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Near-infrared organic photodetectors (OPDs) have great potential in many applications. However, the
high dark current of many OPD devices tends to limit their specific detectivity and overall performance.
Here we report a novel non-fullerene acceptor (IDSe) based on an alkylated indacenodiselenophene
core, with extended light absorption up to 800 nm. When blended with the donor polymer PTQ10, we
obtained OPD devices with an exceptionally low dark current density of 1.65 nA cm™2 at —2 V, high
responsivity and specific detectivity exceeding 102 Jones at 790 nm. The superior properties of
PTQ10:IDSe devices are related to the higher and more balanced charge carrier mobility compared to
the analogous thiophene based blend (PTQ10:IDIC). We also demonstrate large area PTQ10:IDSe based

Received 18th December 2023,
Accepted 8th March 2024

DOI: 10.1039/d3tc04678h

rsc.li/materials-c

Introduction

Photodetectors (PDs) play a paramount role in sensing fields
such as imaging, environmental monitoring, and machine
vision to convert light into electrical signals." Despite the
excellent device performance,>* commercial PDs feature high
intrinsic brittleness and complicated manufacturing processes,
which leads to high costs and limit the application in large-area
flexible imagers. As a result, in the past few years, photodetec-
tors based on organic materials have received increasing
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devices by doctor blade in air with a record low dark current of 1.2 x 10~ A cm~2 under —2 V bias.

attention. Compared with inorganics, organic photodetectors
(OPDs) use lightweight, flexible materials and offer potentially
low fabrication costs, while having promising photogeneration
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yield.*”” Moreover, by fine-tuning the optical bandgap of the
organic material, OPDs can be engineered for high and specific
light detection. In terms of the fabrication environment, OPDs
can be processed from solution by employing different coating
techniques ranging from spin coating, spray coating and doctor
blading under ambient conditions.> Depending on the wave-
length of interest, organic photodetectors can be employed for
ultraviolet, visible and near-infrared applications. The latter is
useful for night-vision cameras, health monitoring and light
communication technologies.®*™*!

To maximize the light-to-current conversion, the active layer
in OPD devices generally consists of a blend of electron-
donating and electron-accepting organic semiconductor mate-
rials. The past few years have experienced the development of
the so-called non-fullerene acceptors (NFAs), which overcome
some of the intrinsic limitations of traditional fullerene and its
derivatives, such as weak light absorption, limited energy-level
tuning and blend instability. Small molecule NFAs show
numerous attractive features, including high purity, crystal-
linity and lower reorganizational energy.'>'® Furthermore,
the bandgap and energy levels can be readily tuned by varying
the synthetic structure in order to achieve near-infrared light
absorption."”*°

Numerous NFAs have been reported to date, with a popular
design motif based on an electron-rich donor (D) core being
flanked by two electron-deficient acceptor (A) units, the so-
called A-D-A system. Analyzing the structures of reported
NFAs, it is clear that many of the best performing contain
thiophene-based fused aromatics within the donor core.?* This
is likely due to a combination of factors, such as the well-
developed chemistry of thiophene which facilitates their synth-
esis, as well as the diffuse orbitals of the sulfur heteroatom
which may benefit intermolecular charge transport. An elegant
strategy to shift the absorption windows >750 nm consists
of replacing the thiophene moiety with selenophene. Seleno-
phene has lower aromatic stabilization energy than thiophene,
and the replacement of thiophene with selenophene in con-
jugated oligomers or polymers has been shown to increase
the quinoidal character of the material, resulting in a reduced
band gap and a red-shifted absorption.”>>® Furthermore,
the larger, more polarisable Se atom can enhance the inter-
molecular interactions resulting in improved charge carrier
mobility.>**”
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Scheme 1 Synthetic route to IDSe.
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Until now, few fused selenophene containing NFAs have
been reported to date and to the best of our knowledge, all of
those reported have contain aryl-based solubilizing groups at
the bridgehead carbons.?*?%733 Although the aryl group affords
good solubility to the NFA, we and others have recently demon-
strated that the replacement of the alkylaryl groups with simple
straight chain alkyl groups resulted in significant changes in
the solid-state microstructure of thiophene-based NFAs and an
overall enhancement in their power conversion efficiency (PCE)
for organic solar cells.***® Encouraged by this observation, we
report here the first preparation of a NFA containing a fused
indacenodiselenophene with octyl sidechains at the bridgehead
positions. This is the direct selenophene analogue of the
previously indacenodithiophene acceptor known as IDIC,
widely reported in the OPV community.***' We that note that
IDIC typically uses hexyl sidechains, rather than octyl, but the
octyl derivative has been reported with very similar properties
to the hexyl derivative. In addition, analysis of the single crystal
structures demonstrates similar packing of the conjugated
cores for both sidechains.***?

In this work, we show that the selenophene analogue exhibits
a red-shifted absorption compared to the thiophene analogue,
and when paired with a suitable wide band gap donor, organic
photodetector devices using donor-acceptor bulk heterojunction
configuration have an ultralow dark current density (J4) of
1.65 nA cm ? at —2 V and a specific detectivity (D*) of 10"
Jones at —2 V. In addition, higher and balanced carrier mobility
is observed in the blend containing selenophene analogue
compared to the thiophene benchmark. We also fabricated
large-area OPDs (5 x 5 cm substrates) using doctor blade coating
in air, a more scalable technique than spin-coating, and
obtained low dark current density of 1.2 x 1077 Acm™ > at —2 V.

Results and discussion
Synthesis and characterization

The synthesis of IDSe is shown in Scheme 1 and starts from our
previously reported 2,7-bis(trimethylsilyl)-4,9-dihydro-s-indacenol[1,
2-b:5,6-b'bis(selenophene).** Treatment with six equivalents of
sodium tert-butoxide followed by 1-bromooctane resulted in a
one-pot alkylation and desilyation, and subsequent bromination
with NBS afforded compound 3 in a yield of 62% over the two
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steps. Treatment of 3 with n-BuLi in THF at —100 °C, followed by
the addition of dry DMF afforded the dialdehyde 4 in 85% yield.
We note that performing the lithiation at higher temperatures
resulted in a considerable amount of decomposition, presumably
by the ring opening of the selenophene following deprotonation
at the alpha position. The final acceptor molecule IDSe was
prepared by the Knoevenagel condensation reaction of 4 and 1,1-
dicyanomethylene-3-indanone (IC) in 87% yield.

The new acceptor showed good solubility in common
organic solvents and was characterized by a combination of
NMR and mass spectroscopy. A crystal of IDSe was successfully
grown by slowly diffusing methanol into a solution of IDSe in
dichloromethane at room temperature, and was analyzed by
single-crystal X-ray diffraction, as shown in Fig. 1, with the
crystallographic data are summarized in the (ESIT). The alkyl
chains on the bridging carbons have been removed to aide
visualization, but the full structure is shown in Fig. S1 (ESIt),
with the octyl sidechains extending away from the backbone in
a fully trans (or anti) conformation with two gauche defects. The
IDSe shows a nearly planar conjugated backbone with a centre
of symmetry at the middle of the benzene ring on IDSe unit,
and a slight twist of 12.6° between the IDSe core and the IC
endgroup, slightly smaller than the analogous IDIC (14.9°).*®
Interestingly, the distance between Se and O atoms is around
2.71 A, which is much shorter than their van der Waals radius
(3.42 A), indicating a non-covalent interaction which helps to
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Fig. 1 (a) Side and (b) front-view of IDSe crystal structure (alkyl sidechains
removed for clarity) and the packing diagrams of IDSe project along the (c)
b-axis and (d) c-axis showing close overlap of end-groups. 2D GIWAXS
images of films of (e) IDIC and (f) IDSe.
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lock the molecule in a single conformation. Analysis of the
crystal packing (Fig. 1c and d) demonstrates that the molecules
are arranged in a two-dimensional grid-like packing, with two
parallel lines of molecules intersecting via the overlap of the IC
endgoups. There is a strong overlap of the IC endgroups, with
an interplanar distance of 3.46-3.50 A, similar to IDIC. The
voids in the structure shown in Fig. 1d are filled by residual
solvent and the octyl sidechains. Such a packing arrangement
forms an extended three dimensional packing arrangement
that may be beneficial for exciton and charge transport. Analy-
sis of spun-cast thin-films of both IDIC and IDSe by 2D GIWAXS
(Fig. 1e and f) and scattering profiles (Fig. S11, ESIT) shows that
both materials exhibit clear diffraction features along the
vertical and horizontal directions. However, the IDSe appears
more ordered than IDIC, both in terms of intensity and rich-
ness of the diffractions, for films of similar thickness.

Thermogravimetric analysis indicated that IDSe has excel-
lent thermal stability, with a decomposition temperature above
350 °C at 5% weight loss (Fig. S2, ESIT). Examination of the
thermal behaviour by differential scanning calorimetry (DSC)
demonstrated that IDSe exhibits two distinct melting peaks at
191 and 225 °C in the first heating cycle but forms a glass upon
cooling (Fig. S3, ESIt). Upon subsequent heating, the glass
undergoes two exothermic crystallization transitions at 130 and
156 °C, followed by a main endothermic melting transition at
210 °C in the second heating cycle. This behaviour is repeated
in the third heating/cooling cycle.

IDSe exhibits an absorption maximum at 685 nm with a
shoulder peak around 630 nm in dilute chlorobenzene solution
with a high absorption coefficient (e) of 1.77 x 10° M~ " em ™"
(Fig. S4, ESI{). In thin film, the absorption maximum is
significantly red-shifted to 749 nm and the film absorbs
strongly in the region from 600 to 800 nm, with an absorption
edge at 800 nm corresponding to an optical band gap of
1.55 eV. In comparison to the reported thiophene analogue with
hexyl sidechains (IDIC), changing to selenophene results in a red
shift of 33 nm in the solid state and 21 nm in solution. The
energy alignments of the IDSe in the solid state were evaluated
via Photoelectron Spectroscopy in Air (PESA) measurements and
cyclic voltammetry (PESA and CV, Fig. S5, ESIt) on a Pt working
electrode. From the ionisation potential measured with PESA,
the highest occupied molcule orbital (HOMO) energies of
PTQ10, IDSe and IDIC were estimated as —5.20 eV, —5.79 eV
and —5.81 eV, respectively. Whereas their lowest unoccupied
molecular orbital (LUMO) were estimated adding the optical
bandgap to the HOMO values. CV measurements allowed a
direct measurement of the reduction (and oxidation) potentials,
and demonstrated a similar trend to the PESA, albeit with
different values. Thus, HOMO and LUMO levels of —5.70 eV
and —3.92 eV were estimated for IDSe, and —5.74 eV and
—3.90 eV for IDIC by reference to the ferrocene/ferrocenium
couple with a HOMO of —4.8 eV. The HOMO is slightly upshifted
compared to the thiophene analogue (IDIC), as is often observed
in selenophene containing materials.>

Recently various NFA materials have demonstrated promising
performance in thin-film transistor devices.**™*° Therefore we

This journal is © The Royal Society of Chemistry 2024
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investigated the charge carrier behaviour of both acceptors in
organic thin films transistors (OTFTs) fabricated in a bottom-
contact, top-gate device architecture to evaluate holes and elec-
trons mobility. For hole mobility measurements the source and
drain electrodes were treated with a self-assembled monolayer in
order to reduce the workfunction, whereas for electron mobility
no surface treatments were performed.

Representative transfer and output characteristics of IDIC
and IDSe OTFTs are presented in Fig. S6 and S7 (ESIt), where it
can be seen that both materials show ambipolar behaviour,
with IDSe having lower turn-on voltage and better overall
performance. IDSe showed more than one order of magnitude
higher charge carrier mobility than IDIC, with values of
0.16 and 0.22 em® V' s for electrons and holes in the
saturation regime, respectively, versus values of 0.002 and
0.009 cm® V' s~ for IDIC devices.

The higher charge carrier mobility of IDSe can be related to a
combination of the more diffuse and polarizable Se orbitals,>*>”
in combination with the more ordered packing and the overall
higher crystallinity as observed from the GIWAXS measurements
(Fig. 1).%°

We fabricated organic photodetectors by blending IDSe with
the p-type donor material PTQ10 for their complementary
absorption and cascade energy alignment for efficient light-
to-current conversion.’” The chemical structures of PTQ10 and
the NFAs used and their absorption spectra are reported in
Fig. 2a and b. Moreover, PTQ10 has been proven to be suitable
for a thick active layer which is helpful to reduce dark current.>>
The OPDs were fabricated in an inverted architecture consisting
of ITO/ZnO/active layer/MoO;/Ag. Various fabrication para-
meters including solution concentration, donor-acceptor ratio,
active layer thickness, thermal annealing temperature were care-
fully optimized. The current density-voltage (/-V) characteristics
were measured both under light and in the dark conditions.
Devices based on PTQ10:IDSe delivered ultra-low dark current
density of 1.65 x 10°° A ecm 2 at —2 V, whereas PTQ10:IDIC
showed a J4 of 4.67 x 107 A cm™2 at —2 V. The J; values
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Fig. 2 (a) Chemical structures of PTQ10, IDIC and IDSe; (b) normalized
absorbance of the neat materials; (c) energy levels of the materials
extracted from PESA measurements; (d) schematic of the BHJ donor—
acceptor device structure with inverted architecture.

This journal is © The Royal Society of Chemistry 2024

View Article Online

Journal of Materials Chemistry C

obtained in IDSe based OPDs are one of the lowest dark currents
reported for NIR OPDs to the best of our knowledge.”

To fully understand the performance of OPDs further char-
acterizations were conducted on both PTQ10:IDIC and
PTQ10:IDSe devices. First, external quantum efficiency (EQE)
was measured under different bias and converted into respon-

sivity (R) using equation R = EQEhi. A 50 nm red-shift of
v

responsivity is observed in PTQ10:IDSe devices, in agreement
with the smaller band gap of IDSe, demonstrating the potential
of selenophene based acceptors to promote near-infrared light
detection.

To compare different PD devices, the most common figure of
RVAxB
A
where R is the responsivity, A is the device area, B is noise
measurement bandwidth, and I, Is the noise current.”® The
noise spectrum was measured through a low noise amplifier
and the results show that the PTQ10:IDSe device depicts a lower
noise current spectral density level of 1 x 1072 A Hz ' when
compared to 3 x 10~ ** A Hz™*/* of PTQ10:IDIC devices (Fig. 4a).
The 1/f corner frequency,®* which is defined as the crossover
point of 1/f noise and the broadband noise, also presents a
different profile for two blends. The PTQ10:IDIC-based OPDs
have a much higher frequency transition corner, indicating
much higher flicker-noise dominating behaviour in the lower
frequency area. The comparison of detectivity is plotted in
Fig. 3c, indicating OPDs based on PTQ10:IDSe have a similar
detectivity level in the visible light region and a higher detectivity
into the NIR region, due to the extended absorption of IDSe.

Photodetectors are expected to be operated at different light
intensity depending on their application. For this reason we
measured the j-Vs under different light conditions (Fig. S8,
ESIT) and calculated the linear dynamic range (LDR).>**> LDR
is determined as the ratio between the maximum and the
minimum photocurrent density (Jon=Ji — Ja, where J; and Jq
refer to the current density at light and dark environment,

merit is the specific detectivity (D*), defined as D* =

respectively.) according to the equation LDR = 20 x log @
ph,min
Plotted in Fig. 3d, PTQ10:IDSe delivered a 120 dB LDR com-
pared to 80 dB for PTQ10:IDIC devices at —2 V. This result can
be attributed to the lower dark current and noise current of the
IDSe blend, which are helpful to maintain the linear light
response and outperform IDIC under low light conditions.
Apart from the detection range, operating speed is of great
importance when assessing the performance of a NIR OPD.>**’
Frequency response, which measures the frequency at which
the photocurrent value drops to —3 dB, is a key figure of
merit.>® The overall operating frequency is either limited by
the charge carrier transient time or by the RC property of the
intrinsic circuits which gives rise to the equation f 3qg = fii> +
fré, where f;; is the carrier transient time-limited frequency and
frc is the RC time constant-limited frequency.” Fig. 4b depicts
the —3 dB cutoff frequency of 60 kHz and 220 kHz for OPDs
based on PTQ10:IDIC and PTQ10:IDSe blends, respectively. For
modern video applications, 10 kHz is a benchmark for fast

J. Mater. Chem. C, 2024,12, 5766-5775 | 5769
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Fig. 3 (a) Current density—voltage characteristics of PTQ10:IDIC and

PTQ10:IDSe OPDs under dark and AM1.5G illumination; (b) responsivity
and (c) specific detectivity of the OPD devices under negative bias applied;
(d) linear dynamic range at —2 V for PTQ10:IDIC and PTQ10:IDSe under
white light illumination.

speed detection.>® Therefore, both blend combinations are
competitive candidates for fast speed OPDs. To further under-
stand the charge carrier transient characteristics, the rise and
fall dynamics are investigated by illumination with a high-
frequency continuous square-wave LED. Fig. 4c shows the rise
and fall time of both devices. The rise time represents the time-
interval for the signal to respond between 10% and 90% of the
maximum value, and the vice versa for fall time.®® PTQ10:IDSe
exhibited slightly faster transient time characteristics than

View Article Online
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PTQ10:IDIC devices, as summarized in Table 1. Rise and fall
times are dependent on the mobility, recombination and
extraction processes of charge carriers, which indicate faster
mobility and efficient recombination processes might play
significant roles.

In order to explain the possible reason for the low dark
current and excellent NIR performance of OPDs based on
PTQ10:IDSe blend, charge carrier mobility was measured using
the steady-state space-charge limited current (SCLC) method.
Hole-only (glass/ITO/PEDOT:PSS/active layer/MoO3/Ag) and
electron-only (glass/ITO/ZnO/active layer/DPO/Ag) devices
were fabricated and measured. The J-V plot of single-carrier

devices (Fig. S9, ESIf) was fitted using equation J =

8

the material relative dielectric constant (assumed to have a
value of 3), & indicates the vacuum permittivity and y, is the
mobility at zero-field. Vp, is the built-in potential, L is the
thickness of the active layer measured by the profilometer, y
is the field activation factor of mobility.®* For field-dependent
diffusion, the result extracted from the previous equation
was brought into the Poole-Frenkel expression which can be

9 V= V) V=V
—gso,uo% exp <0.89y Tb’) where the ¢ represents

written as p =y, exp(y\/E). The values of hole and electron
mobility were calculated for a field of 5 x 107" V em™*
corresponding to a potential of 0.5 V across a 100 nm
thick film.

The pristine NFA materials depicted an electron mobility of

43 x10*em?v s tand 1.2 x 107 * em?® V! s for IDSe and
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Fig. 4

(a) Noise current spectral density, (b) cut-off frequency and (c) transient photocurrent measurements at —2 V for IDSe and IDIC-based OPD.

Visible TA spectra for (d) PTQ10:IDSe blend and (e) PTQ10:IDIC blend films at different pump-probe delay times. Both samples were excited at 700 nm
with a fluence of 2 pJ cm 2. (f) Deconvoluted kinetics of excitons (triangles) and charges (circles) in PTQ10:IDIC (orange) and PTQ10:IDSe (blue). Solid

lines are monoexponential fittings of the decay and rise dynamics.
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Table 1 Photodetectors figures of merit and mobility values of the IDSe and IDIC based devices

Rise time (us)

Fall time (1S)  fselee) (€M* V' s prgerey (cm? V' s7h)

RAW™ LDR (dB)  D* (Jones)
PTQ10:IDIC  0.35 (730 nm) 80 2.86 x 10" 3.6
PTQ10:IDSe  0.37 (770 nm) 120 3.02 x 10" 3.3

IDIC, respectively. The higher SCLC mobility calculated for
IDSe is in line with that observed for the OTFT devices. As
expected upon blending the NFAs with the donor polymer, the
electron mobility for both acceptors drops, but to a lesser
degree for IDSe. Thus electron and hole mobility for
PTQ10:IDSe are equivalent at 1.3 x 10~ * ecm® V' s, respec-
tively, whereas PTQ10:IDIC afforded electron and hole mobi-
lities of 2.1 x 10> em®> V' s7'and 1.6 x 10 > em* V' ' 57,
These results indicate that in the PTQ10:IDSe blend both hole
and electron mobility are higher and more balanced (1.00 /g
ratio) than that in PTQ10:IDIC blend (0.76 un/t. ratio). The
balanced electron/hole mobility is effective for suppressing
bimolecular recombination, which translates to lower dark
current level.®?

Examination of the blend morphology with GIWAXS demon-
strates that both films exhibit similar microstructure (Fig. S10
and S11, ESIt), with clear diffraction peaks assignable to both
the polymer and NFA crystallites. No obvious differences were
apparent, suggesting that the higher charge mobility stemming
from the replacement of thiophene with selenophene is the
principal reason for the better OPD performance.

Next, we further examine the underlying exciton and charge
dynamics in these two systems using ultrafast transient absorp-
tion spectroscopy. Fig. 4d and e compares the visible time-
resolved spectra of the two OPD blends. In both blends, the
acceptor was selectively excited with 700 nm pump at low
fluence, thereby taking care to avoid exciton-exciton and exci-
ton-charge annihilation events which dominate early recombi-
nation and dissociation dynamics. In the IDSe-based blend,
the initial peak at 745 nm is assigned to the IDSe exciton.

& 10° —— Large area light
'E { —°— Large area dark -
o -2
$ 107 1
>
= -4
D 1074
c
[0}
O 1074
<
o -8
= 107°+
>
©)
10710 T T T
-2 -1 0 1 2

Voltage (V)

Fig. 5 (a) Current-voltage characteristics of large-area PTQ10:IDSe-
based devices under AM1.5G illumination and dark; in inset the picture
of the large-area device (5 x 5 cm substrates).
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This initial peak is present in the neat IDSe TA spectra in
Fig. S12b (ESIt) and is assigned to ground state absorption
(GSB) of the acceptor. From the neat IDSe measurements, we
extract an exciton lifetime of 26 ps, which is comparable with
previously reported lifetimes of IDIC excitons.*?

It is, however, apparent from the evolution of the blend
spectra in time that other spectral components dominate at
later times. Namely, we observe a slower decay of the GSB peaks
at 560 and 604 nm in both blends, which we attribute to PTQ10
based on its neat TA data presented in Fig. S12a (ESIY).
Furthermore, both blends demonstrate a clear growth of a
positive photoinduced absorption (PIA) signal around 620-
740 nm for IDSe blend and around 620-680 nm for the IDIC
blend. Given the strong spectral overlap of the GSB and PIA
features from D/A domains, we performed global analysis of the
TA data for both blends. The results are deconvoluted spectra
(Fig. S13, ESIf) of individual excited state species in the blend
with their associated dynamics. The kinetic traces of the two
spectral components are presented in Fig. 4f. Since we selec-
tively excited the acceptor, we assign the decaying component
to the IDSe and IDIC exciton (blue and orange triangles,
respectively), while any later signal evolution is attributed to
charge transfer states and free polaron formation. IDSe blend
exhibits a 2 ps rise of the charge component, which subse-
quently decays within 710 ps. Analogous components in the
IDIC blend resulted in 3 ps exciton decay accompanied by 3 ps
charge generation, which then decayed within 820 ps. The
PTQ10:IDIC excited state dynamics are in good agreement with
a previously reported spectroscopic study.®® Overall, both
blends exhibit fast exciton quenching and subsequent charge
generation within 2-3 ps. While IDSe blend generates charges
marginally faster, both blends exhibit efficient charge genera-
tion, which could be linked to high crystallinity of both blends,
which tends to favour unbound charge transfer states over
bound ones, which more readily generate free charges.®*

Finally we tested PTQ10:IDSe devices under bias-stress in
the dark to investigate their stability. The results indicates that
PTQ10:IDSe devices have an excellent stability, maintaining the
ultra-low dark current density of 6.30 nA cm > and LDR of
100 dB after 92 hours of continuous bias applied (Fig. S14 and
S15 (ESIt), respectively). For real-world applications, spin
coating is not feasible for large-area coating techniques. For
this reason, we fabricated OPD devices on 5 x 5 cm ITO
substrates by blade coating PTQ10:IDSe in air with an active
area of 0.3 em 2. The OPD devices delivered a dark current
density of 1.2 x 10~7 A cm ™ ? under —2 V bias (Fig. 5a). Despite
the higher J4 value compared to the small-area devices, which
can be attributed to a non-homogenous coating of the active
layer on large substrates and in air, this low value can be ranked
among the top low dark current for large-area devices according
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to the reported literature.®>®® These results indicate the high
potential of chalcogen engineering as a strategy to develop high
performing blends for OPD devices.

Conclusion

In conclusion, we report a new non-fullerene acceptor IDSe
based on an indacenodiselenophene core functionalized with
linear alkyl chains. This is the direct selenium analogue of the
well known thiophene based acceptor IDIC, and to the best of
our knowledge is the first indacenodiselenophene based NFA
not containing aryl groups at the bridgehead positions. The
replacement of sulfur with selenium results in a red-shift of
the resulting acceptor, with an absorption extending 800 nm.
X-ray analysis of IDSe single crystal shows an intermolecular
non-covalent interaction between Se and O, and pronounced
intramolecular interactions between the indanone endgroups.
Thin film transistors of IDSe exhibit ambipolar behaviour, with
balanced hole and electron transport that is over one order of
magnitude higher than IDIC.

Vis-NIR light-detecting organic photodetectors were fabri-
cated with IDSe and its thiophene analogue IDIC from blends
with the polymer donor PTQ10. OPDs based on the IDSe blend
featured a J of 1.65 x 10~ ° A cm™ 2 together with R of 0.37 AW ™"
and D* of 3 x 10"* Jones at 790 nm wavelength under —2 V bias.
The ultralow J4 gives rise to an excellent 120 dB LDR under light
illumination. While IDSe blend generates charges marginally
faster than PTQ10:IDIC, their higher and balanced charge car-
ried mobility values explain the lower dark current and superior
optoelectronic performance. PTQ10:IDSe OPDs demonstrated
outstanding stability under continuous —2 V bias in the absence
of light. Finally we fabricated devices on 5 x 5 cm substrates
by blade coating with an active area of 0.3 cm?, showcasing a
record low Jq of 1.2 x 1077 A cm™> at —2 V bias, proving that
PTQ10:IDSe blend has the ability to be applied in mass produc-
tion in the future. These results demonstrate that alkylated
indacenodiselenophene cores form promising building blocks
for the fabrication of near-IR absorbing acceptors exhibiting
high crystallinity.

Experimental
Synthesis and characterization

The synthetic route is outlined in Scheme 1 and described in
further detail in the ESIL.{ Details of synthetic and characteriza-
tion equipment and procedures can be found in the ESI.}

Device fabrication

Organic photodetectors. PTQ10:IDIC and PTQ10:IDSe
organic photodetectors were fabricated in the cleanroom
using inverted structure (glass/ITO/ZnO/active layer/MoO;/Ag).
The indium tin oxide (ITO, 15 Q sq~ ') was pre-patterned on the
glass substrates (12 mm x 12 mm). The substrates were firstly
cleaned by sonication in acetone for 10 min, followed by
detergent and deionized water. After another 10 min sonication
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in acetone, the substrates were cleaned by isopropanol and
then immediately transferred into a vacuum environment for 8
min oxygen plasma treatment. A 40 nm thickness ZnO layer was
deposited on the ITO by 4000 rpm, 40 s spin-coating using a
zinc acetate dihydrate precursor solution (219 mg zinc acetate
dihydrate precursor dissolved in 60.4 pl 1-ethanolamine and
2 ml 2-methoxyethanol) followed by annealing at 180 °C for
10 min. The ZnO coated substrates were transferred into a
dry nitrogen glove box (<0.1 ppm H,0, <0.1 ppm O,). The
active layer solutions were obtained by dissolving donor
PTQ10 (purchased from brilliant matters) with acceptor IDIC
(purchased from 1-material - organic nano electronic) and
IDSe (see ESIt for synthesis details) in chloroform (CF). The
donor and acceptor were blended in a 1:1.5 ratio (wt/wt) in a
25 mg ml~ ' concentration. The solutions were stirred overnight
in the glove box at room temperature and heated to 40 °C
20 min before spin-coating to make sure materials were com-
pletely dissolved. The active layer solution was coated on the
ZnO from the warm solution using a spin coater, under the
nitrogen atmosphere, at different spin speeds ranging from
1000 rpm to 3000 rpm for 40 s. The active layers were then
transferred onto a programmable heat plate in the glove box for
140 °C, 5 min thermal annealing (TA) treatment. For the
thermal evaporation, a 10 nm MoO; and a 100 nm Ag layer
was sequentially deposited. The MoOj; layer was deposited at a
0.15 A s7' rate and in terms of Ag layer, deposition speed
ranged from 0.5 A s™* to 1 A s™*. Through a shadow mask, the
area for each pixel is 0.045 cm>.

For the large-area devices, ITO-coated glass substrates
(5 cm x 5 cm) were cleaned following the identical procedure
as that of small-area devices. ZnO was uniformly deposited on
the ITO by spin coating, forming a layer with 40 nm thickness.
The active layer solution of PTQ10:IDSe was prepared using the
same concentration and donor-acceptor ratio compared to
the solution for small-area devices. The doctor blade coater
(ZAA 2300 Automatic film applicator, Zehntner) was pre-heated
to 40 °C by a temperature controller before fabrication. The gap
between ZnO surface and the doctor blade was set to 400 um
while the coating speed ranged from 20 mm s~ ' to 60 mm s~ .
The substrates were continuously cleaned by the nitrogen gun
until the start of coating. After doctor blade coating, 10 nm
MoO; and 100 nm Ag were thermally evaporated onto the active
layer which was covered by a special mask. The J-V perfor-
mance of large-area devices between —2 V to 2 V bias under
light condition was measured under the standard AM1.5 solar
simulator where both electrodes were linked to a Keithley 2400
source meter by alligator clips. Dark current was measured with
aluminum foil covering the devices in order to create a com-
pletely dark environment.

OTFTs fabrication. Bottom-contact, top-gate (BC-TG) were
glass substrates. Substrates were cleaned in Decon 90/DI water
solution for 5 min in sonication, followed by sequential sonica-
tion in acetone and isopropanol. 40 nm of gold were deposited
via thermal evaporation in high vacuum (10~® mbar) with the
use of shadow masks to form the source/drain electrodes
resulting transistor devices with channel length in the range

This journal is © The Royal Society of Chemistry 2024
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of 30-100 nm and width 1 mm. No further treatment was
conducted for the electron-only devices. The TFTs were spin
coated from 5 mg ml~* solution in anhydrous chlorobenzene at
2000 rpm for 30 s, followed by annealing at 100 °C for 10 min.
900 nm of CYTOP were used as dielectric layer followed by
50 nm of thermal evaporated aluminum which formed the gate
electrode. Device fabrication and electrical measurements were
performed in a nitrogen glovebox. Transistor characterization
was carried out using an Keithley 4200 semiconductor para-
meter analyzer.

Characterizations

J-V measurements. /-V characteristics were measured using
a Keithley 4200 Source-Measure unit (scan rate 25 mV s~ '). An
Oriel Instruments Solar Simulator with a Xenon lamp and
calibrated to a silicon reference cell was used to provide
AM1.5G irradiance. For determination of the Linear Dynamic
Range (LDR), white light LED driven by a function generator
(ThorLabs DC2200) was used. The LED light was attenuated
using a selection of neutral density filters placed between the
lamp and OPD. The photocurrent (J,,) was calculated as the
difference in response between the illuminated current density
(Jiighe) and dark current density (/q) at each light intensity. All
the devices were tested in nitrogen atmosphere.

Responsivity. Responsivity was measured using an inte-
grated system from Quantum Design PV300. All the devices
were tested in ambient air.

Dynamic measurements. Dynamic measurements were per-
formed using a digital oscilloscope (Tektronix TDS3032B). The
OPDs were illuminated with a neutral white light LED driven by
a function generator (ThorLabs DC2200). For determination of
the rise and fall time a 1 kHz square wave pulse was applied to
the LED using the function generator. For determination of the
cut-off frequency sinusoidal functions with varying frequencies
between 100 Hz and 100 kHz were used to drive the LED
connected to a FEMTO-100 preamplifier. All the devices were
tested in nitrogen atmosphere.

Charge carrier mobility measurement. The mobility of each
pristine material and blends was measured using steady-state
space-charge limited current (SCLC) method. In order to make
sure device electrodes can inject the desired charge carrier
while blocking the carrier with different polarity, hole-only
(glass/ITO/PEDOT:PSS/active layer/MoO3/Ag) and electron-only
(glass/ITO/ZnO/active layer/DPO/Ag) devices were fabricated.
Devices were placed in the sample chamber and then measured
in the dark from 0 V to 6 V under nitrogen environment.

Grazing incidence wide angle scattering (GIWAXS) measure-
ments. GIWAXS measurements were performed at the non-
crystalline diffraction beamline (BL11-NCD-Sweet) at ALBA
Synchrotron Radiation Facility in Barcelona (Spain). A detector
(Rayonix, WAXS LX255-HS) with a resolution of 1920 x 5760
pixels was used to collect the scattering signals. Sample holder
position was calibrated with chromium oxide (Cr,O;) standard.
The incident energy was 12.4 eV and the sample-to-detector
distance was set at 200.93 mm. The angle of incidence ai was
set between 0.1-0.15 and the exposure time was 5 s. 2D-
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GIWAXS patterns were corrected as a function of the compo-
nents of the scattering vector with a Matlab® script developed
by Aurora Nogales and Edgar Gutiérrez. Thin films were cast
onto highly doped silicon substrates following same processing
route used for the device fabrication.

Photoelectron spectroscopy in air measurements. PESA was
recorded using a Riken Keiki PESA spectrometer (Model AC-2)
with a power setting of 10 nW and a power number of 0.33.
Samples for PESA were prepared on glass substrates.

Transient absorption spectroscopy. A broadband femtose-
cond transient absorption spectrometer Helios (Spectra Physics,
Newport Corp.) was used for pump-probe measurements on
the neat donor and acceptor films and their blends. A 1 kHz
Ti:Sapphire regenerative amplifier (Solstice, Spectra Physics,
Newport Corp.) delivered ultrafast laser pulses (800 nm,
<100 fs FWHM) to an optical parametric amplifier (TOPAS
Prime, Spectra Physics) and a frequency mixer (Niruvis, Light
Conversion) to generate pump pulses at 700 nm, which were
modulated at 500 Hz by an optical chopper system (Thorlabs).
800 nm seed pulses were also delayed on the 6 ns mechanical
delay stage and passed through a sapphire crystal to produce a
white light probe (400-900 nm). Spatial and temporal overlap of
focused pump and probe beams was achieved on the thin film
samples, contained in a quartz cuvette under a constant flow of
nitrogen. The fluences were calculated based on the probe beam
size of 0.5 mm?” at the sample. Background and chirp corrections
were applied to the spectra post-measurement using the Surface
Xplorer software. Global analysis was performed using a genetic
algorithm, originally written by Simon Gélinas.®”
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