to infrared light, a 980 nm laser diode was used
to irradiate them. The dark current of the devices was measured
to determine its response to different light intensities (Fig. 3c
and Table S4t) and at different bias voltages (Fig. S19-S22t). A
comparison among devices with various electrode separations
revealed an optimal distance of 100 um, which provided the
highest responsivity and EQE values under fixed illumination
and bias. The trends observed suggest a balance between charge
collection efficiency and carrier recombination.*®

A complete analysis of the performance metrics and the
electrodes configuration are presented in the ESL.f We note that
the best responsivity for devices made with (poly-PDA),Pbl, as
the active material (1.76 & 0.048 x 10 A W™, average for four
devices), is comparable with state-of-the-art perovskite devices,
such as those based on single-crystalline thin-film of MAPbBr;
(1.6 x 1077 A W), field-effect phototransistors based on
CsPbBr;-PbS colloidal quantum dots heterostructure (4.5 x 10°
A W)V or nanowire arrays of MAPb(I; ,Br,); (1.2 x 10" A
W'),’® all of which detect at 780 nm or below. Also, its
responsivity is comparable with some of the best reported NIR
photodetectors, such as Si/SiO,/hybrid graphene-PbS quantum
dots devices (~5 x 10" A W '),*® a double barrier structure of
Iny.53Gag.4-As (4.19 x 10° A W 1),2° or BODIPY-BF2-based pho-
totransistors (1.14 x 10° AW~ ').>* From this analysis, it should
be noted that the EQE at 980 nm reaches up to 128.0 £ 3.6%,
while the dark current was estimated to be 1.06 + 0.019 x 10~°
A at 4 V bias, which is not optimal, but expected, given the
device architecture.” Subsequently, we evaluated the temporal
response of the devices (Fig. 3d). From the collected data, we
calculated the response time under a 4 V bias. The rise time—
defined as the time required for the signal to increase from 10%
to 90% of its saturation value—was 6.73 s, while the fall time—
corresponding to the signal's decrease from 90% to 10%—was
2.74 s (Fig. S257). These values, although modest, are consistent
with expectations given the device architecture and the poly-
crystalline nature of the films. In future work, scalable deposi-
tion techniques such as ultrasonic spray synthesis could be
explored to improve the film uniformity and crystal orientation,
thereby enhancing optoelectronic performance.®

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Unfortunately, we were unable to polymerize PDA on its own
to fabricate control devices using poly-PDA in the absence of the
perovskite matrix. Such a comparison would have allowed us to
evaluate the individual contributions of the organic and inor-
ganic components, specifically to assess whether the perovskite
framework offers advantages beyond those of the polymer
alone. Nevertheless, it is worth noting that, to the best of our
knowledge, there are very few reports of photodetectors based
solely on polyacetylenes as the active material—that is, devices
where polyacetylene is not used as part of a blend or composite.
This scarcity is likely due to the intrinsically low carrier
mobilities of these polymers.”® While further studies are
needed, we hypothesize that the perovskite framework enables
a more controlled and oriented polymerization, which not only
enhances processability but also improves carrier mobility,
thereby making the resulting material suitable for photode-
tector applications.

To evaluate the impact of different m-functionalized organic
cations, we prepared analogous devices using the previously
reported  (poly-DDA),Pbl,, where DDA = 3,5-deca-
diynediammonium (see ESIf for details), as the active mate-
rial.™** Like PDA, DDA contains two conjugated alkyne moieties
along its carbon backbone, offering partial w-delocalization and
structural rigidity. However, DDA contains a terminal n-butyl
fragment instead of the phenyl ring in PDA, thus reducing its
electronic delocalization and increasing the steric repulsion
between the organic layers in the hybrid perovskite framework.
Photoresponse measurements were performed under the same
conditions as for (poly-PDA),Pbl, devices. Notably, devices
made of (poly-DDA),Pbl,, showed a significantly lower detection
limit, preventing us from comparing both photodetectors at low
light intensities - where (poly-PDA),Pbl, performs the best.
Hence, for a direct comparison, we evaluated its responsivity
under an incident light of 980 nm at a power of 15 mW. At this
power, (poly-PDA),Pbl, based photodetectors exhibited
a responsivity of 30.9 & 0.5 A W', whereas (poly-DDA),Pbl,
showed 1.2 + 0.1 A W, a decrease of over one order in
magnitude. Fig. S317 presents a comparison of responsivity
values for both devices across a range of light intensities.
Devices based on (poly-PDA),Pbl, consistently outperformed
those based on (poly-DDA),Pbl,, particularly under weak illu-
mination. This trend suggests that enhanced photoconductive
gain in (poly-PDA),Pbl,-based devices, can be attributed to the
shorter molecular structure of PDA, promoting tighter inter-
layer packing, shorter -7 interactions, and increased dielectric
screening. These factors collectively facilitate more efficient
charge transport. In contrast, the bulkier aliphatic chain in DDA
impedes charge mobility, resulting in reduced photo-response.

The high responsivity and EQE values obtained for (poly-
PDA),Pbl,-based devices confirm the exceptional potential of
this material, likely enhanced by extended m-conjugation
provided by both the diynyl chain and the terminal aromatic
ring. Interestingly, the (poly-DDA),Pbl,-based devices also
exhibit a non-negligible photoresponse, despite the absence of
an aromatic moiety. This result supports the idea that partial 7c-
conjugation - introduced by conjugated alkynes plays a signifi-
cant role in enhancing charge transport and photogeneration
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(a) Interdigitated electrode architecture and (b) and schematic device architecture (c). Current—voltage (/-V) characteristics of the

photodetector at varying bias voltages and laser optical powers (at 980 nm) for an interelectrode spacing of 100 um. (d) Temporal photoresponse
of the photodetector under a 4 V bias voltage at different optical power levels (also at 980 nm).

efficiency. Thus, the comparative analysis between both mate-
rials reveals a structure—function correlation and suggests that
further improvements could be achieved through molecular
engineering of the organic spacer.

Finally, we evaluated the stability of the devices, noting that
all material synthesis and device fabrication were performed
under ambient conditions, without the need for inert atmo-
spheres or anhydrous solvents. Similarly, the devices were
stored on a standard, non-dried shelf and tested after two
months. Remarkably, even after this period, they retained 84%
of their original performance (Fig. S251). Since PXRD analysis
showed no signs of material decomposition, we attribute this
performance decline primarily to degradation at the interface
between the gold electrodes and the material.

Conclusions

We have demonstrated that the novel perovskite (poly-PDA),-
Pbl, is an effective active material for NIR photodetectors.
Owing to its unique properties, our devices exhibit an extended
detection range that surpasses most, if not all, MHP-based
photodetectors, while achieving ultrahigh responsivity.
Notably, the devices can be fully assembled under ambient
conditions and exhibit excellent long-term stability. This
development also opens the door to the use of similar materials
in low-bandgap solar cells, with potential for tandem or indoor
photovoltaic applications. Future work will focus on enhancing
signal-to-noise ratios, reducing dark current, and exploring self-
powered architectures to further improve performance and
broaden applicability.
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